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ABSTRACT

‘The safe handling and storage of radioactive materials require an understanding of

the effects of radiolysis on those 'materials.IARadiolys‘is may result in the production:of
gases (e.g., conosivesj or pressures that are deleterious to storage containers. A study
has been performed to address thes:e“c‘oncems as they relate to the radiolysis of res.idual
fluor_ide compounds in uranium or(ides. AThe interactions of 'radiation with crystalline

solids, based on the bonding characteristics of the crystal, were described. Samples. of

 UO,F,sxH,0 and U,0, (with ~1.4 wt % fluorine content) were irradiated ln‘a ®Co source

and in spent nuclear fuel (SNFS elements frorn the High Flux Isotope. Reactor (HFIR) at
Oak Ridge Nat1onal Laboratory Conta1ner pressures were mon1tored throughout the |
) . 1rrad1at1ons and: gas andbsohd samples were analyzed after the 1rrad1at1ons The
1rrad1at1on of UO F, oxH 0 produced O —w1th G(Oz)-values ranging from 0. 007 to
0.03 molecules O2 produced per 100 eV Ne1ther F, nor HF was produced by the
1rrad1at1ons Chemical analys1s of sol1d samples showed that some of the uranium was
reduced from U(VI) to U(IV) A saturat1on damage l1m1t for the UO ,FoexH,0 was-
demonstrated by us1ng the HF IR SNF elements and the 11m1t was found to be 7—9% ‘
(at ~10® rad/h) It is shown that the coyalently bonded oxygen is more suscept1ble to
_rad1at1on damage than is the 1on1cally bonded fluorine. Irrad1at10n of U,0, (w1th ~1.4 wt
% fluor:melcontent) resulted in neither gas product1}on nor a pressure increase. These

. ’experi’nle’nts: led to the conclus_ion that lJ;OB is gsafe during 'long-.terrn storage‘ from -
] N oyerpressurization and the production of corrosives caused by gamrna radiolysis of

tesidual fluorides.




CONTENTS

Page
. INTRODUCTION ........ e S 1
2. BACKGROUND ............... P 11
2.1 CRYSTAL STRUCTURES OF SELECTED URANIUM COMPOUNDS. ... 11
2.1.1 UO,F, ...... P e 12
212UOZ.....‘ ........................... e e 14
2.3 UpOg it e 14
204 UO; oottt e e e e 14
2.2 INTERACTION OF RADIATION WITH CRYSTALLINE SOLIDS ....... 17
'2.2.1 Photon Interactions . .. ... e e e 18
©2.2.2 Electron Interactions . . ... .. ouvvveine i e 19
2.2.3 Heavy-lon Interactions ............... [PIPR e 19
2.2.4 Neutron Interactions ................ e S .20
2.2.5 Radiation Effects on Crystalline Solids ................... e 20
2.2.5.1 Amorphization ........c...i ittt i 21
2.2.5.2 Enhanced Diffusion .................. ... .. e 21
2.2.5.3 Volume Changes . ......... P T ee..l220
. 2.2.5.4 Stored Energy .................... S w23
23 EFFECT OF RADIATION ON CRYSTALS WITH RESPECT TO BONDING
CHARACTERISTICS . pe i e e e e L. 23
2.3.1. Covalent Crystals ....... [P e e 24
2.3.2 IonicCrystals ............. O P e 28
2.3.3 Crystals with Mixed Bonding . .. ......... P A AP 34
2.3.4 Summary of Irradiation Effects on Covalent Ionic, and , ' SN
Mixed-Bonding Crystals .......... ... .. ... i i .39
. 2.4 RADIATION EFFECTS ON OXIDES AND URANIUM OXIDES ........ .. 41
2.4.1 Oxides ........... e L. 42
2.4.2 Uranium Oxides .................... e PR X
2.4.2.1 Oxidation.:............. B U & I
2.42.1.1 Moisture”. .. ...... e A6
. 2.4.2.1.2 Nitrogen Oxides ....... S e e 56
24213 Radiation ... ..., 61
2.4:2.2 Structural Changes ........... A el......63
3. EXPERIMENT AL .o e 68
“3.1. °Co IRRADIATION EXPERIMENTS ............ S P 69
3.1.1 ®Co Irradiator . . . . .. P e 69
3.1.2 Sample Containers ...............co.vn... [ ... 74
3.1.3 Data Acquisition System ......... e e e 79
3.1.4 Materials Irradiated ....... e e .81
i




3.2 HFIR SNF IRRADIATION EXPERIMENTS ...... e 83

3.2.1 HFIR SNF Irradiation Facﬂlty ..... P 85
3.2.2 Sample Container ............... R e 90
3.2.3 Data Acquisition System ............ e D .92
3.2.4 Materials Irradiated .............. ... ... oL cee 94
3.3 SAMPLING AND ANALYSES ..... e e 94
3.3.1 Sampling Technique ................... e e 94
3.3.2 Gas Analyses .............. P e 96
3.3.2.1 Mass Spectrometry ..... e [P e 96
' 3.3.2.2 FTIR Spectroscopy ........ AU e 96
333 Solids Analyses ....:........... e e 97
) 3331 Visual ..o, e e ..98
3.3.3.2 X-ray DifffaCHON « « o v v v v e e e et e e e 98
3.3.3.3 X-ray Photoelectron Spectroscopy e 99
3.3.3.4 Attenuated Total Reflectance ..................... ... 100
3.3.3.5 Differential Thermal Analysis———Thermogravimetric : :
Analysis ........ i P c.....100
3.3.3.6 Davies- Gray T1trat10n e T e 101
4. RESULTS ..ovoiiiaeaien . Ll e e 103
4.1 PRESSURE MEASUREMENTS e PP ... 105
4.2 GAS ANALYSES . ..o 117
4.3. SOLIDS ANALYSES ................ A 129
43.1 Sample Color ....... P P e 129
. 4.3.2 Uranium Valence ......... PP P B 130
- 4.3.2.1 Davies-Gray Titration ................ [ 130
r 4322 XPS ........... R e 133
433 XRD ...... PR P 134
434 ATR ......... e e 134
4.3.5 Metallographic Examination ...... e e, e e 135
4.4 BURNING UO,F,exH,OINO, .................. [ . 135
5. DISCUSSION .......... e e e 138
5.1 GASYIELD .............. S e 138
5.2 GAS COMPOSITION ............ oL, e e 143
5.2.1 Samples Loaded in Air ........ ..o, S 143
5.2.2 Samples Loaded in' Helium ........... e ... 148
53 VALENCECHANGE ....... ..ciiiiiiiaiiiin ., R 150
5.4 SUMMARY ......... P e 154
6. CONCLUSIONS AND RECOMMENDATIONS . ....... e e, ... 158
6.1 CONCLUSIONS........ PP R DD e 158
6.2 RECOMMENDATIONS ......... oo, [P L. 161
+6.2.1 Alpha Radiolysis Experiments .............. e 161

vii




6.2.2 Underlying O, ProductionMechanism........................"..162’

6.2.3 Higher Resolution Pressure Data in HFIR SNF Irradlatlons S (X
6.2.4 Radiolysis of other Fluorides and Oxyfluorides . .................. 163
6.2.5 O, Depletion in Air-Loaded Samples ............ e 164 -
6.2.6 Effect of Radiation on H, Production ... ..... e et e 164
REFERENCES ..., U T L. 165"
APPENDIXES...,.,....,.r.-..‘.,.'.‘ ............ RS 176
Appendlx A DESCRIPTION OF THE MSRE PROJECT ........... J 177
Appendlx B. DESCRIPTION OF THE CONVERSION PROCESS ....... } ...... 183
Appendlx C. ESTIMATION OF ABSORBED DOSE FROM EXPOSURE ... ...... 190
Appendix D. INFRARED ANALYSES ............ ....... S ... 197
Y2 1 - P 207

Vi




Table

2.1

2.2

23
2.4

2.5

3.1

32

4.1

4.2

4.3

4.4

45

4.6

4.7

LIST OF TABLES

Page

Reported gas yields from the nuclear reactor

“irradiation of NaNO,, KNO,, and KCIO; . c. ..o oo 36
Reported gas yields from the X-ray irradiation ‘ L
Of NaNO, ..o .. 37
Volumes of various uranium oxides relative to UO, ... .... e 46
U(VI):U(IV) ratio for various uranium compounds .............. .. ... ... 49
Values of the constants K and A for various temperatures
and pressures for O, and NO, oxidation of UO, ........... ... ........... 60
Volume measurements of irradiation containers as
determined by gas expansionmethod. ........... ... ... . L L. ... 18
Gamma-ray energy spectrum for a HFIR SNF element
1 day after discharge from the reactor. . . . . e P 87
Summary of irradiation experiments performed ................. e 103
Summary of blank (nonirradiation) experiments conducted
forUOFpexH,O o oo 104
Estimated G(gas)-values for the irradiated samples ..................... 116
Results of mass spectrometric analysis (vol %) of gas samples
from materials loaded in air and irradiated in the *Co source .. ........ ... 119
Results of mass spectrometric analys:is (vol %) of gas samples .
from materials loaded in helium and irradiated in the ®°Co source .......... 120
Reéults of mass spectrometric analysis.(vol %) of gas samples
from material loaded in helium and irradiated in 4
HFIR SNFelements . .................oooion. .. e 121
Results of mass spectrometric analysis (vol %) of gas samples
from materials loaded in helium and irradiated in either

.the ®*Co source (S-17) or HFIR SNF elements (HFIR-2) . .. ......c.voouuenn.. 122

ix



48

491

Results of mass spectrometrrc analysrs (vol %) of a gas sample . '. )
from air 1rrad1ated in the 60Co source R A e 123

Results 'of mass spectrometrlc analysrs (vol %) of gas. samples e

. that were taken from materials loaded in air or helium and that .

- were not 1rrad1ated
4.10.)
Slanr

412

50

C.1

C.2

D.1-

D.2

U.S. standard atmosphere 3 S e S o 125

:Results of analysrs of uranyl ﬂuorlde samples for U(IV)

before and after gamma 1rrad1ation ....... R P .. 131

Comparison of moles of U(IV) and Q /CO2 produced by

. gamma 1rrad1atron of UO,F,*xH,0 samples e e ot ol 132

Comparrson ‘of gas compos1tlon relatlve to: argon for: a -
standard air composition, nomrradlated blanks, i ‘
and 1rrad1atedsamples.:'.t.-.;.'.: ..... e T £

Selected mass energy absorption coefficients I ... 193

‘Selected attenuation coefﬁcrents for materials used in )

irradiation containers .. :..............5 e ereeae e PP 194
Assrgnment of selected mfrared frequencres for CoO, and H, O ............. 202
Assignment of infrared frequencies for the uranyl (U02~ TYion ..... S 202




Figure

1.1

2.1

2.2

2.3

2.4

2.5

3.1

3.2

33

3.4

3.5

3.6

3.7

3.8

39

LIST OF FIGURES

Page
Alpha activity and gamma exposure rate at a distance of 0.3 m
as a function of time as calculated for 1 kg 23U (with 100 ppm
221J) as a loose powder (1.5 g/cm®) contained in a 7.62-cm-diam
by.15.24-cm-tall can with 0.051-cm-thick steel walls. ..................... 3
Crystal structure of anhydrous UO,F,. ................. . e 13
Crystal structure of UO,. .. .ovveivinneeennnnnn. A 15
Crystal structure of U,0, (c-axis projection). ..... [ e ... 16
Molecular structure of hydrated UQ3. ......... e 17
Typical gas yield curve for irradiation of an alkali halide salt. ... }.‘ 33
ORNL6°Coirradiator.'..................;..‘ ......................... 70
Irradiation chamber of ORNL “Co irradiator with .
sample containers installed. ........... ... ... . L il 71
Exposure rate profile for ORNL Co irradiation chambey. e ........ 73
Sample container and pressure transducer used in the
%Co irradiations. - ... .... e, e A A 75
Photograph of data acquisition computer in operat1on at :
the ORNL ®Co Source. ............ooveiueuennn.s L e 80
Apparatus used to heat UO,F,sxH,0 samples ina
controlled AtMOSPNETE. . . .\ttt i e 84
SNF elements in the HFIR SNF pool. % ................ U 86
Peak exposure rate in a HFIR SNF element as a ‘ A L
function of time since reactor shutdown.. .. ... ... ceees e e 88 ° -
Exposure rate relative to the peak exposure rate as a functlon of

" . axial position in a HFIR SNF element. ...... .. ....... e . 89. .

" xi



3, 10 Sketch of n1cke1 contamer used in the HFIR SNF 1rrad1at10ns. i e 4,. 91 h |

3. 11 Sketch of the experlmental conﬁguratlon for gamma-1rrad1at10n

experlments w1th a HFIR SNF element Ll T ee1.93.

3 12 Samphng r1g used to w1thdraw gas, samples from the

Al S
’ (“Co-irradiated U0, F «1.7H,0 loaded inair). .....0..... P . 1060

: 1rrad1at10n conta1ner P e e e S e 95

Pressure and gas y1e1d as:a function of dose for sample S-1

42 Pressure and gas y1e1d asa functlon of dose for sample S-3

(°Co- 1rrad1atedUOF 17HOloaded1na1r) i 107 .

' 4 3 Pressure and gas y1e1d as.a functlon of dose for sample S-4 -
(*°Co-irradiated UO,F,0. 4H O loaded in hehum) ...... P . 108

44 Pressure and gas y1e1d asa functlon of dose for sample S-12

- (6°Co 1rrad1ated 9[6) F 1 4H, O loaded in hehum) TR 109

45 Pressure and gas y1e1d as a-function of dose for sample S-13

(6°Co irradiated UO,F,+0.4H,0 loaded in helium). ......... i .. 110

4.6 Pressure and gas y1e1d as a function of dose for sample S- 16

4. 8 Pressure and gas y1e1d asa functlon of dose for sample S-17

(6°Co irradiated, O, -bumed UO,F, loaded in hehum) e 111,

"4, 7 Pressure and gas y1e1d as a function of dose for sample HFIR-I : o
(HFIR SNF 1rrad1ated UO F; 'O 4H O loaded in hehum) N . 112

[*Co-irradiated converted U;O4 (w1th L. 4 wt % fluorine)
loaded in hehum] v B e P 113

4.9 Pressure and gas yield as a‘function of dose for:sample HFIR-2 .

[HFIR SNF-irradiated, converted U,04 (w1th 1.4 wt % ﬂuorme)

loaded in heliuni]. .......: e e TR L1140

4.10 XPS valence spectrum for sample S-1. ‘. e e 134

4.11 Photograph from metallographlc examination of the type 304L

stainless steel container for sample S-22.. . .... et . e 136

 4.12 Photograph from metallographic examlnatlon of unexposed type

304L stainless steel tubing. ........ ... ..o 0 ool ilio e 136

Xii



. D1

Al overvi*ewatheMSRE System. .. ... ... i RN e 179
B.1 Diagram of uranium recovery and conversion process , Co _
~ for NaF traps. .'_._L PP e e e e e e e 186
.B.2 Uramum laden charcoal recovery and trappmg system . e ... 187
. B3 Steam hydrolys1s system. . T R L. 189
C1 Exposure rate curve ﬁt for HFIR SNF element from. cycle 371 . 196

, ;FTIR spectrum for a gas sample taken from S- 3 e ,
s '(UOF 17HOloaded1na1r) S ...... . L

D2 FTIR spectrum for a gas sample taken from S- 4 Co

“ -(UOF-O4HOloaded1nhe11um) ..... Ceeieenes...200
D.3 'ATR spectrum fora sample ofUO F °O 4H O e .:. ce ... 204
D:.4 ATR spectrum for a sample of O -bumed UO F e e e e 206

X1



uc

uc

LIST OF SYMBOLS.

absorbance (unitless)
relative unit-cell’e}(pansion’ait saturation (unitless)

rate constant for s1multaneous recombmatlon of defects during
irradiation (Gy™") '

. concentration (M)

amount of oxygen absorbed [cm? (at STP)/g}

correction factor at time ¢ after shutdown (uﬁitless)

~ distance between each set of atomic planes (cm)

dose (Gy5 ‘

_ integrated dose at time ¢ (Gy)
,1n1t1al dose rate (Gy/h)
- dose rate at trme t(Gy/) .

~ dose rate'in inateriél ¥ (Gy/h) -

molar absorbtivity (M 'em™)

bonding energy<of the core or valence electron (eV)

- threshold displacefnent energy. (eV).

- photoelectron kinetic ehergy (eV)'

number of molecules of gas produced per 100 eV dep031ted in the o

' -materlal bemg 1rrad1ated ‘

- photon energy (eV)

light path lenigth (cm) -

_Xiv



A = decey constant (dh
A= :’w:él.velength (cm)
moo = massofis‘arnple(‘g)i‘,.
p - = “ ,atte'nu‘at‘ion- coet‘ﬁcient;“(cm'l)
' ,l.te;,:/p‘ = mass energy absorpt10n>‘coefﬁc1ent (mz/l(g) o
: n ‘. -. s . = ”‘order ofdlffractlon (integer n = l 2,..)
An v : o= gats y1e1d (mmoles gas/g svample)
- IA (O/M .:': 3 .chatnge» m o.x;/g;en-to-lmetal 'ratlio (unitless) ’A
AP .= ) - change‘ 1n pressure ('l'orr) : E
(l) SR : 'system dependent adjustable fadtor (eV)‘
| R ) e : gas constant = 0 08205 atm-L/mol K
- T o : o | : t1me ofoperatlon at 85 MW (d)
L t o : t1me (d)
T SR : “ , temperature in conta1ner (K)

.6 ’,,:' - Adlffractlon angle (degrees)

Y, = 4'1n1t1a1 volume of un1t cell (cm)
Vooid ) = ’ } .vo1d volume of sample contamer (L)

AI Ve .. = change in volume of unit cell (cm )
: w, = - proport1on by welght of the zth element (un1t1ess)

X = “ f.exposure rate (R/h)

XV




“LIST OF ABBREVIATIONS, ACRONYMS, AND INITIALISMS - - -

ASTM

ATR
'Bvﬁf
CANDU
- DOE
- DTA
'Dﬁ
ESCA
‘ETTP
 FTIR

'HFIR

- HLW

LANL
. LLW
MS

. MSRE

American Society for Testing and Materials

\at'tenu‘ated total reflectance

~ boiling water reactor

Canadian Deuterium uranjum

U.S. Depa-rt_ment‘ of Energy -
differential tﬁernial analysis
: depleted vranium -

_electron spectroscopy for chemical analysis

East Tennessee Technology Park -
Fourier transform infrared .

High Flux Isotope Reactor

. .high-level waste

Los Alamos Nationa‘lll‘Labor'atory A
low;level waste |

mass spectrometry

Molten Salt Reactor Experiment °
fast neutréh E

bak Ridge National Laboratory

pressurized water reactor

Xvi



SEM
SNF
. XPS
XRD

TGA

scanning electron microscopy

spent nuclear fuel

| ‘ X-réy photbn‘sﬁeétroscopy
| " X-ray diffraction

thérmogravimetric analysis .

xvil



1. INTRODUCTION

The radiolysis of various materials by different radiation sources (e.g., alpha, beta,
gamma, and neutron) has been the subject of extensive investigations. Often, the purpose
of these investigations is to provide an understanding of the radiolytic products and
concomitant effects of radiolysis in a specific system. The source of the radiative energy
can be either internal (e.g., self-irradiation) or external (e.g., material exposed to a source
or surrounded by radiéactive materials). Examples 6f systems that have been studied
include: radioactive wa-stes [e.g., low-levél waste (LLW) and high-level waste (HLW)], '
spent nuclear fuel (SNF), mixed wastes (e.g., mixed LLW), and stored radioactive
materials [e.g., uranium oxides, pluytonium oxides, an.d uranium hexafluoride (UFy)].
Examples of possible effects include (a) swelling of oxide samples resulting from
radiation-induced defects in the crystalline lattice; (b) radiolytic degradation of water,
organics, or inorganics; (c) production of gases—resulting in pressure increases with
subéequeht container failure; (d) production of flammable or explosive concentrations of
gases (e.g., H,); and (e) production of corrosive products [e.g., fluorine (F,) and hydrogen
fluoride (HF)]. The specific effect in a given system is dependent upon many factors
including: the type of radioactive decay and associated decay energy, the composition of
the systems (i.e., the composition of the material undergoing radiolysis and the
container), competing reactions for radiolytic products (e.g., recombination of products),

and the total dose (and dose rate) delivered to a material.




The February 1993 U.S. Department of Energy (DOE) Office of Nuclear Safety

“Safety Notice” provides a summary of accidents associated with waste drums and
containers. This notice reports that “eight incidents of fire, explosion, and drum
overpressurization occurred at DOE facilities from 1970 through 1985.” In addition,
eight incidents of this type occﬁrredv at DOE facilities from January 1991 to September
1992. Hydrogen and other gases were identified as n;ajor contributors to these accidents
(DOE 1993). Gas generation in the infamqus, burping HLW tank (101-SY) at Hanford is
attributed to chemical reactions (~60 vol % of gas) and radiolysis (~40 vol % gas). The
radiolytic production of fz in cylinders pontaining highly-enriched UF; has resulted in
overpres;urization of these cylinders (Saraceno 1988).

Because of these and other observed effects, much research has been dedicatéd to
understanding and predicting tﬁe resul.ts of radiolytic damage occurring in stored
materials. Recently, work has focused on radioactiv; wastes, mixed wastes, and SNF
because of both the large volulme of these Wast;as and fhe need to dispose of them safely.

Radiolysis is a con.cem also with respect to the remé:diétio\n broj ect for the Molten
. Salt Reactor Experirﬁénf (MSRE) atﬂthé :Oak Ridge National Labofatqry (ORNL).
Radiolyticailly produce‘d IF ) ffom the fluoride salt (I:i:F-BeF ,-ZrF,-UF,) resulted in the
production of UF,, which migrated thr,énlghout reactor piping systems (National Research
Council 1997) . The discovery of this situation led to an extensive effprt to remove the
.mU fromi the reactor. The removed **U will be converted to U;Og and will be placed in
long-term storage. The isotépe 2217, which usually occurs in 50300 ppm concentrations

in 2°U, causes a large radiation field (Fig. 1.1) which, in turn, can cause radiolysis of the






uranium-oxide matrix and otner impurity components—e.g., fluoride as UO,F, and
water—that may be present.’ |

Specific concerns regarding the radiolysis of residual ﬁuorides (or oxyfluorides).
in U,O4 are (a) formation of F,, resultin"g in overpressurization of containers;
(bj formation of HF (in the presence of water), resuit’ing in chemical attack of the
container materials; (c) ’ﬂuorwinati'on ef the uranium oxide, producing mobile UF, inside
tne eontainer (sirniler to the’ phenomenon wnieh occurred at tne MSRE); and |
*(d) formation of other gaseous c‘ompounds; such as O,. . |

Clearly, the effects that Qccdr ina speciﬁe‘system are dependent npon many
factors. In addition, depending on the types and amounts of dther impurities present (e.g.,
water), other radiolytic reactions eeuld occur (e. g., production of Hz). Consequently, it is
| necessary to establish a l’imit fer residual ﬂuoride impurities in the 3U368 (Del Cul,
Icenhour, and ’foth 1997). Furthe;mere, depleted uranium kDU) Ifrofn the nation’s .
| stockpile may be conve;rted to [IJ3Q8’ and used as a b'a’crkﬁll Af'ovr.S»NF packages (Forsberg

1996). Hence, because this maiefial wou\ld be placed in the radiation field of the SNF,

" Uranium-233 is more difficult to handle than *°U, because an inherent characteristic of
231 is that it also contains some **?*U. Uranium-233 containing tens to hundreds of ppm of **U
requires heavy radiation shielding and remote-handling operations to protect workers from
gamma radiation (Forsberg et al. 1997). Uranium-232 has a daughter, 28T}, which emits a
2.6-MeV gamma-ray. The current *?U concentration in the MSRE ***U is about 160 ppm; hence,

_conversion and handling of the MSRE materials will necessarily be performed in a hot cell.

The hazards associated with 2*U are illustrated in Fig. 1.1, which gives the alpha
activity and gamma exposure rate for 1 kg ***U (with 100 ppm *?U) that is packaged as a loose
powder contained in a 7.62-cm (3-in.)-diam, 15.24-cm (6-in.)-tall can, with 0.051-cm (20-mil)-
thick steel walls. The first set of peaks are associated with the buildup and decrease of 2y
decay products. The second set of peaks results from the buildup and decrease of *’U decay
products (Forsberg et al. 1997). From the figure, it is evident that this material has-a significant
gamma radiation field and alpha activity. These characteristics can result in radiolytic effects on
either the material itself or on surrounding materials.
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the radiolytic effects on fluoride impurities in the DU oxide must also be understood .

(Forsberg 1997) |
~ Specifications exist for the fluoride cdntentllin uranium oxi’c‘ies', enriched in *°U,
thét ’air’e\:to- be used in”ttght v&tater reactors. HoWever,- "trhere are no_ similnr speciﬁeations

y fqr'_i33U-oxides or D‘U-oxides. ‘For example, for reactor-grnde, sinterable UO, powdet, the

speciﬁeatien for ﬂuortne impurities is‘l'do pnm of the totat uranitlm [American Society
' for Testing and Materlals (ASTM) C753—94 1994] For sintered UO2 pellets the
,’spe01ﬁcat10n for re51dual fluorine is 15 ppm ‘of the total uranium (ASTM C776-94 1994).
These spe01ﬁcat10ns are for nuclear fuel and are not, therefore; d1rect1y apphcable to the :

_ converted U, 04 (containing either **U or DU) that is intended only for storage.

” Furtherr’nore;tnese specifications are driven by neutronics considerations for in-core
irradiation of fuels (Cagle 41 '997).‘ No plans exist to use the U0, resulting from the
MSRE remediation as reactor ﬁtel; as a result, this material may not need these high
levels of purit‘y..' Consequently, the residual ﬂnoride content must be established only on

. the basis of requirements for long-term storage. There is therefore a need to establish a

etandard:for residua_l ﬂuotide levels in uranium oxides under these storage cenditions.

Recent efforts at ORNL and at other national laboratories have been directed
toward establishing:safe 'storage Istandards for plutonium and 233U. Radiolysis studies are
being conducted to previde a technica;l basis for the limits imnosed on the storage of

'>plutoniu‘m oxictes (Mzison et al. 1999). The work presented herein provides a simila,r‘

-study for uranium oxides.



The ohjective of this work was to evaluate radiolytic effects on uv'ran‘ium.oxides

ahd, in particular, on the_ﬂuorrde impuritres m uranrurn oxides. Adsd of interest was the
observation of any 'deleterious effects of .radiolytic products on containers used in the |
exoel'irrrental studies. The work \yas foc‘us‘ed on two orimary areas: (’l)Ali‘terature review
and~evaluation and (2) radiolysis experiments. | A literature search was conducted to”

: proyide‘ a general Iunderstanding of theihteretction of radiation \yith cr'ystalli'ne. solids and- -
oxides. Additionally, because uranium oxides are a major constituent of the

heterogeneous systerhs beihg studied‘, t‘he‘literature on the effects ,Iof radiatikon on uranium, . X
- oxides‘was evaluated as well.

To evaluate the radiolytic ef_fects on ﬂuoride impurities in uranium oxides,
Ilaboratory'experi‘ment's were perrolrhed;- Uranyl ﬂuorrde (UOZFZ-xHZO), an intermediate ’A
compound produced,durirrg the oonversion of UF6 to U,0q4 and the likely forrh of the

: residual‘ fluorides, was irradiated with :gamma so-u’rcles.. Furthermore,' this compound
.rer)resents the maxirrrlum" ﬂuoride c-ontent‘ that could be present after the conyersion
process, an.d, consequently, it should give the maximum radiolytic yield. Also irradiated -
I' were samples of U3Og'that yvere prepared' by the‘ conversij'or‘r process. These materiaIS
’ contained low ﬂuoride concentrations like those exoected as a result of oonvert‘i-n.g UF, |
vfrom the MSRE to U,04. ‘ |
| ~ Uranyl fluoride can form hydrates as mdrcated by the formula UO F2-xH O. The

Avatue of x varies from about 0. 4 to 2.3. Of course, x = O for anhydrous uo, F
‘ "Throughout this report uranyl ﬂuorrde is referred to as UO,F, -xH O unless a spec1ﬁc

| hydrate is bemg addressed It should also be pointed out that the converted U, O often V




* contains other uranium oxide phases, although it is predominately U,O5. Hence,

throughout this report, this material will be described simply as U;Os. .
Two sources of gamma radiation were used in the experiments: (2) the ORNL

Co source, which has dose rates of about 10° rad/h and (b) a H'ilgh‘"Fluk Isotope Reactor
(HFIRj SNF element, which has dose rates that range from 107 to 10® rad/h (depending on
the time since element discharge from ;he react‘or);‘ Integrated doses using the “Co..
source were about 2 x 10° rad, wrrile th.e'irrtegrated doses using HFIR SNF .elements vv\v/ere
up to 6 x 10" rad.

. During' irradiations, pressures in sample co.nté‘rirlers were monitOred and recorded.
After irradiation, gas samples were withdrawn from the containers‘ and enalyzed 'for
composition. Additionally, solid éamples of the .irradiated m.ahteriai‘ were analyzed by =« -
several techniques to evaluate radiolytic effects on the solide.

- One of the moet important outcomes from this work is hoped t“o‘ be the
establishment of a standard for residual fluoride conter‘ltoin a U3bg merrix for lorrgl,;term‘ .
storage. Currently, the only ﬂuoride-contenr stendard's are}for nuelear.—reaetor-grade |
materrals, ano these concentrations a’lre' srrirrgently low. However, because the materialé'
from the MSRE will not need to meet reactor-grade speciﬁcatiorls, the‘ ﬂﬁoride-co_ntent
specification should only be set low enough such as to ensure safe, long- term storage

It should be stressed that the establishment of a ﬂuorlde limit in U3O 1s not a
problem that is unlque to the MSRE materials. It has been proposed to use DU oxide asa . '

fill mater1a1 for SNF canisters, ‘which will be disposed of in a rep081tory (Forsberg 1996).




i This oxide will bei-"exposedto'high radiation fields from the SNF; consequently, our

lncreased understanding of the raéllolytlc effects on residual fluorides will be important.
The results'from this work will lead to (a) identification of racliolytic products,
‘ (b) l(lenti‘ﬁcation of oeleterious effec‘ts on ,both the U,0; matrix and container materials,k
'an(l (clestabliﬂshment ofa ﬂuoride concentration limit for long-term stOrage of U,0;.
These ’types" of information are not cur_rently available in the literature andl are needed to
| support a current DOE program |
A descr1pt1on of the content of each of the sections in this report is outl1ned in the

' following paragraphs. In Sect. 2; backgr‘ound information on the effects of rad1at1on on

crystalline solids is provided. Fitst, the crystal structures of uranium compounds that are -

either used in the irradiation experiments or that may be placed into long-term storage are
described. Next, the interaction of different types of radiation with crystalline solids and

the subsequ'ent effects on. the crystal‘latti'ce are d'escribed. Ra'd.iation effects on crystals

with respect to bond1ng character1st1c (ie., covalent ionic, or m1xed jonic- covalent) are .

. then discussed. This is followed by the descr1pt1on of the effects of rad1at1on on several

‘oxide co'mpounds. F inally, the discussion focuses on the effects of radiation on uranium -

oxides, because these are the materials that will be placed into long-term storage. The

. uranium oxide discussion is divided.into two categories: oxidation and structural changes. -

"~ InSect. 3, the irradiation experiments that were performed" are described.

Samples of UO F -xH O and U O8 (w1th a known res1dual fluoride content) were

N 1rrad1ated using the ORNL 60Co source and HFIR SNF elements The 1rrad1at1on
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facilities, sample cohgzi'i;ﬁers', dz;ta acquisition systems, ,preipafétibh of the materials to be_
irradiate»dv, and analyses performed for gas énd solid samp,lés‘are‘ discussed.

In Sect. 4, the results of the gamfﬁa irracﬁatiéh exper'irr;e‘nts'are presenfed. -The

_pressures, as a function of ﬁme;fo‘r ’eéch gample are provided, and tilese data are ﬁseci to
deriv¢ G-values for each of thelsamples;:’l’"‘}kle G(gals)%yalue is defined as the number of |
moleculeé of gas prod;xced (or des‘troyed) per 100 eV of en:ergy deposited. Gas analyses
provide the ’cc'_)mposition of the gas' for each lsample. Results from solids ar'lall‘y'ses provide '_
ir}fofrnafion on éhe effects of gamma-r‘ad'iét‘ion on the sa.rr\lple‘s. |

In Segtl 5’, the resuits from the gamma irradiation experiments are discussed.
First, "r'esults from each of the individual analyses are discuséed (e.g., pressufe
monitoring, éas and solids analyses) to proyide insight into specific mechanisms that may
be occurring during irradigtion. Then these ciiscussions are summarized to provide a
clearer overal} picture rééard_ing the radiolysis of UO,F,*xH,0 and résidual fluoride
compounds in U,04.

In Sect. 6, conclusions rfagarding this stlldy ané recommendations for further work
are pfesented.' -

Supplemental informafic;n isl discussed in ’;he appendixes. Because of the close
relétioﬁship of thisﬂwqu to the MSRE remediation i)roject, further background |
infqrmation is provided in Appendixes A and B. Appendix A gives a brief history of the
MSRE project, while Appendix B contains a description of the proéess that will be used
to convert the uranium removed from the MSRE to uranium oxide. The information in

Appendixes A and B is based~primafi1y on de‘scriptiyons presented in the National



'Rgsearch _C,ouncii (1997) rt_aport.,' and-in Del éul, _Iéenhour; and Toth (1997). A»p'perllc’iix C ,
provides a description of the'method used to eétimate.absbrbed'dose from pré/sure*dét‘a. o
* Finally, in Appendix D, results from iﬁfrared ahalyses Qf.Béth gas and solid samples are -, © .’

~given. "«
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‘2. BACKGROUND

| In this section, bapkgroun& iﬁfonnation is prqvided on the materAials to be

- ir‘:z;d'iated énd the effe'ct.suof radia@ivon on cfystalliné solids, in parlticul.ar, oxides. First, in
Sect 2.1 the crystal s.tructlljr.e:s of ‘VI;I(:)ZFZ‘and various uraniu;lu okides: (i.e., UO,, UJAO.B, and

" UO,) are described.ﬁ The effects of radiation oftén alter struéturé 'and are mdnitofed

~ throﬁgh structur‘al anaiysis. Urggyl_’ﬂﬁ‘pyiQéviis an intermédiate compound, which is
formed during the cbnversion of UF6’£0U3O8 gAi)pendix B), and i‘t is used‘ invthe majority

of 'the irradiation'experiménts rebdrged 1n thls ;:tudy. Uranium oxides plac)ed‘ in stdrage- '
are likely to be in the folrm of uo, or U3OS' However, sc;me Uo, is also in §t9rzige at -
ORNL. In Sect. 2.2 the interactidné'of culifferen‘t) ,types of radiation wiffh solhi_ds are
discussed, and an overview of the effec’és of radiation oﬁ crystalline solids is p;eseritéa.

" Then, iﬁ Séct. 2.3 a further division of the effects of radiation on crystals with respect to "
bonding characteristics of the cry%.tal (i.el, cbvalerit, ionic, and mixed ic‘)niic—covalent) is
provided. Finally, the efchts of radiation on oxides i;nd, in particuiar, ‘urar'xium‘ '.ox’idés ’éﬁé

described in Sect. 2.4.

2.1 CRYSTAL STRUCTURES OF SELECTED URANIUM COMPOUNDS -
In the following subsections, the crystal structures are presented for UO,F,, UO,,

U,0q, and UO,. These structures are p;ox}ided to give ihsight into the types of radiation

11
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. effects that mlght be produced in these materials. Such effécts dre described in later

subsections.”

211 UOF

The structure of anhydrous UO F was ﬁrst reported by Zachariasen (1948). .

B f” Measurements of latt1ce parameters were further refmed by the neutron powder-

o

d1ffract1on stud1es of AtO_]l and McDermott (1970). Taylor (1976) summar1zed the
reported studles of the anhydrous UO F, crystal structure and he prov1ded the structure

shown i in F1g 2.1. The uo, F structure consists of a stack of 1dent1ca1 hexagonal layers

(Zacharlasen 1948) The uranyl ions (UO ") are normal to the layer w1th the double-

bonded oxygens above and below’ each plane. Six ﬂuorlne atoms surround each uranyl |

“ion in 1ts equatonal plane The U—b drstances are 1.71 A, and the U-F drstances are

2. 429 A (Taylor 1976) The equatorlal ﬂuorme hexagon is slightly puckered w1th the

ﬂuorlne atoms alternatlvely located O 21°A above and below the plane formed by the .

| uranlum atoms (Taylor 1976 AtO_]l and McDermott 1970) The next layer above the one
dlsplayed in F1g 2 1 is horlzontally dlsplaced by the vectorA Wthh is 1nd1cated in the
Istructure because of the locat1on‘ of the oxygens in.the uranyl groups (1 e., perpendicular

" to _the{'layelr).\ The coheswe force between ad_]acentlayers_ is the result of O-O and O-F

| attractlons betyvleen the layers. “The O'—_O and O-F “bonds exist because oxygen and -

ﬂuorme atoms are strongly polarlzed"by one—51ded b1nd1ng to uranium atoms

(Zacharlasen 1948)

12
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Fig. 2.1. Crystal structure of anhydrous UO,F, [after Taylor
(1976)]. © . : : ‘ ' : ‘
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UOQ,F, can be characterized as having mixed bonding, because it contains both
covalent and ionic bonds. The oxygens are covalently bonded to the uranium, forming

- the UO,* ion. The UO,” and F~ ions are ionically bonded.

2.1.2 UO,
The UO, unit cell is the face-centered cubic fluorite structure (Fig. 2.2). The
uranium atoms occupy the positions (0 0 0), (2 % 0), (2 0 V), and (0 Y% %4). The oxygen

atoms are located in the (Y4 Y4 %) positions (Katz 1986).

2.1.3 U,0,

Katz (1986) rc;ports two forms for U,04 —0.-U,O4 and B-U,0,. Both forms are
orthorhombic (Fig. 2.3). The U(1) atoms [located at (0 0 0) and (%2 % '%) ] are surrounded
by six oxygens, while the U(2) atorns [located at + (0, 0.315, 0) and body centered] are

surrounded by seven oxygens. (Wyckoff 1964, Pearson 1958).

2.1.4 UO,
Katz (1986) reports that there are one amorphous and six crystalline modifications

of UQ;, depending on the conditions of preparation. However, only one of the

modifications, y-UQ;, is stable at atmospheric pressure. The structure of y-UQ; is °

orthorhombic. All of the crystalline modifications contain two short, collinear primary
uranium-oxygen (i.e., uranyl-type) bonds, with weaker bonds to other oxygens in a plane

that is perpendicular to the primary bonds.
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‘@Uranium . OOxygen

Fig. 2.2. Crystal stru,ctu'r”e’.-'(l)f vo, 4(~Ka;z“ 198~6).'5“: -
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Fig. 2.3. Crystal structure of U;O; (c-axis projection) (Pearson 195 8).
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Uranium trioxide also forms hydrates, that is, UO,*xH,0 (With x=05,0.8,1,2).

The molecular structure of the hydrate, as presented in Fig. 2.4, consists of uranyl ions
that are connected in linear chains through hydroxyls. Water molecules are held in the -

@

'~ voids of the eolid phase.-(Baran. 1993). “

ORNL DWG 99C-489

Uoz< > i< v,

Fig; 2.4. Molecular structure of hydrated UO; (Baran 1993).

‘. 2.2 INTERACTION OF RADIATION WITH CRYSTALLINE SOLIDS
Glttus (1978) provides an overview of the ways 1n Wthh various types of .
radiation (i.e., photons,‘leIectrons, heavy ions, and neutrons) 1h_teract with crystalllhe
solids' The fecus of the d‘i'scussi’on: is primarily on‘the dispIacem'ent of an atom from itsl
_lattlce site by radlatlen Such dlsplacement requlres a certain threshold enehgy, E, The
value of the E y is typlcally 20—60 eV (Weber 1998). Dependlng (a) upon the radiation
) ’type and energy and (b) upon the characteristics of the solid target, the radlatlon may

cause ionization or displacement of atoms in the solid. Such effects can, in turn, cause

_radiochemical reactions or damage to the crystal matrix.

17



‘a

‘ The interaction of radiation with solids can be igrouped into two categories: : |
’ .(a’) transfer of energy to electrons (through 1onlzation and electron1c excitatlon) and
(b)‘transfer of energy to nucle1 (by elast1c collisions) For alpha beta and gamma

' 1rrad1ation the energy transfer is: primarily by 1onlzation processes Alpha rec01l nuclei

and neutrons transfer energy through elastic collisions (Weber et al. 19.98). :

" In Sects. 2.2.l—2f2.4, the interactions of photons, electrons, heavy ions, and * .

neutrons with matter are described, respectively. The effects of these "interacti‘o‘ns on

%

crystalline solids are then discussed in Sect. 225

'2I.2'.1' Photon Interactions _ '
| "‘Bill‘ing’ton and Crawford (1961) list ﬁve ways by Wthh photons may'trans:fer ‘ “
' energy to-a lattice, thus resulting in displacement of at‘oms:: (D direct‘displacenient o'f‘an
atom by a Compton interaction with a nucleus, (2) a photonuclear reaction, (3)indirect ~‘
displacement ,caused by'interaction with photoelectrons, (4i) indirect displacement'caused'
- by. interaction with Compton electrons, and (5) indirect displacement caused by’th'e
interaction with components of pai_r production (i.e., electrons or positrons')‘."Billington
and Crawford (1961) dismiss the first two direct processes as being.insigniﬁcant
contributors to atom displacement, stating that the three indirect processes are the most "
important. Each of the indirect processes—photoelectric effect, Compton scattering,,and
pair production—'~result in the production of evle‘ctrons (and positrons, in the case of pair .

production), which, in turn, may be energetic enotigh to displace atoms.
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For the pﬁbtoclect;io e:ffeict, an incidéﬂt pho;tori 'c:aljlsue'sythe ejection éf an electron
(i.'e., the phgtgelcptrof}) from th'e irradiéted rvn‘a:teri;alv. Thc epérgy of the phsto‘elcctron is .
equal to tﬁe photon ene,;gy Iﬁinﬁ'sitvhﬂe c‘an-ergyie;(pe'nded in.rc;lil“lovi'ng the elgétron from the
material. Ebr the Compton éffec-:t‘,‘ an inctide'nt‘ i)hoton transfersvp‘a'rt of .its énergy toan
electron (the Coinptéh e‘lec‘t'rov;l)‘,' resultiﬁé ina scgtteréd,'“1‘6\;ver-energy photon. Finally,
fo£ pair production, :a phc;,toﬁ with éne_rg}_l 2(14.0'2‘ ’MéV (i'.e:., £Qi0§ the electron rest méss‘
energy) can bé com)erted toan electrc;n-poéitroﬁ pair in tﬁg field of an atomic hucleus.‘f
Electrons and pqsit_ron‘s 'will anrﬁ:h_ila’te, pr_bducing'two photons, each with énergy equal to

0.511 MeV plus the kinetic energy-of the particles (;I"urner. 1986).

2.2.i Ele:ctron 'Inte;ﬁctions o

: Intleracti',o»n’s c‘>f elvec?tr.oins witﬁ atdr'r;s are Ccr)uvlq‘mbic in_natﬁre. énergy transfer
occurs as a resﬁl_t of the elgctrostatic foréés béfWeén ‘thevelectron and ei"[hé'r_‘the electrons
or the nuclei of the étom (Gittﬁs A1978). Elec'trbﬁls can be the primary source of radiation
(e.g., from beta decay or‘f_:"lectron‘ b;mbardmentj or a result of interactions of photons
with matefials (e.é., from thé phc;tc‘)electric Ieffect,‘ Coﬁpton scattering, or pair

production). -

2.2.3 Heavy-Ioh Interactions
A heavy ion (e.g:, alpha particle, proton, deuteron) can interact with solids by
Iioriizing atoms in the solid, by undergoing further ionization itself, or by particle-nuclei

interactions (Gittus 1978). The latter effect; of course, can result in atomic
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: displacer;ients. Similar'to‘electrons,’ the interaction (and, hence, energy transfer) betwéen

‘the'heia'v“y ion and a nugl.elis is thle‘ result of Coulombic':replilsion (Biilihgton and -

Crawford 1961). * -

" 224 Neutrbn Iﬁtéi‘actiéns

. I“Ela‘st_i‘;::qdllisic.ins' b’etweéq nqu&éﬁsiémt{i a;(,)jm‘)s‘rq‘éult in energy transfer anc.i‘:vrpazy:; .
:displaqe:th,e étdfp from its laffiéé sit(_ai.A.Thg’: dlsplaced atom is térmed a p‘ri'r;z‘ary. k7‘70"ck-‘on‘ T
. and, 1fprov1ded en§111§h i;néfgy, .;r;ay‘ cause add_‘itiovnal diéplacerr_lents of bther atoms. T.h‘isv
- séquén‘ce of c‘lhi.'splaqemen.ts’ ca.njcontinil‘e u‘n_t'il‘t’h_e‘ ef}grgy of the displaced atoms nc;‘longer

exceeds the Athreshold energy for displacement. The damage caused by Vslliléh interactions

_iscalleda ‘:dz"splace.m;ent cascade (Gi{tﬁs 1978).

Gittus (1978) lists tﬁvﬂobther processes by which neuitron, iriteraétioris may cause

atom displacement: fission andfnéi‘lt';on-gamma (n, y) reactions. Of ééuf'sc;, for the first

. process to ocb_ur, nuclei capable of undergoing fission (e.g., 2°U, ?°U, and ***Pu) must be -

: present in the-solid. Upon ﬁssioh;‘the nucleus splits into two energetic fragments which
¢an each cause a large number of dis'placéments.nA nucleus that absorbs a neutron may
i subsequently release energy by emitting-a gamma ray ['i.e., an (n, y) reaction]. The recoil

of thé atom ilpon emission of the photon may, in turn, cause displacements.

2.2.5 Radiation Effects on Crystalline Solids
.~ Weber et al. (1998) reviéwed the literature on radiation effects on crystalline

ceramics:in the context of immobilization and stabilization of HLW and plutonium for
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disposal. The review provides a description of types of interactions that occur and the

major effects on the crystals that are observed. Weber et al. (1998) describe four major
effects of radiation on crystalline materials: amorphization, enhanced diffusion, volume

chénges, and stored energy.

2.2.51 Amorphization :

. Irradiation damage may result in a crystalline-to-amorphous fransfonﬁation (i.e.,
the crystal structure is destroyed or becomes microcrystalline). Materials with the
fluorite-related structure (e.g., sz'and Pqu) are not susceptible to radiation-induced
am(;rphization (Weber et al.l 1998, Belle 1961). Once formed, the amorphous state is
stable under further irradiation. A good example of £he crystalline-to-amorphous
transformation pheﬁomena is the amorphization of uranium- or thorium-containing
minerals by alpha decay. This transformation is refenéd to as metamictization of the

- minerals (see Sect. 2.4.2.2). Weber et al. (1998) point out thatv studies of metamictization
can providel information on radiatién effects on qertain materials over geologic time
‘periods.. Such information is impoi'tant for studying the disposal of HLW and plutonium,

as well as for understanding effects of radiation on other crystalline materials.

'2.2.5.2° Enhanced Diffusion
Irtadiation of crystals can 'resul@ m increased ionic diffusion. Examples include
cation diffusion, which is enhanced in UO, and mixed oxide fuels by reactor irradiation.

Additionally, the activation energy for diffusion of iron in crystalline Al O, is -higher than '
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that in amorphous Al O,, indicating enhanced diffusion in the amorphous material. In
general, ionization-induced diffusion improves radiation lresistance; by ’cnhancfng point-
defect recombination (Weber et al. 1998). Tﬁus, this improved resistance ulti_rriately

results in a saturation damage to the .crysta'l. ‘

‘2.12.5,3 Volume Changes o

| Irradiation of crystalii,ne matgrialg can ‘resu‘lt in ;/oiﬁfne -chang;:s (usually an

| ‘increase) caused i;y accumplaftipn of poi'n"; "defect’s', f)hase tr.a;lsf(;rvma’vtlions‘,‘ z;nd the

| production of migros’gfucmr‘al,de)fé.ct’s';s;u(';h‘- as gésgi)ﬁbslés,i.\;;ids, and mi‘croqr;iél(ls. “The

expansion of the erstalliﬁé unit éelliis‘a' ﬁiﬁétign of ;hé aose and the amount of o

) ' reé‘c;rflbinatidn of defects. These t;act;:)r's detc_ei*mihe ihéﬁ s;a'tﬁrat‘ibn aéfec£ cdricentratiqn,
ha‘n-d h'en(;e,‘ thle volﬁmg éhénge that’is'rea‘.‘:chéd. Weber et lal:‘“(l 99.8 ) prév‘idc a |

mathematical expression that déscrjbes the v‘Qlumf‘:ﬁcha‘n'ge and the approach to saturation

radiation damage in the unit cell’:' RO )
M e
) V ‘_,_ A{jc[l:_'e ue ] ,:‘ ‘ L (21) ,
where
AVUC =" change in volume of unit cell,” G
| ¥V, . = initial volume of unit cell, . : X
'Ai/c = felativgz unft-cell expansion at sétura';ion, .
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B, = rate constant for simultaneous recombination of defects during

irradiation, and

D = dose.

Macroscopic swelling occurs as a result of unit cell volume changes,
amorphization of the solid, and the formation of microstructural defects (e.g., gas bubbles
and voids). This swelling is often measured by changes in density of the irradiated
material. Similar to unit cell volume changes, macroscopic swelling caused by

irradiation has been shown to reach saturation in ceramics (Weber 1998).

2.2.5.4 Stored Energy

Radiation damage effectively; stores energy in a crystalline solid until the fully
amorphous state (i.e., saturation) is reached (Weber 1998). Such energy may be located
in (a) point defects in the crystal, (b) the atomic disorder ass‘ociéted with amorphization,
and (c) strains induced in the crystal. These defects and structural changes are
metastable, and radiétion-damagéd materials willAreact (e.g., upon heating) to release the

stored energy as the material recrystallizes.

2.3 EFFECT OF RADIATION ON CRYSTALS WITH RESPECT TO BONDING
CHARACTERISTICS

The effect of radiation on materials can be considered with respect to the material
characteristics themselves: liquids and solids, organics and inorganics, homogeneous and

heterogeneous, crystalline and amorphous, and type of bonding (e.g., covalent, ionic, and
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mixed ionic-covalent). In the coﬁ_téxt-of the study undertaken for this work, it is
expedient to focus on the bonding "characteristic)s‘of tjheimaterievlls used in the irradiation
experiments—namely UO<2F2 aﬁdﬂu;aﬁium oxides. The former'consists of uranyl ions ‘
(U02+2) and F~ ions (see Sect. 2.'1A.1).‘ Conséquently, this crystalline compound has both
covalent and ionic characteristics. In the following subsections, the effects of radiation - '
are broadly described for (a) (‘:ov‘alentA crystals, (bj iolnic (;rystals,‘ghd (c) cryétalg :
containing both covalent and ionic bonds (i.e., crystals with mixed bond.ing).

Covalent crystals consist of 'a,‘networ.k of covalent bonds that extend throughout
the solid. Ionic crystals consist of iops locatea at lattice sites, and the bonding between
the ions is primarily electrostatic. (Brédy and Humiston :1982).

The descriptions provided in Sects. 2.3.1 and 2.3.2 for covalent crystals and ionic
crystals, respectively, are classical divisions of these types of solids, and are based largéI):/
" on the text by Billington and Crawford (1961). Irradiation of crystals with mixed
bonding is discussed in Sect. 2.3.3. A summary of the effectsl of radiation on ionic,

covalent, and mixed-bonding crystals is provided in Sect. 2.3.4.

2.3.1 Covalent Crystals

Covalent crystals include valence crystals (i.e., each atom or unit is bound to
every other atom or unit by(a netwofk of covalent bonds, e.g., diamond), rﬁany carbides,
borides, nitrides, silicates, and oxides. Also included are organic molecular crystals andl'

semicrystalline polymers.
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For materigls with this sort of bonding, Bivliingtor; and brawforci '(1961) primarily
discusséd irradiation experimeﬁts that had ﬂbeen p‘e.rt;o'rrhed oﬁ diamond, quartz, and fused
silica. Different sources of radiatio'nvhai/e been psed in the study of these materials, and
irradiation ﬁas.bcén éﬁo@n to result in changes ih"denéity, in ti}é "I-)'r‘Oductio‘n of rhagnetic
defeéts, and in changes in optical absorption spectra. In some cases, thé damage to the
crystalline structure is so-extensive that the structure i§ destroyed or becomes -
microérystalline.' :In gither cage, the rﬁaterial becomes glass-like because structure can not
be detected. The description of rac_iigtion effects provided by Billington aﬁd Crawford
‘ (19'61')'0n covalent crystals is ;umrnarized in the_foll.owing ,paragrai)ils.

Two basic types of stru.ctural defects are present'l in a crystal: pqint déféété énd

' dislocations. Point defects are vacancies, interstitiai atoms, or impurity étorris that
perturb the lat’Eice folr severalv lattiée distances. A dislqcation is ayline irregularity that is |
able.to move under st;essés that are much lesg thar_l the yield stress of the perfect crystal.
The motion of a dislo‘cationileads t'ovplastic ‘de:forrnation.‘ As.Witﬁ p:oint defect‘s,v .
dislocations cause perturbations in: th§ crystalline fn'(lltri)_c fpr ‘se\}éral léttic‘e'dliétancés.
Dislocations in cox;alent $01ids are characterized by “dahgiing”l cox;alent bonds that 'trap
impurity atoms gnd ldck.d'islocat-iéns in place (Billington and Qréwfora 1'961');

| ' Covaiept bof{ds are difec‘tional and‘r‘igid in nature. 'CoVaiént crystals depchd on
appropriéte’ geometrid arrangement 'for étability. These ch‘aractéristics result in '{n_ciré
difﬁéulty for an interstitial or vacancy to dif:ﬁ{se. in ?ﬁe.lattice, as comparéd to its abil_ity :
tbldiffusé in an ionic crystal. Additi‘énaily, therlgld cll1arg‘c‘:'tevr» of the. c:o’va*léri"‘t“c‘r»};s'tzél r
: préveﬁtS‘(qr limits) sméll-écale at,dmi'c; féarragéemént that qa;h rélieilé localized stressesli n

ISR
v
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near point defects. Activatjon ’energies- fbr the .migrétion of interstitials ‘or vacancigs are
expected to be higher.in covalent cr3;sta1s than in ionic crystals because, for covélent
crystals,vbc‘md rupmre:e»n;d reformation must oc;cﬁr.for, an atom to change places with a
vacancy.

F ast-neutro;1 (n) irradiation of quarle for doses up to about 3 x 10'° n, /cm?
resulted in damgge_that Was prjmarily attributed to point defects and sniail; disordered
regioné (I,OOO—I0,00Q atQmS). Tﬁé resulﬁaﬁt lattice vacancies and interstitials aré.
assumed t6 be almost entirelly oxygeﬁ vaéancies and in"cerstitials because (a) formation of
. Si vacancies requires more energy and (i)) Si inte‘:rstiltials are much less chemica;lly étable
than are O interstitials. The formatiéh bf the vacancies and interstitials in the’quartz
resﬁlts in lattice expansion and, thﬁs, in"a_decrease in densityi At higher doses, the
concentration of disordered regions iﬁcﬁgé’se, w};ich results in increased stress. These
effects ultimately cause the destruction of the crystalline order, leaving an amorphous
solid.

Neutron-irradiation studies have been conducted also on natural crystals, which
are termed “metamict mineréls” (Sect. 2.4.2.2). Crawford and Wittels (1956) define
‘ meltamic; minerals as those “whose structures have been disordered by bombardment
over geoiogic periods with alpha particles and natural radioactive elements.” Igadiation
of metamict minerals has resulted in lattice expansion and, in some cases, complete
disordering of the lattice at high doses (Crawford and Wittels 1956). Based on the
evidence- found for metamict crystals, éillington and Crawford (1961) draw two general

conclusions about inorganic compounds: (1) “Structural alterations are less pronounced
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. the greater__the ionic character of the bon(:iing,” and (2)I“Radiation sensitivity is greater
the lower the,syrprﬁét‘ry” (or, in ;)ther‘_;vords, the higher the anisotr’o‘I‘)‘lhy).

For studies with dian;_opd, optical and magﬁetic changeé h;ve bé;:n shpw_n to
result from the direc£ diéélacemeﬁﬁ Q’f éarBon étoms frorr; their vequilib‘riunllt positions.
Neutron bombar&ment of dilamondlresillté 4in‘a mﬁch hiéher production of d’i.s‘or_der_e_d
regions than do'es electron or 'gamrha- ifradiatioﬁ. By céntfaét, both quartz and fused silica .
are colored (i.e., colqr centers are préduécd) by bdth ioﬁization a;1d radiatioﬁ—induced
displacement. Several types of imp_er'feéti'ons are possible in the quartz, including: a
ruptured covalent Si-O bond Iwi‘th‘ s)lifﬁci‘ent’separat'ién between the Si'and the O such that

-the bond is not easily reformed, an oxygen vacancy, an oxygen ipterstitial, and ah
internetwork O, or O,". Billin'gtpn and'Créwford (1961) state that missiﬁg Si atorﬁs are
not likely because of the greater numb-er of bonds resfraining them and fhe high chemical
reactivit}; expected for spch sites.

[Sefecfs can have a magnetic moment, which can be measured to provide the
defect concentration. Measuremept of the concentration of magnetic'defects (i._e., the
magnetic center déns-ity) invquartz shows a linear increase in the mégnetic center density
with fast neutron dose (up to about 3 x 10" n; /cm®). A maximum center density is
reached at a dose of about 4 x 1‘0.'9v n; /cm? and then de;:reases (Stevens, Sturm, and
Silsbee 1958). This result suggests tflat a saturai‘ion value of magpetic defects is reached.
The dose for maximum magnetic center density corresponds closely to the dose at which
expansioﬁ (or distortion) of thé crystal‘isl observed td begin. The m’agn_étic center density

is a measure of the concentration of ruptured covalent bonds, which are caused by
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displacement of oxygen atoms, and which contribute to the instability of the lattice.
Ultimately, the quartz\‘lattice rearranges itself to relieve stresses. The magnetic center
density then decreases (as dbsiarved experimentally) as tiie crystalline lattice becomes
amorphous (Billington and Crawford 1961).

Optical absorption spectra for irradigted quartz and fused silica have beﬂen used to
identify the riature of the iiradiation—;irodticeii défects in these materials. Neutri)n
irradiation of both quartz and silica showed ihatlthe' intensity of an optical absorption
band reached saturation with increasing neutron dose (Billington and Crawford 1961).

These defects were found to anneal upon heating of the quartz above 500°C (Billington

and Crawford 1961) and the silica above 550°C (Nelson and Crawford 1958).

2.3.2 Ionic Crystals

As stated in Sect. 2.3.1, covalent bonds are directional in nature, and covalent
crystals depend on appropriate geometric arrangement for stability. When extensive
disorder (caused by defects) is introduced, the covalent bonds are weakened, and the
crystal then expands and loses its structure. By contrast, within ionic crystals, the
arrangement of the ions depends upon electrostatic forces and the size of the ions. Lattice
defects in ionic crystals have a higher degree of freedom to migrate, as compared to those’
of covalent crystals, becatuse directional bonds do not have to be ruptured and reformed to
allow for migration. As a result, ionic crystals can accommodate a large amount of
disorder without exhibiting the extensive structuial changes observed in covalent crystals.

In general, the greater the ionicity of bonding, the greater the tendency of a crystal to
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resist structural charlges upon irradiation. The description of radiation effects on ionic
crystals by Billington and Crawford (1961) is summarized in the -following paragraphs.
Additionally, the effects on one particular type of ionic crystal, the LiF-BeF, salts used in
the MSRE, are descriged.

Ionic conductivity studies tlave been performed on KCl crystals that were
irradiated by neutrons, protons, and gamma rays. For particle-irradiated KCI, the 1onic
conductivity was found to increase. This increase apparently resulted from a higher
concentration of positi_ve‘-ion vacancies available for charge transport (Billington and
Crawford 1961, Nelson, Sproull, and Caswell 1953). Heating of the irradiated material
resulted in annealing, which began at about 175°C. At temperatures above 250°C, the
material completely anneoled,an’d the ionic conductivity returned to the pre-irradiation
value. In some annealing experiments tor alkali halides, the l.';lttice contracts to a size less

*than that of the pre-irradiated value, irldicating the relaxation of pre-existing strains.

By contrast, for gamma 1rrad1ated KCl the ionic conductivity decreased, as

' compared to its nomrradlated counterpart. Blllmgton and Crawford (1961) suggest that
the decrease in the i 1omc conduct1v1ty may result from the relaxation process” ' in the
lattice. Note that for short fast neutron exposures (<< 10'¢ n, /cm?®), the ionic
conduct1v1ty deceases, vt/hxle for longer exposures (> 10" n, /cmz), the ionic conductivity
inereases (eharacteristic of .the_parti,cle irradiations). Hence, it appears that relaxation
may occur during the early,étages of 5' reactor irradiation of a sample, followed by the

- buildup of positive ion vacancies.
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B1111ngton and Crawford ( 1961) descr1bed optical effects that have been observed

- after irradiation of alkali halldes MgO and Al 0. Generally, in alkali hahdes the same
absorption bands are produced by charged partlcles and photons
Different radiation types have been shown to produce different absorption ban’ds
- in MgO. Some vof the :bands are the result of impurity atoms. Inineutron'-irradiated MgO,
it' appears that F -centers (i.e., -an elecjtro‘n‘ trapped at an oxygen vacancy) are produced
(Wertz et al. 1957) Ionlzing rad1at1on does not produce these centers Electron and '
neutron 1rrad1atlon of MgO produces a band (at 2,550 A) that is attributed to the F' center
(i.e., | two ‘electrons trapped at an oxygen vacancy) The bands .produced by X -ray or
', electron irradlatlon were found to be‘thermally unstablef: even decaying i in the dark at
room temperatiire. On the other hand;’ the neutron-produced bands. were much more ‘
stable, with one band remaining 'even: after heat treatment of the sample up to 900°C.
,' éimilar to MgO, neutron irradiation of -Ale3 produces absorption bands in

. addition to those produced‘ by gamma irradiation. .F or gamma irradiation, the bands were
found to saturate at low exposures and, in fact, may be as'sociated with impurity centers
_ rather than defects in the Al,O, latti'ce'.' l3illingto'n'and Crawford (1961) point out that for
crystals such as MgO 'and.Alzb3, which consist of divalent and trivalent ions, the lattice
energy is greater than that i‘,n. the monovalent alll<ali.hali\des. Therefore, ionizing radiation
. 'may be uniable to impart the energy -required to create.lattice defects in MgO or ALO,,
while it can impart sufficient energy in the alkali halides.

In i‘onic crystals, the majority of structural effects are associated with simple

defects: interstitials and vacancies. F-center concentrations in alkali halides that were




exposed to X rays have be'eﬁ measured. As X-réy exposure increased,‘F-cen'ter ‘

‘ conceﬁtratiOI; increased wiﬁh acof;cépéﬁdihé &gcreasé in density. Both pararﬁeters :
reached a safuratioﬁ value as expéﬁéure fncféased (Estermann, Leivo, an'd Sfem 1949).
S‘,aturation has‘be':e1.1 expla‘ined in:tlerms:that' 6nce a certain concentration of ihterstitials
‘an.d vacanci§s~are reached, it is‘equa)lij‘} prob‘abfle tﬁéf'eitﬁer additional collisions will -
'knock an inter.st‘;t‘ial back intb ia vac‘aﬁcy or thgt a r;ew interstitial-vacancy pafr will be

created (Pease"19‘54).: »

Bdmbafdment of KCl with protons ‘has élso shqwn a decreaselz'in the density.
Furthérm&re, neﬁtron irradiation of alkali halides has shown a greater densify decrease
than that p-rodﬁced by protbns or X rays (Billiilg£on and Crawford 1961). This result
+ suggests that neutrons are more effective at producing vacancies and interstitials in these.
rnat'eriéls than é.r'e protons and X rays.

In addition to changes in ionic conductlivit.y and optical properties, mechanical
properties‘of irradiateci alkali halides have also been studied. Irradiation of KCI with
protons, X rays, and electrons has resulted in increaseéd hardness-in the specimen;
Saturafion in the hardness has been demonstrated (V aughan, Leivo, and Smoluchowski
1953 , Westervelt 1953). The yield stress in LiF crystals that were exposed to ﬁeutrons
was found to increase, ultimately regching a saturation value (Gilman épd J ohns;con

" 1958).

A nﬁmber of irradiation studies ﬁavé been performed on the ionic MSRE fuel salts -
(LiF-BeF,) (Williams, Del Cul, anci Toth 1996, "Toth and Felker 1990, Haubenreich

1970). These studies-were more chemically oriented than most solid-irradiation studies,
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which focus primarily on the production of defects and lattice changes. For experiments
on the MSRE-fype salts,‘ the focus Wwas on the prbduction and migration of fluorine
radicals, ultimately resulti.ng’in' the production of F, gas. The amount of gas produced is
a measure of the amount of damage to‘the‘ matrix. Gas yields ranging from 0.005 to
0.045 F, molecules/100 eV have been reported, with a consensus from the studies that the
expected yield is about 0.02 F, molecules/ IOQ eV (Williams, Del qu, and Toth 1996).
The salts were found to\ exhibit an induetion lp‘eriod during which no gas was measured in
the void space of the sample container. ‘Tbis peried was then followed by a linear
increase in the gas pressure', and finally; a saturation pressure (or a plateau) was reached.
Figure 2.5 depicts a typ.ical gas yielci curve for irfadiation of an alkali halide salt. The
characteristics exhibited in this curve are typical of most radiolysis experiments. In many
cases, an induction period is not observed, but usually the linear increase and plateau are
.seen.

The induction peﬁod is probably related to the accumulation of gas in the
crystalline lattice and the rate of diffusion of the gas molecules out of the lattice. For
gamma irradiation of MSRE-type salts, the induction period was found to range from
1.3—-17 W-h/g (equivalent to 4.7-61 x-10° rad). The observed plateau represents the
maximum daxbage lirbit to tbe crystal at a particular dose rate. The maximum matrix
damage by gamma irradiation of LiF-BeF, has been measured by Toth and Felker (1990)
to be about 2% for dose rates up to 108 rad/h Toth (1990) also performed alpha
" irradiation experlments for LiF-BeF, by dopmg the salt with 238Pu No F was produced

after 1.5 years of irradiation:
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Fig. 2.5. Typical gas yield curve for irr:idiation of an alkali halide salt.
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23 3 Crystals ’w1th Mlxed Bondmg

B Rosenwasser Dreyfus and Levy (l956) po1nted out that another class of crystals
is of i 1nterest w1th respect to, radlatlon damage—— namely, crystals that have rn1xed

" ,bondmg vv1th both 1on1c and covalent cornponents Exarnples of such crystals 1nclude

" bi Ba(N 03)2 (w1th the Ba+2 and the NO3 1ons) NaN (w1th the Na' and N,- 1ons) NaNO3
(w1th the Na *and NO3 “ions), and:UQze, (vv1th the‘ ‘UOZ‘“Z and F~ ions), for Wthh no
‘prev1ous results have been presented o | .

- Allen and Ghormley (1947) stud1ed the effects of 1rrad1at1ng of Ba(NO3)2 crystals . ‘
w1th 1.2- MeV electrons Doses up to. 25 W-h/g (9 X 10° rad) were used At the ;
Hcornplet1on of an~1rrad1at1on the salt was dlssolved In water and the gases produced and
. the cornposition of the soluti‘on‘were analyzed. It vvas found that.nltr1te (N 02;) and 4
i oxygen yvere produced. Most of the ,‘o‘)lc"yg'en‘\vas trapped (as O; or 10) in the crystal and
'was released upon dissolution. ’fhe auth.'ors\suggest ‘that the e‘lectr:o'n bornbardment ot‘ the
‘Aler'ysta‘l strips, electrons frorn the NO,, resulting in the forrnationof NO3 [radircals. The

following reactions may then occur:

NO; +¢” - NO,  +O; or Q2

NO, ~NO,+0. _ - (23)

During the experlment_s, it was found that the productionyrate of NO,* decreased with
| increasing dose, suggesting that steady state was being approached. Allen and Ghormley

(1947) indicate that, based on their experirnents,'steady state may‘be reached after about’
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+ 40% coniversion of NO; ™ to NOZ": Such a steady state wbqld occur when back reactions,
resulting in the productiovriJOf NO{, equals the forward re;éction.
Henning, Lees, and Mathéson (1953) irradiated NaNO,, KNO,, and KCIO, ina
’nucleeﬂlAr reactor to study radiation effects on these materials. Sambles of NaNO; were also
irradiate;'di wﬂifh‘X rays. Aftef inadiation, the samples were heated to release gases Frapped
within the crystals. Thg nitrite coqtent iﬁ the NaNO; and KNO, sar;lples was allsol
evalﬁated. An analysis of gases obééined ﬁom a NaNO; sample reveaied that the gas was
primariiy O, witI; a small amount Qf Nzk.“Tfrl‘e authors do not-report on the analysis of the
'g;asés fr‘o.m the other é‘amﬁles, so.tl}e presenc"e'bf N, in these samples is unknown.
However, O, yiélds (G-values) were.reported for ‘cach of the samples’.
Following the fhéory of Aileﬁ gnd bhoﬁnley (1947) regarding the mechanism‘for
NO, and O, pr’oduction, one vwlould“predict that two NO," ions will be,broduced for every
0, ﬁolecule produéed. Henning, Lées, and Matheson (1953) found that the ratio of NO,”
to O, for their f:xperiments was in reason;lble ‘a;greement with this i)rediction. The ratio
wa.s 2.04 for a KNO, sampie and 1.67 for a'NaNO, sampie.
The G-values reported by Henning, Lees and Matheson (1953) for the production
of O, for different samples and doses are provided in Table 2.1. For the irradiation of
NaNOQ,, it appears that the G-value decreases with higher total doses, indiéating an

approach to steady state. Thé authors concluded that the variation in the O, yield for the

two nitrates must be related to the crystal structure since the N-O bond strength is about
the same for both materials. Because of the different size of the unit cell, there is about

20% more open space available per nitrate in KNO, crystals, as compared to NaNO,.
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Hence 1t 1S eas1er‘ for an O atorn to mrgrate.ln the KNO3, resultlng '1n a h1gher yreld asv

| shown in Table 2:.1. Magnetrc susceptrbrhty measurements ‘of 1rrad1ated KNO sho\\ved -
L that the oxygen was trapp'ed as oxygen gas m the crystal Slmrlar studles' \}Jverer 'not o
. ‘reported for NaNO F inally, Henmng, Lees and Matheson (1953) state that the hrgher |

Ayreld of O from the KClO3 (as compared to the n1trates) resulted from the weaker Cl O

\ bond (as compared to the N-O bond)

t

Table 2. 1 Reported gas ylelds from the nuclear reactor
‘ 1rradlatlon of NaNO,, KNO,, and KClO .

. Estlmated dose - ¢ G(Oz) ‘
| Mate“al _(10°rad) -/ (molecules 0/100¢V)
NaNO3 316, . 0333,036]
NaNO, - 413 "7 03340360
NaNO, - 48L- 02050261
NaNO, 527 s . 02m3
NaNO;, .. 861 - 0145 -
NaNO, - - . 118 10.195
KNO, - 376 079092
KClo, - .-207 . . 260,270
KCIO, 2.61 | 157

‘ "Adapted from Hennmg, G R. Lees, andM S.
Matheson, 1953. “The Decomposmon of Nitrate Crystals by
Ionizing Radiations,” J. Chem. Phys. 21(4), 664—668.
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Gas yields from the X-ray i‘rradiation of l'\IaNO3 by Henning, Lees, and Matheson
(1953) (Table 2.2)‘Iwere very similar to those measured for the reactor irradiations. The
energy of the X‘r,ays used 1n the '_irr‘adiations was not high enough such as'to produce
photoelectrons w‘ith sufflclent“ energy to displace ‘oxy‘gen atoms; Because of the similarity
in the gas yields seen for the reactor and the X-ray irradiations the authors concluded that
.. the oxygen was removed by 'an 1onlzat1on mechamsrn [as suggested by Allen and
3 Ghorrnley (l 947)] rather than by d1rect d1splacement of the oxygen by a “knock-on
. process (see Sect. 2.2. 4) S
| Heal (195 3) and Rosenwasser Dreyfus and Levy (1956) perforrned irradiation :
. experrments on sod1um az1de (NaN ) Heal used X rays ds the radlatlon source, wh1le
Rosenvvasse_r,v Qreyfus; and Levy.(l956) used ‘gamma rays, slow neutrons, and fast
neutrons. H‘eal conducted irradiat‘ions‘at S:l and 102%C and, upon completion of an
1rrad1atlon d1ssolved the sarnple 1n vvater and rneasured (a) the volume of gas evolved

and (b) the amount of OH" and NH (produced by the react1on of trapped radicals with

Table 2.2.. Reported gas .yields from the X-ray 1rrad1at10n of

© NaNO,’

Estimated dose - G(0,)
(10%rad) - ' (molecules 0,/100eV)
Cossa . o oo

00649 .. ~0.38

"Adapted from Henning, G., R. Lees, and M. S. Matheson, 1953.
“The Decomposition of Nitrate Crystals by Ionrzrng Radratrons
J ‘Chem. Phys. 21(4), 664—668
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wate‘r) in solution. Heal reports a G;value for the destruction of NaN '[G(—NaN3)] as 5.2
NaN molecules destroyed per lOO eV at lO2°C and 4.0 molecules destroyed per lOO eV
at 51°C. The molar ratio of the measured yields of Nz, OH and NH3 was 1:0. 72 0.25 at
102°C and 1:0.81:0.22 at 51°C Absorption spectra showed that, after irradiation, the
- ”_'crystals did not contain collo1dal sod1um metal Heal proposes that the observed product

A ‘mayi be t;orrned by the following reactions. First, the X‘.radiation‘d.ecomposes the azide
ion:. | o |

| Ny +er N +N,. - o @4y

i The’N andN are then trapped in the crystal Upon d1ssolution the N, is released ‘and
the OH ™ 'and NH, are formed by the followmg reactlons with water:

N+HO NH+OH “‘_ﬂa L @23)

'”NH#N ﬁNH+3QN* S - Q6
NH+HO NH+OH L f" ’Qﬂ

‘iNH-+N*1NH +30N, . . @s)»
‘f{HNH2+H;)~NH,+oH: | h Qgi

' Thissetof rje‘act‘ions\vuould re,sult‘in the tbrmation of N;, CH‘, and NH; in the molar ratio
4:3: l—essentially the raitio that was observed in‘the experiments.
| | Inil.{osenwa‘s“ser, Dreyﬁls,and,I;evy_(19"5>6) studied the reﬂectance spectra of NaN,
after its irr‘adiati—on-with gamma ra!ys, slow neutrons, and fast neytrons. For gamma

) n'radiation, a.'strong band-was observed at3,600 A This band increase'd at a decreasing

" rate as the dose :viias increased,‘ ‘thusindicating an approach to saturation. Irradiation with

'neutrons showed the pr'o,duc'tion"oﬁ an additional band at 6,000 A. This baridrwas not’
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produced by gammé irradiation. The authors speculaté that the 3,600 A band may be a
color center band (such as are observed in the alkali halides) formed by ionizing
radiation. Ionization of the‘azide ion may leave it in an excited state, which, in turn, may
cause it to disintegrate and produce N;. The >authors suggest a number of potential sources
for the neutron-irradiation-produced band at 6,000 A This band may have resulted from
the aggregation of sodium into colloidal particles—either by disruption of the lattice or
by the release of displaced N atoms during heating, resulting in an unstable configuration.
Note, however, that absorption spectra measured by Hc;ai (1953) pfovided no evidence of
colloidal sodium metal. Other pbssible causes of the band at 6;000 A are electrons
trapped at azide or nitrogen ion vacancies, atom displacemeﬁt by neutron collisions, or
thermal spikes. Based on thé expériments, however, the authors were unable to provide

evidence that any of these mechanisms caused the observed bands.

2.3.4 Summary of Irradiation Effects on Covalent, Ionic, and Mixed-Bonding
Crystals

A large number of irradiation studies have been performéd on covalent crystals,
ionic crystals, and the so-calleld mix‘ed-b.onding crystals, which exhibit both ionic and
covalent bonding. Because covalent ér})stals'have bonds that are directional in nature,
small-scale atomic rearrangement to relieve localized stresses is pre‘vented. Activation
energies for movement of interstitials or vacancies within covalent crystals is expected to
be higher than the activation energy for movement withip ionic crystals. Additionally,
high doses to covalent crystals ‘result in extensive damage to bonds, with the lattice

ultimately being destroyed (or becoming microcrystalline). A nétural example of this
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effect are metamict minerals (see Sect. 2.4.2.2), which, after long periods of

bombardment by naturally ocicurrirlg radioactivity, exhibit a complete disordering of the
crystalline lattice. h

The arrangement of the ions in ionic crystals-depends upon electrostatic forces
and the size of the ions. Defects have a higher degree of freedom to move than they do in
covalent crystals. Consequently, ionic crystals are more resistant to structural changes
than are covalent crystals. Gamma irradiation of some ionic crystals (i.e., MSRE-type
salt) has shown an induction period before any gas is released, followed by a period in
which the amount of gas released is propo.rtic'mal to the dose. Finally, a plateau or
saturation amount of gas is reached, signifying a damage limit in the crystal for that dose
rate. |

Mixed crystals have both covalent and jonic bonds. For the experiments
discussed, gases produced dﬁring the irradiation were trapped within the crystalline
lattice, and these gases were released upon heating or dissolution of the crystal. Upon
dissolution, some of the radiolytic products ~tra‘pped in the crystal also reacted with the
water to form other products. Additionally, from the experiments described, it appears
that the bulk damage is to the cpvalent part and not the ionic part of the crystals.

One feature that is common to the covalent, ionic, and mixed crystals, which were
descriBed, is that, as dose is incre;ased, saturation in the damagq is reached. In covalent
crystals, magnetic center deﬁsities and optical bands halve been shown to saturate. In
ionic crystals, saturation hasl been sho;ivn for F;center concentrations, the decrease in

crystal density, and hardness of the crystals. Of course, for ionic crystals, a good
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example of saturation is the preséﬁre plateau of product gases reached at high-doses to

LiF-BeF,. Finally, in mixed brystalé, 'saturétion h."<1s been iiemonstrated in the prciduc_tion
of NO,” froin ﬁO{, in t}ie Iiioduétion of O,, éind 1n 'opticnl absorption sI‘)t‘ect‘ra.‘ it‘is

- noteWorthy that snturation has B’eéné ob‘véiérveiii in other (nonéfystalline/nonsolid) systems.
A good example is the radioly'sis“ nf water in which‘ a plateau is reached when bdck i'
reactions, resultin‘g'in the rgfnrinatipn, of water, balance the destruction of .wéter,(Allen et
al. 1952). Saturation in crystéllliné riiaterialé is anallogous in that, at some point; a
maxirnum dar‘nagle\‘limit is reache‘d‘ in W}‘iicl:lh,t}ie ratie of .prodiic‘:tion of defects'. is Baianced

by the annealing (thermal or 'c;iiemiéal) of the defects. '

24 RADIATION EFFECTS ON QXIDES‘ AND URAi\iIUM OXIDES
In previdus subsections, tne_intgractions of radiation with solids and the

subys‘equent effects on crystalliné«solids. (i:oyalent, innic, and mixed ionic-coyaient) were
described. Sofn’e of the métierials used in the éxémples of radiation effects were oxides.
In Séct. 2.3.1, the effects of b‘otn:neu'tron and gamma irraidiation of the covalent crystal
Sin (as qugrti or fused silica) \;verc; describ.nd. The effects of irradiation by neutrons and
electrons on MgO and gamma irradiation gif A1203 were presented in Sect. 2.3.2. Both
:oxides’ form ionic crystals. F inaliy, in Sect. 2.3‘.3, the effects of radiation on the oxygen-

containing, mixed-bonding crysfais Ba(NOy),, Nai\IO3, KNO3, and KCIO, were discussed.

Electrons, neuti'ons;and X rays'.weiie used in these mixed-bonding studies, anci, in each

case, O, was released from the crystal.
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In Sect. 2.4.1, additional informat‘ion is provided concerning radiation effects on
oxides. A proposed mechanism of er;ergy deposition and migration to the crystal surface
is described. In Sect. 2.4.2, radiation e%fects on uranium oxides and on the atmosphere
over the uranium oxides are described. ‘Uranium oxides are to be placed into long-term
storage. Radiation will interact with the oxide and impurities (e.g., fluorides and water)
that are present. Therefore, it is ifnportant to (Ia) understand the effects of radiation on
both the pure mate;i_al and impurities aﬁd (b) to e;/aluate the radiolytic contribution from
each of the componenis of these heterogeneoﬁs systems. Information is presented on the
direct and indirect effects [i.e., radiation ihtéracting with an impurity (e.g., water), o
' .resulting in some effect (e.g., oxiéiapi'oﬁj on the uranium oxide] of radiation on the
uranium oxides. Finally, because it_ is important to understand.the interaction of the |
storage atmosphere with the uranium oxide, information is presented on the radiolysis of

moist air.

2.4.1 Oxides

The radiation damage mechanisms, which are described in Secté. 2.3.1-2.3.3,
were for the bulk crystal. Alternative mechanisms have been proposed in which energy,
deposited in the bulk, migrates to the surface where the radiolytic reaction occurs. Such A
mechanisms have been probc;sled f:’or ZﬂQ-énd MgO.

Sugier and Duda (1976) examfned 't};e gamma radiolysis 6f ZnO, whi‘ch forms
simple ionic crystals. They measured the arﬂount of oxyéén directly evolved from the

ZnO crystals and calculated a yield of G(O) = 0.92 (O atoms)/100 eV. They proposed
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th.at the Oz production' is:primarily a surface phenomenon'whereby energy deposited in
the bulk material is rap1d1y transferred through the crystal 1att1ce to the surface where it
causes radiolysis. Itis unhkely that the oxygen is produced in the bulk and then mlgrates '
" to the ‘surface because‘(‘a)'diffusion ',of the 0, 1s'slow and (b) the needed concentration
‘gradient would imply an inductio‘n 'period,rwhich was not‘ohseir‘ved.‘ "Also, there was a

s linear relationship between the.dose rate and the yleld—a retationship which supports the
1dea of energy mlgratlon from the‘ hulk to the surface. | N

- Wysocki (1986) 1rrad1ated MgO w1th gamma rays. Different specres of oxygen
were observed at the surface (e. g.,‘O2 and 0,). Dependlng on the surfac,e area, reported
‘G-values for the oxygen soecies at the surface ranged from t.l8 to 3.68 (O species)/ 100
eV. Oxygen was initially observed in the. gas space; however, ‘its’ concentration declined
as it was reabsorbed on the MgO' surface. Wysocki also stateS'that the gamma en'ergy is
deposited in the bulk materfal and then\rnigrates to the surface, where it causes radiolysis.

While these authors address surface ,phenornena, it is not clear whether or not
examinationslrwere made for bulk‘effects. Based on the theory presented, after
irradiation, one could open a crystaf and find that the MgQ and Zn0 1nside were

undamaged. This, ‘however, seems doubtful.
24.2 Uranium Oxides

A range of effects are possible when radiation interacts with uranium oxides.

~ These effects may be‘manifested as chemical;‘(e.g'.',, oxidation) or structural (e.g., change

43



in crystal structure) changes to the irradiated material. These two types of changes then

serve as logicai divisions of the study of radiolytic effects on uranium oxides.

McEachern and Téylor (19985 héve provided a broad survey of the mechanisms
for oxidation of uranium dioxide at temperatures below 400°C. Several of these -
mechanisms are attributed to direct‘irradiation of the oxide, or indirectly to irradiation of
associated impurities—namely, the influence of moisture, nitrogen oxides, and radiation
upon oxidation. The presehce of moisture serves as a source of radiolytic products (e.g.,
H‘ZO2 and free radicals such as OH), which can causé oxidation of the ﬁranium dioxide.
Similarly, the radiolytic production of nitrogen oxides (in the.presence of air and
moisture) can accelerate oxidation. Finalfy, radiation can cause lattice defects, which can
accelerate oxygen diffusion and, hence, increase oxidation. Moisture and moist air may
both be present in the u;anium oxide storage_environment: | Therefore,‘it is important to
understand their effects oﬁ the uranium oxides during irradiation.

Changes to the crystal vstructure hav‘e been reborted under nuclear reactor
irradiation conditions for some uranium ,p‘xi'des (Belle 1961). Additionally, damage to the
lattices of mihéfﬁls found in nature because of either self-irradigtion or external radiation
has been repofted (Lustman l..96.1); Such fnaterials updergoing the latter phenomenon are
referred to as being in the r:netamict state. o |

This descrip'tion‘ of radiolytic effects on urénium oxides has been divided into two

- major are‘as——oxida.tion anvd'str.ucfural‘effeqts. In Sect. 2:'4.2.1, .O)I(idation 1s Ae'scribeci in

terms of three:variables: moisture, nitrogen oxides, and radiation. Structural changes
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resulting from nuclear reactor irradiation, alpha decay, and naturally present radioactivity

are described in Sect 2.4.2.2.

2.4'.2.1; Oxidation

A significant number of stud1es have been performed on the oxidation of uranium
oxrdes (McEachern and Taylor 1998) Many of these studres have focused on the effect
N of morsture (and hence, the radlolytrc products of water) on the ox1dat10n of UO, to
hrgher’ ox1des‘. Structural changes contrrbute to volumetric changes during oxidation. |
4 The molecularl volumes 'ot’ uranium’oxi‘des increase steadily with increasing O:U ratio
(Katz and Rabinowitch 1951)

Taylor et al. (1989) summarlzed the re1atrve volumes (as compared to UOz) of
‘varioussuramum oxrc_les. These volumes,. whrch are presented in Table 2.3, illustrate the -
dramatic change in vovlume as uranium is oxidized. There is about a 36 vol % increase- '
for complete oxidatron fromlUO2 to 15308, while there is a 162 vol % increase for
: o)ridation from U0, to UO;2H,0. Note that Table 2.3 shows an i‘nit‘ial‘ volume decrease
' as the UO is oxidized to.U;0,. Thls decrease is v1sually evident in some samples
Sectrons 2. 4 2. 1 1 through 242.1 3 describe the dependence of uramum ox1de4

" oxidation upon m01sture, nitrogen oxides, and radlatron, respectively.
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Table 2.3. Volumes of y:';rious uranium oxides relative to UO,”

‘ ,!Cc')mpouncﬂi T e Rglaf:ive volume”
vo, el '_:'_' 1,000
| 'a-ﬁp, S o 0988
pUo, . oem
aUG, 13
@ U0y A &£
ﬁLUJOH S “ . o 1.369
UOLOH), - f 1730
U(‘)‘;-'O'.SIHZC’) - T 1850
| @UOLOH), *'. o 1836
.- B-UO,OH), 2156
| y-UOOH), " - LTl 20m
UOp2E0 . s 2618

" “Adapted from Taylor, P., D. D. Wood, A. M. Duclos, and
~ - D. G. Owen, 1989. “Formation of Uranium Trioxide Hydrates on
* UO, Fuel'in Air-Steam Mixtures Near 200°C,” J. Nucl. Mater. 168,
. 70-75. - SR
*Volume relative to UQ,.

2.4.2.1.1 Moisture .

Sunder et al. (1990) studied the effects of radicals (in particular, the effects of OH~

and O,"), formed by radiolysiso_f wéﬁér, on the oxidation and dissolution of UO,. .
Solution chemiétry.was contrvo_llved to promote the formation of a particular radical. For
~ gamma radiolysis, a water solution ,§é_tufated with N,O resulted in the preferential

production of OH radicals. Similarly, for a solution saturated with O, and containing
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either formate (HC.OlO',) ipns or t”—b‘llltan:ol'[(CH3)3C‘O H], gamma radiolysis resulted in th‘e'
preferential formation of O, “radic;cills. -For‘evxpe‘riments perfoﬁﬁed with argon-saturated
water solutioﬁs, a fﬁixture of OH and é;q' ‘(i.é., hydrated electron) radicals were formed.
Iﬁ' a separate paper, Sunder ethvll. (1989) described the forAr'nation‘of tﬁe various
radicals under th¢ controlled chemical conditions of their experiﬁents. A solution that is
saturated with NZQ favors formation of OH radicals because the e, are scavenged, as

illustrated by the following equation:
e, + N;0 <N, + OH" + OH 2.10)
The t-butanol or the formate react with the OH radical, thereby allowing the e,;” and H

radicals to react with O, to produce O,". The addition of t-butanol results in the following

reaction:
OH + (CH,),COH ~ H,0 + (CH3$2(CH2)COH o au
Formate reacts with OH radicals as follows:
OH + HCOO"™ ~ CO,” +H,0 (2.12)

Finally, O, radicals are produced, as illustrated in the following equations:
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6 +0,~ 0, (2.13)
“H+0,- 0, +H" 2 2.14)
" CO, +0,-0, +CO, o (2.15)

An ‘”Ir:source was used ,by_Sunder et ai.: (1990) to perform the irradiations. The
maxiniurn, dose rate was 30,060'rad/h. ‘The rate and arnount of oxidation were 'deterrnined
by measuring the corrosion potential. X-ra}; photoefeetron spectroséopy (XPS) was'used
to determine the amount of surface' oxidation [i.e., the relative amount of U(VD) and -
U(IV)].

Sunder et al. (1990) found that the ox1dat10n of Ub was most sens1t1ve to the
dose rate for the N O purged solutlons (1 €., the solutlon that favors OH formatlon)

lTherefore, 1t appears that ina radlolytlc env1ronment, OH plays a key role in the

oxidation of UO,: Note that even at low. (or no) doses, 0, (in O,-saturated solutions) can

. cause oxidation of UO

Sunder et al. (1990) state that uo, ox1dat10n occurs in two stages. Initially, a

_‘ surface layer of U0, (U 07) is formed that is,

o

. UO Uo2 5. ' (2.16)
" In the second stage, some of this layer dissolves (as U0,*), and a thin layer of UO,exH,0
‘ ’(possible"Yalues of x are 0.5, 0.8, 1 and 2) is formed. XPS was used to-evaluate the ratio

of U(vD) to U(IV) on the surface of the U0, sample as a function of dose. Table 2.4
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Table 2.4. U(V]D):U(IV) ratio for various uranium compounds

Compound U(VD:U(IV)
U0, 0
U0, 5 (U,0,) 0.33
U0, ,; (U,0,) 0.5
U0, ; (U,0;) 1
U0, (U0 2
Uo, b

“Uranium present as U(IV).
*Uranium present as U(VI).

provides the values of these ratios for various uranium oxides. It was found that the value
of U(VI):U(1V) increased rapidly to 0.5, and then the rate of increase began to slow. A
value of 0.5 for this ratio corresponds to UQO, ,,— a value which is consistent with the
theory of initial formation of a UO, ,; layer. The increase of the ratio, with dose, above
0.5 reflected the formation of higher oxides (e.g., UO,*xH,0). Additionally, it was
concluded that O)‘ddation of this type is faster in the irradiated, deoxygenated
(i.e., Ar-purged) solutions than in nonirradiated, oxygenated solutions because of the
production of oxidizing radicals (e.g., OH) in the former.

For each of the solutions studied (i.e., oxygenated in combination with HCOO™ or
t-butanol, N,O-purged, and Ar-purged), it was found that the fate of UQ, 5, layer
formation (as measured by ré'achiﬁé a certain corrosion poténtial value) was proportional

to the square root of the dose rate. Because the rate of formation of this layer is
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proportional to the radical concen"t'rvatlion, it appears that the radicalvconcentration is then
proportional to the square root of thé 'dosle rate.

In addition to solutions, the role of the radidlysis of the atmosphere over the
uranium oxide on oxidation has also been studied. Re_cent work by Sunder and Miller
(1996) examined the oxidatioﬁ of Canadian deuterium uranium (CANDU) reactor fuei at
150°C in a gamma radiation field. Four different atmospheres were used in these
experiments: air (both iﬁ sealed and unsealeci containers), O, with 60% saturated steam,
and Ar with 60% saturated steam. Unirradiated '(i.e., unexposed in a nuclear reactor) UO,
disks that were about 13-mm in diameter and 3-mm thick were placed in containers with
one of the 4 atmospheres. These containers:were placed between spent CANDU fuel
bundles for about 2 years. The gamma field was estimated to be abouf 15 Gy/h (1,5.00
rad/h). During the 2-year period, the contaipcrs were maintained at 150°C for 3 Qeeks
and then at 30°C for 3 d to permit the sampling of lgases from an unrelated experirﬁent.
This cycle was repeated th;oughout the 2 years.A After completing the irradiati‘ons,l the
surfaces of the disks were examined By XPS,'X-ray diffraétion (XRD), ;nd scanniﬁg
electron microscopy (SEM). | |

The relative amounts'of U(VI) and U(IVj on the surf;aces of the samplﬂc?s were
détermined by XPS. For the thfee types of sﬂar;rn-)le»s containing O, (either as air or as O,),
surface oxidation waé evident. The most oxidation was observed for sample's'containing

. O, and 60% saturated steam. The U(VI):U(IV) ratios ranged from 2.2 to 118. For the .
| sample with a U(VI):U(IV) ratio of 2.2, the authors state that likely é leak in the‘

. container resulted in a loss of water. This sample would then be equivalent to the other
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samples that were open to the atmosphere (and XPS measurements were con51stent with

such samples) The UO samples n sealed -in-air containers showed the next most
oxidation (w1th U(VI) U(IV) ratlos ranging from 5.6 to 10) Finally, the open -to-air
samples had U(VI): U(IV) ratios rang1ng from 2 6 to 3 7.

The samples that contained Ar andr60% steamlexhibited no oxidation. Fori two of -
these samples; U(VI):U(IV) ratios were 0.01. One sample had a ratiolof 0.4 (note that
U0, has a ratio of 0.5); this observation iyas.attribnted to O, contamination during‘

' ‘sample preparation. - |

The increased oxidation in the sealed—in;air samples, as compared to the open-to-
air samples, was attributed'to the forniation ofa greater concentration of oxidants (from
the radiolysis of absorbed water on the .UOZ‘and container surfaces and moisture in the
air) in the former. The radiolysis 'of air results in the formation of nitrogen oxides, which
can also oxidize UO,. It is believed that the open-to-air container allowed the oxidants to
‘diffuse outward, while their concentration increased in the closed container.

Because the radiolysis of water produces both oxidants and reductants, it was
" proposed by Sunder and,Miller- (.1996) that at high temperatures (such as 150°C used in
these experiments), the rates. of oxidation and reduction cancel each other. This proposal
explains the lack of ox_idation of the Ar-60% saturated steam sainple. Note that at room
temperature, the oxidation of UO, by water radiolysis products has been observed
[Sunder et al. (1990)]. The reactivity of the reductants at room temperature 1s much less

than that of the oxidants.
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XRD analysis of the UO, disks conﬁrmed: the oxidation observed during the XPS
analysis. The UO, samples that Ic,ontained only air (both opened and sealed) exhibited
UO,, U,0;, U;04, and UgO,,. For the samples containing O, and 60% saturated steam,
both UO, and UO,exH,0 were found in addition to the other liranium oxides. This sérvés
as evidence of more complete oxidation of uranium to the U(VI) valence state. The
| 'samples that contained Ar and 60% saturated steaﬁl did not show that either U,O4 or
UQ,xH,0 were present. The sample that was thought to be contaminated with O,
showed the formation of U;0, and ijl 603‘7.' For the other Ar-60% saturated steam |
samples, only UQO, was found to be présent; The SEM results were consistent with those
from both the XRD and XPS anélyses. | |

Wasywich et al. (1993) perfqmed experiments to study the oxidation of defected
and intact CANDU fuel, both in dfy éir and in mdistﬁre-saturat;:d air at 150°C. Intact
CANDU fuel elements and intentionally defected (single 3-mm-diam hole) CANDU fuel

. . elements were placed in each of these two environments. The elements were placed in

sealed containers with a void volume such that there was only enough oxygen available to

oxidize a small fraction of the UO,. Water was added to some of the containers for the
- moisture-saturated air experiments. After long storage times (on the order of 3 to 6
years), some elements were destructively analyéeci by using optical microscopy, SEM,
XPS, and XRD. Optical microscopy was used to ideﬁtify the effects of localized
oxidation (i.e., contractioﬁ and ;iistortidn) rééultiﬁg from volume changes.

The UO, oxidation was observed only in the intentionally défected fuel elements.

For the dry-air tests, oxidation was localized to the defect region. XPS showed that the
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UO, was ox1d12ed prrmarrly to U3O ‘The authors stated that, for the dry -air tests the 4
oxidation appeared to be controlled by diffusion of oxygen 1nto the UO 1att1ce

" For the moist-air. tests, oxidation occurred throughout the fuel element. ‘For high-:
power (i.e., high-decay-energy) fuel, oxidation was observed in‘th‘e fuel core region. XPS
showed the formation of higher oxides (i.e., greater than U,0,), as compared to the dry- |
air oxidation. The or(idation appeared to proceed as dissolution-(as UO,*") and -
precipitation (as UO3-xHZO, x~d.8) reactions. The authors point out three different
processes in which radiolysis may contribute to oxidation. Radiolysis of water produces
oxidizing solutions at the surface of the UO, through the formation of radicals such as |
OH. For aerated water, O, can be t’orrried [e.g., Sunder et al. (1990)]. Finally, radiolysis
of moist air leads to the production of nitric acid, which can cause rapid oxidative
dissolution of the UO,,.

Einzinger, Marschrnan, and Buchanan (1991) evaluated the oxidation of SNF at
expected conditions during the postcontainment period in a geologic repository. This
time period (300 to 10* years after disp‘osal‘) wouid be characterized by a low radiation
field (~4 R/h) and high dew-point air. - |

Samples of SNF were tested foria.varietyof temperatures, moisture levels, and
test durations‘. Dew- points were —55 o:r::.8(:)°C while temperatures of 110, 130, and
175°C were used Fuel sarnples (~10 g each) were used from both pressurlzed water
reactors (PWRs) (~8 years since dlscharge) and b0111ng water reactors’ (BWRS) (~15 years- ‘

since ,dlscharge). ,
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Einzinger, Marschman, and Buchanan (1991) proposed a mechanism of rapid
oxidation at the grain-boundaries, which is followed by penetration of an oxidation front
into the Uo, grains.l The growth of the oxidation front (and the resulting formation of

1 U,0,) is described by the following equation:

1—[1=3AOIM )] =(kt)"2 | @I

. where;
. AO/M) = change in okyigen—td—metal ratio,
k&’ ' =rate constant, and '

t = time.

R 4_ | l?cr onldatloh.-td U4,O;,;,' the term 3A(O/M) 1n the equation is replaced by 4A(O/M). Key .
1 ' a"ssumptions.,for.usiné this. eqtiatlch are that the'particles are spherical, the particles
oxidize -in',(-icll.)endehtly;‘ and'exldatl_eh'dces not penetrate de'eply‘ intothe grains. The
.'authcrsinsed thls model to est1matevalues ‘o:fv the rate constant, k, for the varlous )
experiments performed. "l"he ‘rate'cc‘n‘s:-tant shoWed an Anhenlus-type behavior with
temperature. o | | |
. Analyses of the samples showed that ox1dat10n occurred more rap1dly in mo1st

‘ atrnospheres Fmally, the BWR samples appeared to oxld1ze more raprdly than did the o “
' PWR samples Th1s drfference was attrrbuted to the smaller grain size and hence larger

' surface-area of the BWR fuel sa'rh‘ples.




To evaluate the ef.fec't's o)f moistu‘re.atlc‘ine, Taylor ét al. (1989) studied the
oxidation of unused CANDU fuel fér‘a number of air-steam mi;(mres near 200°C. More
than 70 experiments were performed in which .the amount of moisture and the surface
finish of the UQ, sample were varied. Disks, 2 mm thick, were cut from fuel pellets and
were then polished. These disks were then further subdivided into quarters. Water and
the UO, samples were added to a prpssﬁre vessel, which was then hez;fed in an oven at
200 t0.225°C for a peri;d of 2 t0.20 d. The balance of the atmosphere inside the
containers was air. The volume of the container was such that oxygen depletion was not
expected to affect the extent of oxidation. XRD was used to identify oxidation products.
SEM was also performed on the samples.

Upon analysis, both UO,+2H,0 ‘and UQ3-tzO (0.7 < x < 0.9) were observed as
well as some U;0, and U;0,. Below 50% satura;ced steam, the oxidation rates were
similar to those in a dry atmosphere, and only U,0, or U,0;4 was observed. For the range
from 50% saturated steam to slightly over saturation, hydrated UO; was observed. These
hydrates appeared to form at higher rates as temperature increased. For wet conditions
(i.g., water in excess of that required for ;aturat;on) large crystals of UO;exH,0 were
formed. |

Taylor et al.‘(1989) concluded that for 'ghe coqditions of less than 5(5,% saturated
steam, the moisture had little or no effect. Hence, the oxidation appears to have been
controlled by oxygen dit;fusion into the UO, matrix and the solid-state oxidation of the
U0, to U,0, or U,05. For the high—moi;mré conditions (i.e., greater that 50% saturated

steam), the UO,exH,0 formation was described in terms of a dissolution-precipitation
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reaction at the UO, surface. This is the same reaction that appears to be enhanced ina

radiation field.

'2.4.2.1.2 Nitrogen Oxides

The presence of nitrogen oxides and nitric acid has been shown to cause oxidation - *

of UO,, These c_:heinicals can be formed by f_hé‘rédiaﬁion of moist air. .

Harteck and Dondes (1956) studied the use of radiation in the direct production of'

NO,and NIZ'O_’,'_énd they summari;ed the radiochemcial reactions responsible for the
pfoduéfion of thése species. The Tk'éy radicals in the rédioljtic production of nitrogen

oxides qfe N and O." The production of Nradicals is described by.

N2+ r;diation - Ny’ + %" : | " | o (2.18)
N, + radiation ~ N," B A 1)
N, -N+N (2.2dj
N +e -N+NorN,+y, ‘_ : @.21) -

where the symbol * indicates an excited state. Oxygen radical production is described-by

the following equations:

0, + radiation ~ O," + &~ o (22
0, + radiation ~ 0, o (223)
o, -0+0 . - @24y
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0,+e - 0+0o0r0,+y. | (2.25)
The formation of NOQ, is described by

N+0,-NO+0. - (2.26)
2NO + 0, ~ 2NO,. | | 2.27)°

The production of N,O is ’des;:ribed by the following equation:
NO,+N-N,0+0. - T (28)

Note that a number of propagation’feactions j(e. g, NO, + N-N,+20 and NOZ +0-
NO + 0,) occur, but they are not shown. Finally, the reaction of NO, with water

produces nitric acid, as des_cfibed by the following equation:
3NO, +H,0'~ 2HNO, +NO. ° (2.29)

( Primak and Fuchs (1955) évaiuated fhe effects of radiation on rﬁoist ox‘ygen-ﬁ
nitrogen mixtures and the subsequent corroéiop of metals. In addition to their
experimental work, they summarized a nufnber‘ of observations concerning different typ§s
of materials that had been irradiated in air. These observations served as motivation for

their work. Examples included a nickel mirror that became transparent after irradiation in
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an air atmosphere. A transpa;ént.; light-green coéting tthought to be hydréted nickel

nitrate) was found o£1 the mirr,o’r‘_. I;Iliqkel ‘suspensfon \;virc;s used in a reactor parted in
‘humid summer weéther. A gdpber clﬁa that had béé“nl irradiated 1n humid air exhibitea a
" heavy, blue-green deposit (fhought ;o.b_é ﬁydrated cup‘rié nitrate).

Primak and Fuchs (19555“pérformed experirf}enfs.pn the cdrrosién of nickel in a

variety of oxygen-nivtrogven atmospheres. Nickel éampiés (Q.071-crh in diametef and

5.1-cm loﬂg) ~were'clea;1'ed, polished, and plac‘ed in 'r;irripi;‘les containing the desired
‘atmosphere. The ambulés, furth& ‘contai‘hed in éluminum tuybe's; weré irradiated in the

central region of a‘nuclear résearch rea;c_tor. For samples in dry oxygen—nitlrogen

mixtures, irradiated to aBout 30 MW-h, no reaction produ:cts were found on the nickel.

However, for samples irradiated in a humid-air gtmosphere, a large amount of light-green

reaction products wlas‘found -ojn the'nickel sqrface. lThe‘ products were id;entiﬁed as Ni |
(NO>3)2-6H20. | |

| Jones (195 9) studied the radiolysis of moist air cauéed by electfon bombardment. . ' i
In his paper,‘ Jones refers to Russian work that fouﬁd that yields of nitrogen oxides ar:e :
about equal for electrons and gémma—rays in both liqqid air and room-temperature air.
Jones’ experiments were performeci by I}Sing a 10-crﬁ infrared gas cell that contained the
gas composition of interest and thafhad sodium chloride windows. Samples vérere
irradiated wi(th a 100-uA beam of 1.0-MeV electrons, which ent;:red the cell through a
gold-foil window. |

J oneé prbvided a descriétion of tﬂe progress of a typical experiment and presented -

typical G-values for the yields. The G-values are dependent upon the air composition,
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but the typ‘1cal values are 111ustrat1ve of general trends Electron bombardment of mb1st
-air produced nitric ac1d Wlth a typlcal G value of 2:9 HNO molecules/ lOO eV When the
ater was depleted the HNO began to be destroyed (G= —5 4 HNO molecules/ lOO
‘eV) and NO Was produced (G 5. 4 NO molecules/ lOO eV) After decomposmon of -
: ‘ the HNO3, NO, contrnued to be produced at an asymptot1c G- value of 0.28 NO
B “molecules/ 1 OOeV Throughout the 1rrad1at1on N O was produced also with an
‘asymptot1c G- value of O 55 N, O molecules/ 100 eV. Ozone and n1trogen pentox1de were '
.‘ also observed to be fohrﬁd and destroyedadurrng the 1rradrat1on. , B
| , Mlx‘tures of nitrog‘en, moisture,‘ and various conc‘entratio’ns o‘fol(yge‘nlwere
A‘irradiatedtand spectroscopically e)'(arnin'ed_:bv J'ones.“‘ The G-values for'H’NIO3’ production |
' Iand destr"uction,-'lv\TO‘2 producti_on, and l\le producti‘on were found to vary as a function of
O‘ concentratron The maxnnum G value r‘or all products occurred at-an O concentrat1on
of about 15%. Irrad1at1on of moist N showed no product1on of HNOs, NOZ, or N,O.
Anderson Roberts and Harper (195 5) stud1ed the ox1dat1on of UO, in both 0,
" and 0,-NO, atmospheres The oxygen absorptron (1 e., the We1ght ga1n frorn ox1dat10n)

was found to be proportronal to the square root of time for Uo, compos1t1ons W1th values

: of x up t0.2.10. Th1s is expressed by the follow1ng equation:
C=Kt'+d4, . . (230

where
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oxygen absorbed,

time, and

It

constants.

The constant X is a measure of the éxidation rate and shows a dependence on pressure.

Experiments with O, were carried out at a number of temperatures and pressures,
while experiments with O,-NQ, mixtures were carried out at a pressure of 0.5 atm and for
two temperatufes—131 and 155°C. Ta;ble 2.5 provides values of the constants K and 4
for O, and O,-NO, oxidat.ioﬁ of ﬁOz. The experiments that were performed at similar
pressures and temperatures shouid'be comparable. Hence, it appears from examination of
Table 2.5 that the rate of oxidatio\nﬂir‘i the 02-.1.\102 mixture (as indicated by the rate

constant K) is about twice that in O, alone at the same temperature and pressure.

Table 2.5. Values of the constants K and A for various temperatures.and
pressures for O, and NO, oxidation of UO,”

Atmosphere  Temperature (°C) Pressure (Torr) K A
0, 154 480 0.80 0.9
0, 153.4 480 0.62 0.5
0, 155 ‘ 480 0.42 0.3
0, 153 480 0.29 0.05
0,-NO, 155 1380 1.4 0.8
0, 131 480 .035 0.4
0, 131 480 0.24 0.1
0,-NO, 131 380 0.64 0.8 -

“Adapted from Anderson, Roberts, and Harper (1955).
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Oxidation tests were pé:forfned,_ both wi?h and without an external gamma ﬁeid,
on nonirradiated UO, fuel pelletsr by Campi)ell et al. (1'989) to e;/alualltg the effééts 6f air
and air containing NO,. The UO, pellets were placed in air ana 1n air bontaiﬁiﬁg 1%,
' NO,, and ;v‘ere then heated to 250°C. For ihe 1% NOZ-‘_aivr rhixtur'e,A the pellet vI\f/eight éaiﬂ =
was about 5 wt % after 600 h, w};ilé pellets in air oply gained about 1 wt % "XRD was
used to dete;mil;e the chemic;él form: of thF uranium‘okx‘id';e 'formed‘. O"xi'dat'i'o‘g Iin the 1%
" NO,-air mixture .lne'd;‘to' formaitiop _df a composition that wa; about 95 Wt % UO3
Oxidation in éir led to formaﬁoﬁlc;f’a c’o;ﬁposit‘ion that waé about 24 wt % U3Qg. ‘Hence, . -
the oxidation rate iﬁ the préseﬁée o\f NO2 was greater: thaﬁ that in air.- -Additiénéily; the .
uranium was c;xidized £o a hiéhgr oxidation state (UO;) in NO, than that attained in éir. ‘

-Campbell et al. (1989) e%amined‘the effec;,ts of radiation by irradiating pelletlsiin
air using a “Co sc;urce with an exposure rate of about 2 x 10° R/A. Exp»erinll'ent's'were |
cérried out .at 200, 215, and 230°C. :I‘Vhe oxidétidn rate in a sta‘t'ic~ system (as c':‘ompare,d to
.that in air Wiihéut iﬁadiation) increasg:d because of the increase& fofrnatioﬂ of oxidants
by radiolysis of air., For a flowing-gas system (i.e., air swept' through the irradiation ..
éha'mber), né irradiation effects were observed. "For the flowing sy,stem,’it appears that

the radiolytically-produced oxidants were swept.a\}vay from the UO,,.

2.4.2.1.3 Radiation
As discussed in Sects. 2.4.2.1.1 and 2.4.2.1.2, radiation indirectly effeqts
oxidation of uranium oxides through the radiolytic'production of oxidizing species.

McEachern and Taylor (1998) point out a second potential role for‘radiation with respect
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to oxidation —production of lattice defects. Such defects may enhance oxygen diffusion

into the uranium oxide lattice and thereby increase the oxidation rate.

Dominey (1968_) compared oxidation of UQO, by CO, in a reactor with oxidation of
UO, by O, in the absence of a radiation field. Temperatures during reactor irradiation
varied between 60 and 90°C. Tw'o experiments with O; .oxidatic‘)n and no irradiation we%e
pgrforrrlled——on;ai at 66 and the other at 80°C. It Was found that the oxidation rate for the
reéctor-inadiated samples was about the same as that for the nonirradiated O, oxidation |
experiment conducted at 80°C. Dominey concluded that if the reactor temperature was
80°C or above, then the rate of oxidation could be explained by thermél diffusion.
However, fér lower reactor temperafufeé, the diffusion must be énhanged to explain a
larger—than-expecﬁecl. (iiffusion rate.

McEachern arI.1d Taylor (1998) conclude that, based on‘tfle experimental evidence
to date, the rate of oxidation of UO, is affected only slightly, if af éll, by radiation alone.

They state that such effects are more 'like,ly to be observed for defect-free materials (e.g.5

~ monocrystalline UO,) and less likely to be obsex:ve& for highly defected materials (e.g.,

‘ SNF).' This conclusion follows from the assértion that radiation introduces defects that

enhance that rate of O, diffusion into the lattice. These effects are likely to occur only at

~ low temperatures because the defects begin to anneal at higher temperatures (200 to

300°C).

Lok
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2.4.2.2 Structural Changes |
Lustman (1961) summérized chaﬁges in Both structure and propert{es as a result

of nuclear ;e;ctér (i.~e.v, neutron) irf_aéiation fof a nurﬁbe£ of compounds. Several of the

studies summarized were for effécts _O,I;UO2 or U,0;. Structural ‘changes for UO,

irradiated in a'reactor (~3.4 x 10" fissions/cm®) were evaluated by using XRD. XRD
specfré of UO, both before and after irradiation' were compared, and neutron irradiation
was shown t6 broaden the diffra;t’ionv peaks. This broadening was attributed to increased
iattice strain. For UQ, that ‘was pres_trgined (by thé method of preparation), irrad‘iation
| p’roduced little additional lattice strain. In fact, in'some cases, the strain decreased
‘because the irradiation anﬁealed the lattice. Typicélly, reé.ctor irradiation of UQ, causes a
slight expansion of the lattice, wﬁich can be annealed byv heating the material.
Apparently, there is a steady-stg‘;e ;émdition' of strain Fhat is dependent on the temperature
‘ and dose rate. |

The effect of neutron irradiation and, tflus, ﬁssioﬁ ﬁagments is significantly

different for U,O,, as compared to -the effects on UO,. Lustman (1961) states that this
observation should be expected because of the metamictization of weathered uraninites
(i.e'., UO, that has been oxidized to U,O,, as discussed later in this subsection). XRD
analysis of U,Og exposed to a relé.tively low dqsg (~1.9 x 10 fissions/cm®) showed no
evidence of diffraction peaks. Conééquently, the crystalline structure of the material is
effectively destroyed or becc;mes microcrystalline. The étrains caused by displéced atoms

in the lattice, in turn, cause a relatively long-range disruption of the lattice structure.
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Another dlfference between UO and U Oq described by Lustman (1961) is the

energy release dur1ng heatmg No- energy release was observed for heating UO (exposed ‘
to fission densrties of about 8 % 10”' ﬁss1ons/cm ) to 750°C Only small energy releases

at 500°C were observed for UO,,. By contrast heatlng of U, O (exposed t07.5 X 1015 '

| ﬁsswns/cm ) from 150 to 350°C released about 25 cal/g The energy release s a result of -
’ annealing and recrystallization of the U3O8 lattlce: Lustman states that energy releases'

for L;I%C’).';,irradiated to higher doses are “,consistent \vith_the, estirnated' latent vheat ol‘ fusion_

of U,04.” . E | | ‘

- ‘N,allcae, P‘Iaradat,land Kirihara .(1978) s_tudied the change in the crystalllattice "
I’parameter of UO for several grainrsizes as a fhnction of ﬁssion"dose (l 14 4><’»1(),‘f‘ to 292 -
| ->< 10" ﬁssrons(crnB) Three dlstinct stages in the change of the lattice parameter were
observed During the first, stage the Jattice parameter increased unt11 it plateaued between
doses of 1 x l()“é_and 2 x lO. ﬁss1ons/crn .‘;Eor‘ some samples,vthe lattice parameter
decreased lethido‘se initially. ‘This annealing behavior vvas thought to, result from the
relocation of excess oxygen (note that the'O:U ratio for the sample was 2.01), thereby
relieving‘lattice strain. o

During the second stage, the lattice parameter began to increase (beyond the first-
stage plateau) again as a function of dose. A rnaximurn was reached between 1 x 1"017
and 5 x 10" ﬁssions/cmB. The differences between the first two stages are attributed to
the formation of different types of defécts during these stages. However, the nature of

these defects was not identified.
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During the third stage, the lattice parameter decreases (from the maximum
<reached in the second stége) \‘Nitl'; further increases in dose. This change was attributed to
the recovery of defeéts by annihilation of mobile interstitials as more vacancies are
produced.

Matzke (1982) discusses radiation darhage to crystalline insulators, oxides, and
ceramic nuclear fuels. In particular, he points out key differences between metals and
insulators with respect to radiation damage. First, insulators, such as UO,, have a large
difference in atomic number for the'components that make up the lattice. As a result,
partitioning of nuclear and electronic stopping power is different for the sublattices (i.e.,
in the uranium and in the ox_ygen).. Secdﬁdly, the formation of charged defects in
insulators results in complex forces between defects; as a result, defect mobility may be
affected. Thirdly, bulk thermal effects are more likely to occur in insulators because of
low thermal and electronic conductivities.

Matzke (1982) provides information on the effects of different radiation sources
(e.g., alpha particleé and fission producfs) on damage to lattices. For example, 5-MeV
alpha particles have a range of about 16 /,Lrﬁ in UO, (i.e., an energy loss rate of about
5' x 10® keV/m). The glpha particles lose their enérgy. primarily through electronic
interactions, and there are abouF 100 to 200 displaced atoms per alpha particle. By
contrast, the recoil nucleus, produced in alpha decay, has an eﬁergy of about 100 keV.

The range of the recoil nucleus in UO, is about 200 A (for an energy loss rate of 5 x 10°

keV/m), and about 1,500 displaced atoms are produced per recoil nucleus. Interactions

with the recoil nucleus are primarily nuclear (i.e., energy is given to the lattice). The
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recoil, nucleus pfo.dtl{céé a—'d\enserﬂ dqfq_(‘::t :"t;ack thanj ,;lo,e.s thé alpha 'ﬁgﬁiqle.' In ‘fa‘ct, ;;.III';‘OSt
90% of the d;fnage in alphz‘1 decéy_ié causedby the recoil nuclei. o

, S:imilar to'aivii;klizz' béfjtic'ﬁl'es, ﬁss’ic:)'n préd‘uctsth‘ave é‘far‘lg:elof. about 6 to'é um in B
UO0.. ‘Thern}al--s'j;ikés {i.e., ic;éalizéd 'ﬁeatin'g aliong the track [Lugtm'ah (1§61)]}‘_Iér.1’hance
the re'chb'ination of de:fect:s: The saturation level _oAf; ﬁssion—broduct—byoduéed I;oint
defects is about a f}a‘ctor‘of 10 less than that for alpha baﬁicles.‘ |
| " Lustman (1961) déséribgs a natilfal phenoménon regarding strué:cural "changc's in .
. so.me. »fn’i‘nerals. This conditi‘-oryl,’ te"rrried tﬁe ‘ir,netamict stafe,” c;ccurs in: miné;als that - ’
either éoﬁtaiﬂ'ér are near uramum or th’o‘r-i‘u£n.. 'l:he. conten;c of uranium ér thoriurn: may be
-\'/ery low. For ‘é);ample O41%ThO2 iﬂ Asome minerals can cause r;letamictization’(Pabst
1952).

: Metamict minerals exhibit:é numBer of ch_aracfteristics. These include a loss of
optical birefringence and little or no cloheren't X-ra}; diffraction,. the .reccvmstitution of the
éryStalliﬁe st_ructure‘during,heé:t'i'ng of tﬁe méterial,’ heat release during recrystallizatidﬁ,
.and aﬁ increaéé in dei;si‘t.yl';ls .tk}e-,:ina;teriéi iéh‘ﬁea"cec{l. Thése are general characteristics fhat
arc‘e.seen in most, but not all, metami;t materials (Pabst 1952).

The dém*ag"e to the crys.talline spyuétﬁre.c;f metamict minerals is attributed to the
energy ciept;sited in the crystal I.>'y tﬁe radjqactiye decay of either uranium or thorium.
Thg majority of the damage is caused by- f_hé reqoil nucl‘eils that results from albha decay.
Lustman states thaf fﬁe volux‘ne‘c‘hange‘; Ia‘sso'ciaté'd with the metamictization of some
miﬁefals is large enough such as tg sﬁafter other minerals that encase the metamict

mineral..
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Some minerals malntam their structure despite large doses In particular,
‘ uraninite, (UOZ) 1s structurally urtaffected by the large doses to Wthh it is subJected
However, weathered uraninite contalnmg uranium that has lbeetl oxidized to higher
'. valence states (ie., U0, that Has“b‘ee'n oxidized to U,0,) is usually found in the metamict
‘eonditiort. . |
Corrtole'te r.1'1etamictiz‘ation‘of é mineral takes, .a very long'time. For example,
- jPabst (1952) estlmates that it would take more that 100,000 years to completely
:metamlctlze gadohmte (Y FeBe,Sl2 10) that contains 0 41% ThO If, 1nstead, the .i
':.mmeral contalns about 1% uranlum Pabst estlmates that complete metamlctlzatlon Iwould
:reql'/iire ab‘oqt:; 1.2‘,(')00 years. Hovste\(er, a key assumption in these calculattons is that all of
. the dee%y energy goes into dlsruptlonof the crystal lattice. Because this assumption is
: ﬁQt. 1‘i1£e1y, the time requiredﬂfo; eomplete metamictizétion would’be much longer than

that given by the estimates.
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3. EXPERIMENTAL

The radiolysis experiments that were performed are described in this section.
Additionally, the techniques used to analyze both gas and solid samples are discussed..
Experiments on'the radiolysis of fluorides in uraniuﬁ oxides were performed to
‘obtain information not a.vailable‘izn the lit;arature. The objectives of these experiments
were to evaluate:
. raaiolytic prqducfs ;md théir prc;ducition fatgs
+ chemical or p’hysic:al éffe(;fs on the irradiated materials
.« effects of varying paramet‘q‘rs_, which include
—initial fluoride content (e.g., vary fromipuré UO,F, t‘o: U,0O, containing
some known levél of ﬂuoride) |
——chemical form (e.g., UO,F,, U,05)
* _dose and dose rate I
— water content
—atmosphere in irradiation c‘ontainef
Additionglly, the effécts on .contéinc?rs'and‘metal sa‘mple’coupons used in the 'ex’pe.rin‘lents
were observed.
Two different sources of gaMa raaiation were used: (a) the ORNL ®“Co
irradiator and (b) HF IR SNF elements. After their irradiation, gz;s and scl>lid sampies were

taken and analyzed. In Sects. 3.1 and 3.2, the irradiation facilitiésiare déséribedf
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Associated with each of these facilities are the details of the specific experimental

configuration used (e.g:, sample containers and their prepar_atlon, data acquisition, and the
© types of materials irradiated). In Sect. 3.3'an overview of the analytical techniques used

' to evaluate the gas and solid samples‘ is presented. . -

3.1 6°C0 IRRADIATION EXPERIMENTS

-The ORNL 60Co 1rrad1ator (em1tt1ng 1 173 MeV and 1 332- MeV gamma rays,
5.271-year half—life, specific actrv1ty =2.6016 ,MeV/disintegratron) was used to provide a |
- gamma‘r.adiation‘ field with Ta‘.doserrate-o‘f about 10° rad/h.” l).etails are provided in
Sects. 3.1.1 through 3.1.‘4 on the irradiator, sample con_tai_ners,'thetdata_ acduisition

system, and the materials irr,}adiated.f ’

3.1.1 60Co Irradlator ) .

A J: L Shepherd Model 109 68 (Ser1al No 654) *°Co gamma 1rrad1atorwas used
for the exper1ments (Fig. 3 1) Sources doubly encapsulated in type 300 -series stamless
wsteel, rad1ally sutround thve_ cylmdncal 1rrad1at1on chamber,'wh1ch is also constructed with .
-300-'seriesfstaif1less s"teel and has a 170:°-w'ide‘closure door which is used for, loading and

unloadrng samples The d1mens1ons of the chamber are 15. 24 cm (6 in.) in diameter and

- 20. 32 cm (8 in. ) hlgh A photograph of the 1rrad1atlon chamber w1th sample containers

‘ 1nstalled is shown as Fig. 3 2. A3 18—cm (l 25 -in. ) d1am openmg at the top of the
‘ ‘chamber leads: to an access tube (of the same’ d1ameter) that is prov1ded for 1nsert1ng

T tubing or wiring. A‘h1nged scatter sh1eld is located on top of the access tube. , Ihls shield
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may be moved aside when the irradiator is in the “load” position (i.e., samples are not

being irradiated); allqwing researchere to feed tubes e.nd wires into the chamber through
- the access tube. | A'2.5'4-cm‘(1;in.)‘yertical clearance between the top of the access tube
and the bottom of the scatter sh1eld allows for connection of the tubes and wires to
extemat equipment (e.g., presstlrca/ transducers or a date acquisition system) when the
Ichamber is lowered into the “irradiate” position. Interlocks prevent the lowering of the
. chamber into the irradtatte positioh‘with the scatter shieltl open. The design of the J. L. .
Shepherd irradiator permits a sz;mple to be (a) irradiated under controlled temperatures
and atmospheric conditions and (b) co'ntinuously monitored in either a flowing-gas
system or by sensors (e.‘g.,. pressure tremsdueers and thermocouplee). |

The exposure rate .proﬁl_e provided by the manufacturer for this particular
irradiator is shown in Fig. 3. 3 The reported exposure rate in the center of the 1rrad1at10n
chamber (i.e., the 100% rate) on December 9, 1977 was 1.85 x 106 R/h (Shepherd 1977).
Unpublished exposure rate measurements made in 1982 and 1993 showed good
agreement with the expected exposure rate from the manufacturer’s data (Dillow 1998).

To evaluate radiolyti‘c yields (i.e., the ﬁumber‘. of molecules of a species prodﬁced
per amount ef energy deposited in a material), the ehergy cteposited in the irradiated
material (i.e., the dose) must be known. Hence, the expoeure rate (which is a measure of
the amount of ionization produced in air by gamma or X rays) must be converted to a
dose rate in the irradiated materiatl. The method established in ASTM Standard E666-91
(ASTM E666-9l 1991) was used to perform this conversion. This method is described in

Appendix C, herein.
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Fig. 3.3. Exposure rate profile for ORNL ®Co irradiation chamber.
(Reported 100% exposure rate on December 9, 1977, was 1.85 x 10° R/h) (after
‘Shepherd 1977).
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A 14.288-cm (5.625:i1) diam, 1.91-cm (0.75-in.) thick aluminum disk with 9

evenly spacéd 2.54-cm‘(17i'n.) diar_n hqlés’ was placed in the bottom of the irradiation

-chamber to hold sample containers. This holder ensured that the~éamp1es remainedina .

fixed 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 radial

position in the chamber (Fig. 3.3), the holder provided a convenient means by which to

index the sample container poéiﬁon. As it turned out, the configuration of the containers
resulted in the irradiated materials being located in the 100%-exposure-rate region of the

chamber.

- 3.1.2 Sample Containers’

Sample containers, instrumented with pressure transducers, prdvided for the real-
time monitoring of p'ressure inside the container and for withdrawing gas samples at the
end of an irradiation. The interior volume of the cc;ntainers and associated components
(i.."e., tubing, fittings, valves, and pressure tfansducers) were miﬁimized ’inésmuch as
practicable to provide greater sensitivity to pressure changes within fhe container.

The samples to be irradiated were placed in stainless steel 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»léading samples (Fig. 3.4). The sample containers

- “iwere constructed from 11,75-cm (4.625-in.) long, 1.27-cm (0.5-in.) diam type 304L

" stainless steel tubing. The wall"thi,c‘kness of the tubing was 0.089 cm (0.035‘in.). One
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end of the tube was welded closed with a 1 27 -cm (O 5-in. ) diam, O 159-cm (0 0625-in.)

thick stamless steel d1sk A hole in the center of the disk was connected to 0 159 -cm

- (0.0625-in.) diam nickel tubing [~ 84-c(m,_(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 ‘vva‘s‘.,.connecte'd toa 0.159:cm (0.0625-in.) stainless steel
Swagelok® tee. The tee was then':connected to’ (l) a 0.318-cm (0.125-in.) stainless steel

Nupro® valve with Swagelok ﬁttlngs [usmg a 0 318 -cm (0 125-in.) to 0 159-cm (0.0625-

" in.) reducing ﬁttmg] and (2) a0. 635 cm (0 25 1n) Cajon VCR gland [us1ng a 0.635-cm

(0 25-in.) to 0.159-cm (0. 0625 n. ) reducmg ﬁttlng] with a male Cajon VCR nut. The
valve was connected such that the metal valve seat (vs the valve bellows) 1solated the
pressure-sensing line. The valve vvas,capped with a 0.318-cm (O.ll25‘-in.) Swagelok plug,
except during contaviner,‘pvreparation (e:.:g;;"leak‘ checks and fluorination) and sampling
operations. The Caj on gland was used to mate the-sample tubing to a MKS Baratron®
pressure transducer (Type 127A). ’Th‘ese transducers were custor‘n-rnade with 0.635-cm
(O.éS-in;) Caj on,VCR glands to minimize volume. A nickel gasketv was used to seal the
connectlon between the two CaJon glands | |

| The other end of the stamless steel tub1ng was welded to a 0 .635-cm (0 25-in.)
sta1nless steel VCR gla.nd w1th a female nut Mater1al to be 1rrad1ated was’ loaded through
this gland 1nto the contamer A VCR plug and nickel gasket were used to close the ‘
open1ng in the sample tube.. The overall length of the sample conta1ner [excludmg the |

added length of the 0 159 cm (0 0625 in. ) n1ckel tubmg] was 17.8-cm (7 1n) ‘Bach

i
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container was etched with an unique number for identification. [Note that the first two -

containérs used in the i;radiations (S-l and S-2) were fabricated such that the loading end

: was‘ closed with a 1 .27-ém (0.5-in.) Swégelok cap (see Table 3.1). However, after one of

' the containers leaked, the desigh of the loading end was changed to the 0.635-cm (0.25-

in.) Cajon’ glaﬁd.] -One of the samﬁlefconta'iners, S-8, was not fitted with the sampling -

tubing and pressure transducer. This arrangement allowed only for withdrawal of gas

samples; at the end of an experiment, but not for pressure monitoring.
" Prepatation of sample containers forjthéir insertion into the ®Co irradiator .
consisted of leak checks, volume measurements, fluorination, and loading of the sampleé ,

into the ddritainers. As part of their fabrication, the containers were léak-checked with air | .

~ to a pressure of about 6.8 atm (100~ps‘ié).l Just béfore their use; the containers were leak- :
" checked again using both pfessu‘re (typically ~3 atm) and vacuum.” The volume of the
o ‘irr‘adiation‘ rig (i.e., the sarriple container, tubing, valve, and pres‘suré transducer) was

" measured by e'x.panding helium from a known volume into the rig, observing the pressure

change, and applyi'ng the ideal gas law. The results of the leum.e meésurements are
presented in Table 3.1.
" The sample rig was treated with fluorine to passivate the -systém. Tybically, the

empty sample rig was evacuated, and then 50-100 Torr of F, was introduced into the rig.

. Aheatgun was then used to heat all of the surfaces of the rig to promote reaction. ‘Afte_r

about 1 h, the F, was evacuated through a soda-lime trap. Then, 500-600 Tort of F,was

introduced into the rig, and the heating was repeated.” After several hours, the F, was

~ evacuated through a soda-lime trap, and the rig was backfilled with helium.
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Table 3.1. Volume meaéurements of irradiation containers
as determined by gas expansion method

Container -~ .- Volume (cm®)
- Calibrated volume” * =~ * 153.9 £ 0.07
S-14 - " 20.0£0.1
§pe o 19.940.1
Y o 16320
S-4° . 159421
sed 135£2.1 -
12 ... 171£004 ¢
3 16.6 + 0.04
5-16° | 1574004
s 1584005
s200 - 15.6 +£0.04 .
s21¢° 1564004
$-22°. 1594004
HFR-127 - 705+22

“Measured by welght of water required to fill volume.
5S-1 and S-2 were equlpped with 1.27-cm (0.5-in.)

‘Swagelok fittings on the loading end, while all ‘others (except

HFIR-1 and 2) were equipped w1th 0.635- -cm (0.25- -in.) Cajon
fittings.

. “Used manifold transducer with estimated accuracy of

:I:O 25% of reading (manufacturer’s specification).
-~ “S-8 was not fitted with sensmg tubmg and a pressure =
transducer. ‘ -

“Used transducer attached to container. Estimated accuracy
+0.07% of reading based on transducer calibration data.
/The same container was used for the HFIR SNF
experiments (i.e., HFIR-1 and HFIR-2).
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‘ 'Sarnples were' oaded witli,ei_ther an inert (lleliuni)'or air atmosphere inthe
container. To obtain the iiiert atniospliere, t.lie'r‘igwas tirst placed inside an inert .
atmospliere glov'e box. Typically,~ the-‘g‘love-b_ox atmosphere contains less t‘han 1 ppm O,
" or moisture. Tlie loading end of the sample coritainer was opened, the container was filled

with the desired amount of sarnple, arid‘then the container was resealed. The irradiation
rig was then remO\ied from the glo\(e,bloyi.‘ For an air atmosphere, the sample was sirnply

- loaded into the container in the laboratory atmosphere (in a radiochemical liood).

LA computerized data acqu1s1tion system was used to collect data during each

. 1rrad1ation (Fig 3. 5) Valldyne hardware and software were used, prov1d1ng up to eight
data channels per card. Other locally developed software” and a MicroSoft® web server,
‘rnade‘thle“ data availableicontinuously over the world wide web. Typical parameters
recorded during an irradiation included 'co‘ntainer pressure, ternperature of selected

: containers, and roonl pressure and temperature.

.O“rn‘ega“® Type K therrnocouples and MKS Earatron Type 127A pressure

transducers were used to measure temperature and pressure, respectively.

" Battle, R. E., 1998. Software program developed to'interface with'a Validyne
output file and a Mlcrosoft Web Server, Lockheed Martin Energy Research Corp ., Oak-
Ridge National Laboratory, Oak Ridge, Tennessee.
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3.1.4 Materials Irpadiate(i

UO,F,exH,0 is an intermédiéte compound fonnéd duripg the conversion of UF,
to U,04. During conversion processing,.the UO,F, — }lfanium oxide mixture is heated in
50°C steps and contacted with pfeésurized steam (sée Appendix B). Ferris and Baird
(1960) found that uranyl fluoride wa§ s?éblé in a dry atmosphere bel“ow 700°C. Above
700°C, the uranyl fluoride was fouﬁd to slowly degorripose‘ accordiﬁg to the following

reaction:
" 3U0,F, »UF,+2U;0,+10,. . (3.1)

Treatment of the oxyﬂuo‘ride with pressurized steam slowly removes the fluorine (as HF),
thus promoting the conversion to uranium oxide. Filrst, the UF (produced by the
decomposing UO,F,) reacts with the water to form UOZI;"2 and HF, as shown in the
following reaction: | |

UF, +2H,0 > UO,F, +4HF, (3.2)

The newly producéd UO,F, can then decompose [Eq. (3.1)] and the reaction, shown in
Eq. (3.2), is then repeated. This éycle continues; slowly reducing the amount of

oxyfluoride in the material. Based on this reaction scheme, it is redsonable to expect that

‘the residual fluoride remaining in the U,0, after conversion is of the form UO,F,. Itis

therefore important to understand radiolytic effects on UO,F,, because studying this
material provides a bounding case: for the maximum amount of fluoride that could be in

the converted b;oduct. Additionally, sémp,l\gsi of ~U308 (with a known reéidual fluoride ,
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' content), produced by the conversion process, were irradiated. The irradiation of this

material simulated the radiolysis of the uranium oxidf;s to be placed in storage. -

Two sources of UO,F,sxH,0 were used in the experiments: (1) UO,F,sxH,0, .
which was produced at ORNL by the hydrolysis of UF,, and (2) material obtained from
the East Tennessee Technology Park (ETTP), Oak Ridge, Tennessee. Either DU or
natural uranium was used in each of th¢ samples. The producﬁon of UO,F,*xH,0 was
essentially the first step of the ,qonyersion process (Del Cul, Icenhour, and Toth 1997; see
Appehdix B). Initially, 575.9 g 'of UF, were transferfed toa liquid-nitrogen-cooleci
vessel, where the UF, condensed. Then, 180 g of H'ZO were added to the vessel, where it
froze on top of the UF,. The fnaterial was then allowed to slowly warm. As the water

began to melt, the hydrolysis reaction occurred (with the excess water forming hydrates):

UF, +(2 +x)H,0 —UO,F,+xH,0 +4HF . (3.3)

The vessel was then evacuated through a soda-‘lime’ trap for 5 d to remove the HF and
excess moisture. This treatment resulted’in the production of UO,F,+1.7H,0. Some of
this material was pulverized, spread out in a thin layer, and then further evacuated for an
additional 13 d. This treétment resul’ged_in the proﬂuction of a lower hydrate:
UO,F,0.4H,0. The higher hydrates -of; urany] fluoride (e.g., UO,F,*1.7H,0) are
distinctively bright yellow. Ahhydrous I‘JOZF2 is tan. The UO,F,*0.4H,0 was tan and
yellow. Infrared analysis of this material indicated the presence of both hydrated and
anhydrous UO,F, (see Appendix D).

Material obtained from ETTP consisted of U02F2-1.14H20 and U02F200.4H20.

The history of the production of these materials was unknown. However, attenuated total
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reflectance (ATR) analysis confirmed that the materials were hydrated uranyl ﬂuoride
(see Appendix D). A sample of UOZF2-2.3HZO was prepared by placing some
UO,F,+1.4H,0 in a 97 % humidity desicator.

The amount of hydration of each of the materials used in the experiments was
determined by thermal gravimetric measﬁréments and by mass-balance calculations from
the results of the Davies-Grléy titrations. |

Some samples of UOZFz-x-HZO wére further treated by heating in a controlled
atmosphere (e.g., O,). An apparatus similar to that depic'ted in Fig. 3.6 was used in the
treatment. A sample to be treated was first placed in an alumina boat, which, in turn, was
inserted into a silica tube. The tube was contained inside a clamsheli furnace. The tube
was configured such that th;: desired cover gas could be supplied at one end, while gas
samples could be withdrawn from the other end into a Fourier Transform Infrared (FTIR)
gas cell to obtain an infrared spectrum. A pressure tranéducer was us:ed to monitor the
pressure in the apparatus. Although the configuration was such that the heat treatment
could be performed either as a ﬂowiﬁg gas or batch system, all heat treatments used the

batch mode.

3.2 HFIR SNF IRRADIATION EXPERIMENTS
To obtain higher dose rates, the HFIR SNF gamma irradiaﬁon facility, which is
locatéd at ORNL, was also used. Details 6n the irradiation facility, confainers, data

acquisition, and the materials irradiated_ar'ev provided in Sects. 3.2.1 through 3.2.4.
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3.2.1 HFIR SNF Irradia‘tion Facilit.y

Samples can be irradiated "in the HFIR SNF pool by ins;arting them inside SNF
elements (Fig: 3.7). The éNF elements are cylindrical with a hollow center. In its
storage position in the SNF pool, a cadmium sleeve inside the hollow region of the

: element absorbs neutrons. Hence, the hollow region of the fuel element primarily
provides a gamma field for irradiation. Variable gamma-radiation fields are available

‘ based on the decay times of the.:e;lemelnts. The facility provides a nominal 7.62-cm (3-

" in.) opening for placing the vsamples inside the SNF elements. Reported exposure rates
range from about 10® down to 10" R/h or lower, depending on the time since the discharge
tof the SNF "fror‘n the reactor. The éamma—ray eﬁergy spectrum for a HFIR SNF element
1d after discharge from the reactor is shown in Table 3.2 (Williams, Del Cul, and Toth -
1996)'

Kohring (1986) measured the exposure rate inside HFIR SNF elemerits as a
function of (1) axial locétic;n within the element and (2) time since discharge from the
reactor. The‘se measurements were made for elements that had been operated at 100 MW

-for 21..5 d (i.e., 2150-MWd burnup). “ Figure 3.8 shows the peak exposure rate as a
function of time-since shﬁ;cdown (Kohring 1986). This exposure rate can be corrected for |
the axial location of tfle,sample by use of Fig. 3.9, which is adapted from Kohring (1986).

M In 1987, HFIR operating power was reduced to 85 MW. This reducéd power level o

- necessitated an adjustment in the reported exposﬁre rates and such an adjustment was

- calculated by Kohrir;x_g (1987). Kohring used the ORIGEN computer code to calculate

correction factors that needed 'to,be'applied to the measured exposure rates to account for
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Table 3.2. Gammzi-ray energy spectrum for a HFIR SNF
element 1-day after discharge from the reactor”

Energy Upper bound  Average energy  Percentage of

. group (MeV) in group (MeV) - total energy in
: , group
I o002 001 . 044
27 003 0025 - 044
3. Toms 0o 080
4 007 . 00575 . 056
5 S 0085 - 104
6 015 . 0125 266
7 03 05 566
8 Co4s 0 0a1s 4
9 o7 0.5?5'. © 2694
0 7 085 268
1 s s 689
2 o L7 2106
3 25 225" . 088
4 . 3 275 124
15 Y 001

Average enefgy = 0.93 MeV

“Williams, D. F.; G. D. Del Cul, and L. M. Toth, 1996. 4
- Descriptive Model of the Molten Salt Reactor Experiment After

* Shutdown: Review of FY 1995 Progress, ORNL/TM-13142, Oak -
Ridge National Laboratory, Oak Ridge, Tennessee, January,
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the decreased operating power. ‘These correction factors can also be calculated by use of
the Borst-Wheeler formula (Lamarsh 1966), which has been shown to be in good
agreement with the correction factors reported by Kohring (Hobbs 1995). The correction

factor is calculated by:

(t-o.z_ (t + T)'°'2) (3,4)

CEO= 08 o sy

where
CF(f) = correction factor. at time ¢ after shutdown (unitless),
t = time since shutdown (d), and »
T = timeof operation at 85 MW [= Burnup(MWd)/85 MW] (d).

* The factor 0.85 is simply the ratio of the new operating power level (85 MW) to the

~original operating power level (1000 MW). To evaluate the dose rate to a sample, the
exposure-rate data provided by Kohrmg are adjusted based on the bumup of the element
and the axial location of the sample The exposure is then converted to dose based on

the method described in Appendix C. -

3.2.2 Sample Cont:;iner

The confairief placed in HFIR SNF elementé has beén us‘e'd in' a number of
radiélysis ékpcriments on MSRE-tybe; salts (Toth "aﬁd Félker 1990, Williams, Del Cul,
gnd Toth 1996).‘. Thls confainer (Fig. 3.10) was faBricéted )from a2.54-cm (l-jn.) diam,
, 8-.9-cm (3.5-in.) long nickel tube, which is sealed at one end Qvith nickel plate and has a

Conﬂatg® flange at the other end. A hole in the ﬂahge was connected to.6.1 m (20 ft) of -
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0.318-cm (0. 125-iri.) dia‘m monel"tubin:g,vcvhich waé‘thén connected to an Ashcrqﬂ®
compound pressure gage and a valve for withdra\;ving- géses.v

Before the container was uséd, its Volumé was measured (Table 3.1), and the
container was then passivated with fluorine using a procedure similar to that described in
Sect. 3.1.2. Samples were loaded into the container fhrough the flanged end in an inert-
atmosphere glove box. The flange was then sealed with an aluminum gasket. Before the
container was sent to HFIR for its rinsertion into an SNF element, the pressure in the
container was incrgased to 1.68 0;07 g&m (10 £ 1 psig) with helium because of
requirements imposed by HFIR personnel to maintain the coritainer pressure greater than
the water pressﬁre in the pool. IA‘sketch of the experimental configuration used for
irradiation of éamples in HFIR SNF elements is shown in Fig. 3.11.

A liftiné 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

(14.5 in.) above the bottom of the active region of the fuel element.

3.2.3 Data Acquisition System

In contrast to the computerized data acquisition system that was used for the ®Co
experiments, a monel B‘.ourdon préssure 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. 3.11). The contéiner was.then inserted into an
SNF element, and HFIR operations personnel periodically recorded the container

pressure.
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Fig. 3.11. Sketch of the experimental conﬁguratlon for gamma-irradiation experiments
with a HFIR SNF element.
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324 Materials Irradiated
The sources ol’ the materralsused in the HFIR irradiaticn experiments are the

same as those descrrbed in Sect. 3. l 4 ‘Addrtlonally, in one experrment (HFIR 2), types

304, 304L, 316, and 316L starnless steel metal coupons ‘were placed 1ns1de the container,

- along with the sample to be 1rrad1ated', to ev_aluate corrosion effects.

3.3 SAMPLING AND ANALYSES .. .
Besides 'recording gas pressur'e dnring an irradiation a n'umber of gas and solid .
' samples were taken and analyzed after complet1on of the 1rrad1at1on The samplmg

technique and the analyses performed are descr1bed in Sects 3. 3 l—3 3. 3

~ 3.3.1 Sampling Technique' S

~ To withdraw gas samples, the irradlation rjg'was’connected toa ‘samp_ling'“_rig\

~'(Fig. 3.12), which consisted of:a:-'sa:rnpl:‘e c')?linder'for mass 'spectror"netr'y:h(.M“S) c‘onnected:': R

in series to a lO—cm FTIR gascell‘-' Zinc'selenide Windo’ws were 1ised in’ the FTIR gas'.

cells. The MS sample cyl1nder was fabr1cated from 0.635-cin (0 25. 1n) dram 7. 62 -cm (3- .

in.) long sta1nless steel tubrng w1th 0 63 5-cm (0 25 -in.) stalnless steel Nupro valves . |

welded to each end. Each valve had a 0 635-cm (0 25- 1n ) Cajon gland w1th a female nut R

which was uséd to connect the sample cyhnder to e1ther an FTIR gas cell, the 1rrad1at10n
Tig, Or-a mass spectrometer. The volume of the sampllng .rig was about 60 mL.
The gas-sampling procedure consisted of flrst ‘eyacuatin:g; the sampling rig; _Then,

with the vacuum source isolated, the valve on the irradiation rig was slowly opened
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Fig. 3.12. Samp‘lin'g rig used to withdraw gas samples from the irradiation
container, o
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to expand the gas from the irradiation rig into the sample rig. All valves were then

~ closed, thus isolating the gas in the MS cylinder and the FTIR cell. FTIR analyses were

. immediétely performed on the gas, while the MS cylinder was sent to a laboratory at the

Y-12 Plant in Oak Ridge, Tennesseé,'for analysis.

3.3.2 Gas Anélyses
- Gas samples were analyzed_‘by MS and FTIR spectroscopy to identify the '

composition of the gas.

3.3.2.1 Mass Spectrometry
Mass speétrometry prdvides a quantitati\ie,'analysis of the cpnstitlients of the gas
sample. The sample is first ionized; then thé ions are separated by electric and magnetic

ﬁelds'i_rito groups of equivalent mass-to-charge ratio. This separation produces a mass

‘spectrum, which is characteristic of the '§peciés present and the relative amounts of each

species (Sibilia 1988):

“-3.3.2.2 FTIR Spectroscopy

A samplé that is plaéed in an infrared beam will absorb radiation at frequencies

that cbrrespond to, among other vibrations, th‘e\f_r'equéncies of internal vibrations of the .

molecules in the sample. An infrared spectrum can then be obtained by plotting the

iabso_rbed energy vs frlequency.' The unique sﬁectfa; .generéfed for different molecules,

“enable the identification of the types of molecules in a sample. Furthermore, the
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frequencies of the absorptions for a particular molecule give insight into the structure of
the molecule (S'ibilia 1988). Homénuclear diatomic mplecules such as Hy, F5, Oy, and N,
are infrared inactive and thus do not absorb infrared radiation; so‘other techniques (e.g.,
mass spectrofnefryj must be use;i:to) i‘déntifyl' thefn. -
The absorpt,ién intensity of avs:peciﬁc frequgncy by a species is related to the
concentration, as shown by Beer’s law:
CA=ecl; (3.5)

where

A= absorbancq (dimensionleés), |
€ =molar absorbtivity (M i c;m‘l ,
¢ = concentration (M), and
[ = light path length (cm). -
Hence, a calibration of concentration vs‘absorbance at a specific frequency can be used to

quantify the amount of a given species that is present in a sample.

3.3.3 Solids Analyses

Solid samplles were analyzéci by a npmber qf techniques including visual, X-ray
diffraction (XRD), X-ray photoelectron spectroscc;py (XPS), attenuated total reflectance
(ATR), differential thermal analysis-thermogravimetric analysis (DTA-TGA), and
Davies-Gray titration. These techniques are briefly described in the following

subsections.
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3.3.3.1 Visual

Samples that were removed from the irradi‘ation containers were visually

examined for.changes in color or texture. The irradiation containers and, if present, metal

[

- sample coupons were examined for sign$ of corrosion. Some samples-were sent for .-

_metallographic microscopic examination.- . -

3332 Xeray Diffr:ict;qn "

. XRD provide;‘ information about the structure 'arid t;omposition of ﬁolycryétalline
materials. Wﬁeﬁ ;1 beam of mo‘nothpﬁnlyat,i‘c‘X ra‘yls 1s directed at a c%ystélline material, a
- 'diff‘rac;['io,n) pattein can be obéervéd af ;S/arious angles relative tolthe incident béaﬁl.

'Bra'gg’s 1;1w describes.‘the. reiati'oris’h'i-p ‘be‘twc;en X-ray wavelength, the diflﬁaction angle,’

and the distance between atomic pllaries in the crystal lattice, namely:

-_ I n;{,,=2d sin 9, s . (3.6)

‘ wilere
n = 6rder of the diffraction, integer (n =1, 2, ...),"
A= Wévelength bf tlvle‘ X rays (ém),'
d= disfance bet;)veen each set of atomic planes (cm), and
6 = diffraction angie’.‘”‘
Crystalline materials have’{lﬁiqué diffraction batterns that can be used to 'identify the

material (Sibilia 1988). -
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XPS [also known as electron spectroscopy for chemical analy51s (ESCA)] 1s used 3 L

to obtain 1nformation about the surface composmon and structure of a solld Upon

L \3 3. 3 3 X-ray Photoelectron Spectroscopy
exp’osure to X rays,of 'known energy, a solid‘willzemit photoelectrons which originate
' from the discrete | energy levels ass001ated With atoms in the sohd The energy of these
l - . - . \

photoelectrons is glven by the followmg equatlon

B R ST S
v‘where'
i E, :-photoeléct’ron’k'inetio:eiiergy (év){ S

hv = incident X-ray energy (CV) - f ' R ‘ L

mh‘l
|

- :‘.e:
Jl LR

= bondmg energy of the core or valence electron (eV) ‘and
= systern d‘epe_ndent-,‘ adjustable faCto’r (e\l).’ |
.- The ls‘pectrurni‘for a giyen elernentis,‘.“no“r_’mally 'co.rnprornised of a serles of peaks
‘that correspond toiphotoelectroiii emiss1ons \frorn the d1fferent shells’ of 'van dlement. |
Hence the spectrum can be used to 1dent1fy the elemental cornpositlon atthe surface of a -
.‘ solid. Flnally, E is dependent on the ox1dat1on state of the atom probed wrth the X rays

This variatlon 1n E is. referred to asa chemical shift Hence ‘the valence of the atoms at

.- the surface of a sohd can be 1dent1f1ed by usmg XPS (Sibiha 1988)




3.3.3.4 Attenuated Total ARefl'ectavnce

ATR provides an infrared épectrum“ for solid materials. The solid sample is
placed in close contact with an ATR crystal (e.g., diamond). Infrared radiation enters one
end of the crystal through a set of mirrors, and it is in}‘.ernally reflected until it exits the
other end of the crystal. The internal reflections create an evanescent wave, which
extends beyond the crystal surface into the sample. NPart of the evanescent radiation is
absorbed by thé sar'nple( and an absorﬁion, spectrum, characteristic of the species present,

is produced. (Pike 1999).

3.3.3.5 Differential Thermal Analysis—Thermdgravfmetric Analysis -

DTA and TGA are used in conjun;:tion to exé}rriine changes to a sample as a
function of temi)erature or time. DTA.is a technique that is used to stud? the thermal
behavior of a material as it undergoes physical and chemical changes during heat
treatment. As a substance is'tilea‘tedv, phys;cal and chemical transformations éccm that
involve either heat absorbtion (i.e., an endothermiq p-rocess) or heat release (i.e., an
exothermic process). DTA in\/.t;l\}es the meas"urement of the temperature difference
between a sample and an inert réfcr‘e:n;cr:eva's both ma%terliéls are heated at the same rate.
These temperature differences irﬁiéafe (a) the endotherms ‘anci exotherms and (b) thé
temperatures at which th.e_se‘th‘er;nal éhanges éccur.

| TGA is a technique that mieasures and record§ changes in \;\Ieight of ,a\‘sémple asa
function of températufe. Alternatively, TGA may.be pefférmed at a constant temperature

(i.e., isothermal TGA), and the weight change as a function of time is measured. TGA
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| ‘,data prov1de 1nformat1on on the thermal stability, cornpos1t1on and decompos1t1on

- behav1or of a mater1al (Slb1l1a 1988)

- 3336 Davnes—Gray Tltratlon

The amount of U and U(IV) in a sample can be deterrmned by Dav1es-Gray

) \‘rt1tratlon (Jarabek 1984, Dav1es and Gray 1964 Eberle and Lerner 1971) The Dav1es-
}‘Gray analyses reported in th1s work were perforrned by Mater1als and Chem1stry
‘ 'Laboratory, Inc of Oak R1dge Tennessee us1ng the method descr1bed by J arabek :
| (l 984) wh1ch isa modlﬁcatlon of the method or1g1nally reported by Dav1es and Gray “
' (1964) The method used is descr1bed in the follow1ng paragraphs F or brev1ty, only the
| ma]or react1ons are shown, and the or1gmal references should be consulted for further

‘detall.

The deterrn1nat1on of total U 18 accomphshed by ﬁrst d1ssolv1ng the sample ina' -

- 3- to-1 m1xture of phosphor1c ac1d H. PO4, and water Any U(V) that is present w1ll
- -d1sproport1onate to U(IV) and U(VI) The U(VI) is then reduced to U(IV) by’ ferrous

".* _+ions, as shown in'the following reaction:-

vo,” +2F‘6+2 (exceAsS_“)-f 4H +—>U+4+ 2Fe"? +12H>20 + 2Fe™ (excess). (3“‘8) : |

‘ Th1s rnlxture is d1luted w1th sulfur1c ac1d and Vanadyl sulfate 1s added asa catalyst The :
| U(IV) can. then be t1trated by a standard potass1um d1chrornate solut1on toa"

rpotent1ornetr1c endpornt between 590 and 650 mV The t1trat10n react1on is given by '

3U+4+Cr20 +2H —>3uo+2 +2Cr”+H o )
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: The amount of U is c,alcull_ate;dibased.d’n the_arri_ounjtfand.eéneent’ration of potassium -

- dichromate used.

| To determrne the amount of U(IV) present the reductron of the U(VI) to U(IV) is

prevented by preparmg all of the reagents in a separate beaker and then addrng these

‘reagents to the uranlum sample (whlch has been dlssolved in phosphorlc a01d) Thls ‘

method ﬁxes the U(VI) at its ox1dat10n state hence only the U(IV) that was 1n1t1ally

- present in the sample is t1trated After its tltratlon w1th potassrum dlchromate the amount

. of U(IV) is calculated based on the amourit 'and concentration of potassium dichromate '

used..
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" 4.RESULTS

Irradiation experiments were conducted for'a number of uranyl fluoride and

uranium oxide samples using éithér_ the ORNL “Co source or HFIR SNF elements.

Table 4.1 provides a summary of the irradiéﬁion expériments performed.

.T'able 4.1. Summa‘r)‘;‘ttyif irradiation experiments performed

Irradiation

Container Materiéi | VMa;% ®) »-'.";A”x't.rr.lc’)sphere R dos'l;o(t:;d)a
8-l UOFL7TH,0° ~  29.8 Air “Co . 1.7 10°
S2¢ © UOFs04H,0 . 200 Heliﬁm”‘ “Co 1.7 x10°
s3 U02F2-1.7H20 108 Air - %Co 1.7 x 10°
S4 | UOFp04H,0 148 Helum . " ®Co 1.7 x 108
S-12  UO,F,*1.4H,0 10.3 Helium 0Cq 2.4 % 108
S-13 "‘;.VU02F2-0.4H204 15 Heliim “Co 2.4 % 104
S-16 ~ O,-burned UO/F, 9.85 ., Heliurﬁ.l . %Co 2.1%10° -
S-17  Comverted U0¢ 80 " Helium | g, 2.2 % 108
HFIR-1 UOE04H,0 = 2956 Helitm = HFIRSNF 6.1 10"
IHFIR-Z : Converted U,0¢ . 29.96 Helium - 'HFIR SNF 3.0 x 10"
s21 - Air . 9Co 1.5 x 10°

Air”

“W-h/g = 3.6 x 108 rad.
*Container leaked during experiment:
‘Contained 1.4 wt % fluorine.

“Dose based on 0.93-MeV average gamma energy.

.. °Air loaded at atmosplieric pressure.
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Table 4 2 Summary of blank (nomrradlatlon) experlments conducted

for UO F -xH O

) COntainer o

,~‘\ I

4\.»

Atmosphere

Tlme materlal

: :'leaf"g“rial o Mass (g)

‘ m,contqmer (d)‘ ,

ER ss
fs 20
'1*5‘_22.'

v 'Fz‘.‘l.ﬁﬂi‘{ 6! o

98 60
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https://Summary.of

4.1 PRESSURE MEASUREMENTS
‘Pressure Within the sample cqntai‘ners was monitored throughout the irrédiations,

~"and the pressure data from the “Co and HFIR SNF irradiations are shown in Figs.

' 4.1-4.9. Note that the units of pressure are Torr for the “Co irradiations, while the units

are pounds per square inch gage (psig) for HFIR SNF irradiations. The pressure data for
container S-2 are not shoWn because this container leaked to the atmosphere during the
experiment. The pressure and gas yield (mmol gas/g sample) are plotted as a function of

dose in the figures. Theugés yield is calculated by applying the ideal gas law, namely:

1.32 APV,

An = RTcm void' , . @1

'where

An = gas yield (mmoles gas/ g sample),

AP- = change in presstre from initial value (Torr),

Viiw = void volume of sample container (L),

R = 0.08205atm-L/mol-K, |

I, = temperature 1n container (K), and

m = mass of samplg (8)-

The value 1.32 is a unit conversion factor.
. Container temperatures in the *Co irradiator were measured to be 27-28°C. The
temperature for the HFIR irradiation was taken to be 40°C—the SNF pool-water

temperature.
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Thé.do'se (1 W-h/g=3.6 x 108 rad)-was computed from (a) the exposure rate for

the position of the ‘sarﬁple in the sbl{rce and (b) the characteristics of the irradiated:
material, as described in Sects. 3.1.1 and 3.2.1,A and in Appendix C.

The radiolytic yield of a species can be expressed by a G-value, which is defined
as the number of molecules of a species ,proauced (or destroyed) per 100 eV of energy
depbsited. The G-value for the gas pro‘ducled, regardless of‘its composition, can be
estimated frorr; the slope of a line that is fit through the data presented in Figs. 4.1-4.9
(ie, G(éas) =2.68 x slope). Eor the HFIR SNF-irradiated sample, the G-value is
estimated based on the linear region of the ;iata, as shown in Fig. 4.7. G-values
calculated from the irradiation experiments are shown in Table 4.3. Note that because the
G-value is based on the pressure change in the container, both chemical and radiolytic
reactions that contribuite to the pressure change ma;y be accounted for in the calculated
G-value. J

Figures 4.1 and 4.2 are for experiments S-1and S-3, réspectively. Both of these
samples were U02F2-1.7H20, and both were loaded in air. These samples exhibited a
pressure decrease at the beginning of the irradiation, followed by a steady (but small)
pressure increase.

Figures 4.3-4.6 are for samp_lc;s S-4,$-12, S-13, and S-16, respectively. Each of
these samples was loaded in a helium atmosphere and piaced in the ®°Co irradiator. None
of these materials exhibited the initival press-ure deqrease observed for the air-loaded
samples. Similarly, sample HFIR-1, Which was loaded in helium and irradiated in HFIR

SNF elements, also did not exhibit a pressure decrease (Fig. 4.7).
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Table 4.3. Estimated G(gas)-values for the irradiated samples

Container | Material l\;l;t;;r}i:l Atmosphere (moleculzgggsz /100 &V)
S-1 UO,F,*1.7H,0 ORNL Air 0.01
S-3 UOFpl.7H,0 ~ ORNL Air 0.02
S-4 UO,F,+0.4H,0 ORNL Helium 0.03
S-12 UO,F,*1.4H,0 ETTP ‘Helom 001
S-13 UO,F,+0.4H,0 ETTP  Helium 10.03
S-16  O,-burned UO,F, ORNL  Helum 0.01
S-17 Converted U;0, . ORNL  Helium, 0
HFIR-1 - UO,F,"0.4H,0 . = "ORNL ‘Helium 0.01 -
HFIR-2  Converted U;O, ORNL = Helium 0

The UO,F -xHZO samples that were irradiated in the 60Co source showed a slow,

but steady, pressure Increase. However these samples d1d not reach a l1m1t1ng value or ‘

pressure plateau. On the other hand, the UO,F,#0.4H,0 sample irradiated by HFIR SNF
elements (Fig. 4.7) exhibited the classic results for radiolysis experiments (i.e., an initial

linear increase in pressure followed bya plateau) However there was no induction -

. period (see Flg 2.5).

The total dose to sample HFIR-1 was about 360 times the dose reached in the I6°(:3,o ~

’ source. Sample HFIR—l was 1rradiated in three different SNF elements The 1nsertlon of

the experlmental container into the second and th1rd fuel elements is annotated on

Fig. 4 7 After the sample was mserted mto the second element the gas y1eld began to

.approach a plateau Upon 1nsertlon of the sample 1nto the third element the y1eld rose:-.

slightly to a new plateau.
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Pressure data for sample S-17 are shown in Fig. 4.8. This experiment consisted of
the ®Co irradiation of converted U,Oq from tﬁe operation of the conversion protetype at
ORNL. The sample was reported to contain about 1.4 wt % fluorine (Wilson 1997). The
small pressure rise, as shown in Fig. 4.8, can be attributed entirely to the heating of the
sample upon insertion into the ineidiator. The pressure fluctuations, as shown on the
reletively smau scale of the graph, are the result of slight temperature variatioqs. For this
experiment, because no pressure increase resﬁltiﬁg from radiolysis was.observed, this
material was assigﬁed a G-value of zero.

. Converted U,Oq4 (from the same stock as that used in S-17) was irradiated also in
HFIR SNF elements (HFIR-2), and the results of pressure monitoring are shown in Fig.
4.9. The slight pressure rise seen in the data is attributed to the e'ample temperature
increase and the resolution in the ga‘ge readings (i.e., operators read the gage to the
nearest 0.5 psi). Overall, the bressure in this sample container wae essentially unchanged,

and a G-value of zero was again assigned to this material.

. 4.2 GAS ANALYSES .

After each irradiation, gas samples weferwithdrawn from the ce;ltainers, and the
semples were analyzed by FTIR spectroe_cvepy{ancii MS. The FTIR provided an in%mediate
identification of some of the gés conetiﬁents, bu‘e it could not be used to observe |
homonuclear ;iiatomic moieeules, }such as H,, F,, and OZ, for the UOZFZ-xHZO saﬁples,
the FTIR analysis showed the presénce of CO, in the gas. A trace of HF was observed in

some of the FTIR scans for samples loaded in air.. However; it was Jater discovered that
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the fluorination of the FTIR gas cell (to passivate the cell before gas sampling) resulted in
the production of the trace HF v;/hen the interior of the cell came into contact with moist
air. No HF was seen for saﬁlples loaded in helium. Typical FTIR spectra for thé gas
samples are given in Appendix D.

Results of the MS analysis of the gas sémples are presented in Tables 4.4—4.9.
Table 4.4 gives the gas composition produced by radiolysis of samples Iéaded in air and
irradiated with the ®Co source (Marshall 1998a. ana 1998b); Table 4.5 gives the gas
composition produced fréfn samples lvoaded in.heliunﬁ and placed in the ©°Co irradiator
(Marsﬁall 1998b, 1999a, and 1999b); Table 4.6 gives the gas composition produced from
a samplé loaded in helium and placgd in HFIR SNF elements (Marshall 1999¢); and
Table 4.7 gives the gas qompositiori produced from converted U,04 sémiples loaded in
helium and placed in .either the ®Co source or HFIR SNF elements (M_arshéll 1999b ;nd
1999d). C ‘ |

The résults of the MS analysis for the bllaimk‘s' are shown in Tables 4.8 and 4.9.

Table 4.8 is for the gas compositioﬁ produced from the “Co irradiation of air (Marshall . ‘

1999¢), while Table 4.9 gives the gas- composition for safnples loaded in either helium or

‘air, and that were not irradiated (Marshall 1998b and 199‘9e).

Note that in each of the air-loadéd -égmpleg the MS analysis indicates fhe presence
0~,f some helium. After leak téstiﬁg‘and voll;me 'fneasurerlr;er;t of a contain.er‘, the container
was backfilled with helium. When éamples wéré lyl‘éédevd ‘int'o these confaiﬁér; 1n air, I;Ot-
all of the helium was removed.A Hence, helium appéérs in the gas'analysis in tﬁesg |

samples.
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Table 4.4. Results of mass‘spectrometi‘ié anilysis (vol %) of gas samples
from materials loaded in_ air and irradiated in the *°Co source

Component . . S-1° - S-3
3 _ (UO,F, +1.7H,0) (UO,F, »1.7H,0)
Initial atmosphere ' Air 4 Air-
N, 5718 66.3 -
He . S 2099 20.7
H .. 57 507
o, 11.32 6.43
A .07 0.76
oy T a2 0.02
HF/Ac™ , <0.01 <0.01 -
b 0 <00l | <0.01
CH, o 2001 - -"I'f<o.o1
CE, R - <0.01
co ;<001
NO | » |
HO . 1.22 071
g Marshall 1998;1. - |
" Marshall 1998b.
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Table 4.5. Results of mass Speétrdmgtric anélysis (vol %) of ga§ samples from materials

loaded in helium and irradiated in.the ®Co source '

sS4t . o sa2 0 Csast sI6
Component (U02F2'0-4H20) “’(UQZFZ-IIAHQQ), 2 (UO,F,+0.4H,0) + . (Oy-burned

UG,F,) -

Initial Helium - . '“Hélium - Helium - ' Helium .
. atmosphere N & '

N, 239 - 293 26" 287
He . %780 - C . 803 L s3e - oou4
H, 011 - 021 ¢ 002 003
co, 9..3'; To2as 336 217
Ar 002 .- 027, ’:.;f 025 . 036
o, . - 0.09 IEE - ST S S 425
HF/Ar™ <00l . 003 003 007
F, <0t 0001c . <0001 £ 0.0006
CH, 013 . T | 0.01
CF, <0.01 0002, . <0.001
co <0.01 <00l <001 <0.01
NO , 0002 . 0002 0.001

H,O 005, 0.007 - 001 0.06

? Marshall 1998b.
5 Marshall 1999a.
¢ Marshall 1999b.
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Table 4.6. Results of mass spectrometric analysis (vol %) of gas samples from material
loaded in helium and irradiated in HFIR SNF elements

Component o HFIR-1° HFIR-1-Duplicate gas analysié"
7 (UOFp0.4H,0) (UO,F,+0.4H,0)
‘Initial atmosphere Helium Helium
N, 0.01 , 0.01
He 69.42 - 70.76
H, 0.03 0.03
" co, . 2986 28.54
Ar . 0.57 ' 0.55
0, - <0.01 = ‘ <0.01
~ HF/A™ <0.01 T <001
F, S <001 S <0.01
Ccm, © <0001 . 0.001
CF, L. <001 : <0.01
co 01 0.106
No . <001 | <001
H,0 01 0.01

“Marshall 1999c.

121



Table 4 7. Results of mass. spectrometrlc analysns (vol %) of gas samples from

- inatenals loaded in helium and irradiated in either the “Co source (S -17) or HFIR ‘

SNF elements (HFIR—Z)

: ST j HFIR-Z” : HFIR-2-duplicate
Comiponent ' (anverted U,0,) - . (Converted U;Oy) gas analysis’ -
: o » S, ‘ (Converted U,0,)

" Initial atmosphere N Hehum . Helium ; "~ Helium
N S 21820 o 205
“He - . V- 96.21—1 : Ceenl ~9'6.09
H, - 0.02 . "' .~0.‘004‘ PR ,,59,004'
co, ... o4t 73
B Y " 003
o, - o0 004 S oos
HF’?‘\FH _ 006 0005 0,005
| B <0001 | s 0003 0003
CcH, . ¢ o003 - - <000l . <0001
cF, R "; sq.(j‘o‘i",r\x © <0001

NO o . <0.001

HO S o2 004 L 003

@ Maitshall 1999b: -

\
b Marshall 1999d
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Table 4 8. Results of mass spectrometrlc analy51s (vol %) of a gas sample
from air irradiated in the Co source’ A

Cc?mpc?nent L ?z;lzr;
‘ Initiajl atrhosphere- —“ o Air o
N, 7336,
- He 744,
I, 0.03
Co, 019
Ar 0.97
0, 17.11
HF/Ar 50.001
.
CH, 001
CF, 0.008 -
co |
NO -
H,0 046

* Marshall-1999e.
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To evalnatethe change in the atmosphere of the air-loaded samples, the standard .' '
composition. (i.e., the UJS‘.'standard atmosphetel for airuis given in Table 4.10 for
" comparison (CRC 1992) IR |
| The gas analys1s results for samples S l and S- 3 both of whlch were
uo, F 1.7H,0 loaded in air and irradiated i in the LN source; are shown in Table 44,
These two samples prlmarlly showed the product1on of a small amount of H, and |
- surprlsmgly, CO The amount of O was depleted as compared to that wh1ch would be
expected in the a1r-loaded samples (1n splte of the presence of helium). No HF or F, was |

‘ 'seen for e1ther sample. The blank expenments, described later in this subsect1on, were

Table 4.10. U.s. standal'd atmosphere”

- : "CRC 199;22’

Cooes

'Component“‘“i.w K.Voll%, z
N, 78.1 -
He o 000052
H: 000005
“coy oom g
cH, “ ‘)"0'0002
’ Néjf 0.0018"
. Kr ) 0. 00011

0 000009



) .performed to provide more 1ns1ght into. (a) the source of the H and CO and (b) into-the
depletron of the 0,.

To eliminate the complicating effects introduced bv an air atmosphere,
experiments were carried out on samp'les loaded:i"nla heliumtatmospherea ‘Several ’ |
di‘fferent.UOZ'F'Z-';éHZO-'samples v&ere"lr’radiat_e_d 'wlith‘t‘he “Co source, and gas ain_alysisi
..Jlresultsvfor 8;4? .S-'l 2, and S-13 are given in Table 4.5‘.;. Sarple AS‘V-2 vvas'ralso loaded in -

helium; hoWever, because the sample container was found to be: leaklng during the.

experiment the gas analysis results for-S-2 were not meaningful In samples"S-4 S-12 -

| land S-13, the majorrty of gas produced was elther CO or O For sample S 4 the gas

‘was pr1mar1ly CO,,and a trace amount of O Samples S- 12 and S 13 were from a ..

) d1fferent source of uranyl fluor1de (from ETTP) than was, S 4 (from ORNL) In the case »

of S- 12 and S- 13 most of the gas produced was Oz, along w1th a lesser amount of CO

Because only a very small amount 'of H, .lwas: found in the gas analys1s for the three L

samples radiolysis of the material does pot appear to.be a major source of H,. A trace of o

~ F, was reported for one sample (S 12) ‘but the amount reported was at the l1m1t of

detect1on for the mass spectrometer Trace HF/Ar™ was reported for S 142 and S- l3

' However in a mass spectrometer argon produces an 1nterference w1th HF because of

AT The ratio of Ar to Ar is typrcally about 0. 13 but th1s rat1o 1s 1nstrument-
dependent For samples S 12 and S 13, because of the rat1o of the measured HF/Ar* to "

- the mieasured Ar it is l1kely that the reported result is for Ar™ and not for HF

Furthermore HF ‘was not observed 1n the FTIR analysrs of these gas samples s
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Also given in Table 4.5 ar-,c*thggre‘s{llts'of thel ga‘sl' analysis for sémpleAS-l 6, Which '

was irrad‘iated'in:the 0Co source: ,Tf.lis)éariipllej contained UOZFZ, which had been burned

‘in 0,, removing some of the carblc")n;fmni the sample and resulting in anhydrous UO,F,

(see Sect. 4.4). Tfle urényl,ﬂuofi‘dzc-.: used 1n thi‘s."cx;v;t?rtirr'lent‘ was from tfle same stock used
in S-4, $O a comparison betweenS-4 :a;ll’d S-16 is Warranted Recall that for S-4 the
maj ority of the gas produ’céd was COZ, with a l‘essef émoﬁn’t of O,. Anélysis of gas from
sample S-lé showed that.the majbrify ofﬂth‘e" gas pro'ducedl was O,, with a lesser arélount '
of CO,. Thus, it appears thé‘; the' bdfﬁ@gg of the ?02F5-0.4H20 in0O, rﬁadé less carbon
(whicﬁ is present as an in;purity_;jii the sarﬁplle) avaiiabie for interaction with either O, or
oxygen radicals released from the MUOZFZ' samplej ’fface F,, again at the limit of detection,
was reported for S-lé. Trace HF/{JXrH‘ was also réporté‘d for S-1§, which again is
attributed ‘to Ar"" because (a) the ratio of the méasured HF/Ar™" to the measured Ar is
consistent with the calibrayed &H to Ar ratig for the in:strurnen’; ;and (b) HF was not
obs‘érved in the FTIR aﬁalysis of the gas sample.. |

Gas analysis results for HFIR-1, which was for UO,F,+0.4H,0 loéded in air and
irrgdiafced in HFIR SNF elements, are. shown in Table 4.6. Two gas sarhples were taken
and analyzed for HFIR-1. The materialxirfadiated was from the same stock as that used in
S-4 (Tablé 4.55.( 'vThe ar@lysis showed that :t‘he m%ajority of gas produced was CO,, with a
trace of CO. No O, was reported. These‘rrtrasults were consistent with those reported for
S-4. Neither F, nor HF was reported for HFIR-1, which was irradiated until a plateau

pressure was reached.
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- In Table 4.7, the gas analysis results for" S‘-l7"and HFIR-2 are shown. Each of |
these samples consisted of U304 fror’n operation‘ of the MSl{E conversion prototype and .
“ ‘each were loaded in helium. The U0, contamed 1.4 th % fluorine. Sample S-17 was
1rrad1ated in the 6°Co source, whlle HFIR—Z was 1rrad1ated in HFIR SNF elements Two
gas samples were taken and analyzed for HFIT{-Z. No.31gn1ﬁcant pressure rise was seen
during either of these 1rrad1atlons( and only al small amount of CO or O, was 'found 1nr
each of the gas samples A trace of F, ‘was reported for HFIR-2. Trace HF was reported
also for both S-17 and HFIR-2 However HF was not observed in the FTIR spectra for
these two samples and the ratlo of the HF/Ar value to the Ar value indicates that the
measured result is actually Ar and not HF i | |

Table 4.8 giyes the gas analysis results' for' a blank experiment (S-21), which
consisted of fOCo-irradiation of air. The‘co‘r‘nposition is little changed from that expected
+ for air. The amount of H, and CO2 are somewhat hiéher than would be expected in air,

| but did not show the large increases seen'in the irradiation experiments with |
UO,F,+xH,0. o

In Table 4.9,”M—S analysis results are given Tor several blanks of UO,F,exH,0 that
were loaded in either air or in helium. These samples were not irradiated. Samples S-8
and S-22, which were both loaded in' air, .shovyed that H, was produced— a very large
amount in the case of sample S-22. The 0, is depleted, as compared to what would be
expected in both samples. .The amount of CO, is elevated, as compared to the expected
value for air, but again this amount 1s small as compared to the amount measured in the

irradiated UO,F, samples. The H, 2 productlon and O, depletlon may have resulted from
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corrosion of the container. S‘ample S-20, which was loaded in helium, did not exhibitl{the«
’lar’g‘e H, producti‘On'seen for S-8 and S-22. A very small amount of 0, and CO, was also

reported for §-20.

43, SOLIDS ANALYSES
. : After irradiation, solid Samples were taken ’from'the l’rra'dlated‘ materials.v. These :
' :samples were obsyerved‘f’or physical changes, such as color ch’angel. 'Analyses' we"re'l'als'o ; o
‘ perforrned on.the Samples including yalenCe determination XRD ‘ and ATR. The s'ample“;' .

conta1ners were inspected for s1gns of corros1on Metal sample coupons were also placed

“in the HFIR-2. conta1ner these coupons ‘were 1nspected after complet1on of the HFIR SNF -

1rrad1at1on ‘The results of these analyses and inspections are descr1bed 1n o

"Sects 4.3.1-4.3.5.

43.1 ‘Sla‘m’pl.e Color N

 After lrradiahor"l it was 'oh‘s.erved that the uranyl ﬂﬁoriaé‘"‘salhbié's ekhihited a.
color change from yellow to green. -This change was most ev1dent for the UO F o] 7H O
samples‘ wh1ch were initially brlght yellow——character1st1c of hydrated uranyl ﬂuor1de
' .After 1rrad1at1orr, the samples were green. Because U(lV)-ﬂuorlde".ls‘ (:;h:aracterlst1cally‘
green, this color suggested a chlange:in the uranium valence 'f‘romt l/l to IV Wthh ‘- )
‘ 'prompted furtherhlnvestlgatlon of the uramum yalence Although not as strong, a‘change
" from yellow to green was observed also for ‘the UO F 1 4H O Very subtle color -

changes were notlced in the dner uranyl ﬂuor1de samples (1 e: UO F -0 4H O)
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4.3.2 Uranium Valence

The color change observed in some of the uranyl fluoride samples after their
irradiation suggested a possible change in the uranium valence from VI to IY. To explore
this possibility, two methods were used to determine the uranium valence: Davles-Gray
titration and XPS. The Davies-Gray titration provldes a measure of the amount of U(IV)
. .in the bulk sample, while XPS provide's information on the ;valence state of the uranium

at the surface of a sample.

4.3.2.1 Davies—Gray Titration . -
The amount of ,U(IV) in the uranyl fluoride samples was evaluated by Davies-

Gray titration (J arabek 1984) wh1ch was performed by the Materials Characterization .

Laboratory of Oak Ridge, Tennessee The results of the titrations (Jarabek 1999a 1999b -

1999c, 1999d and l999e) are summar1zed in Table 4. 11 wh1ch shows the percentage of
| uIv) before and after irradiation for several samples Also shown is the ratio of the
amount of U(IV) in the lrrad1ated sample to that in the un1rrad1ated sample. For each of .
'the samples (except S 16), 1t is clear that the amount of U(IV) has 1ncreased‘ after gamma
1rrad1atlonf1nd1cat1ngl a reductront ol‘ some.o‘f the uranium. An mterestmg tren(l e\{ldent
'in Table 4;11 is thatlthe drier ,materials shoWed a larger increase in percentage of U‘(IV) '-

~ than did the higher hydrates. The exception to this-trend is the 0,-burned UOze (S-16).
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e s,

T ’_ then 1n a1r Subsequent chemlcal analysrs of this materlal revealed a decrease in the

i

$
4

' s-oﬁe'féf th‘e“'irradiated‘sarrioles,,S'—3, v‘x}eis‘ héa’t’ed to 200°C, :ﬁ_rsit:'i:rr,‘ai.‘véc‘inim;érld ,

o

Moles U(IV)

produced s

i

Moles O + CO2

j‘Moié's o2 +CO, !

Irioles U(-IV)

"’U02F2-04H20 249x10“1

JO, ) 730x 10“‘,‘1""1"‘?
" UOF '-'“l»i.&ﬁzo?""_ 21107 -

224 x 10“‘}

'—‘\436>< 105
.88 g5 10° |

2-562><105

‘-‘8 85 X 10'S

]"193 103
93k 10% "
'7"378x 105"

3 78 x 10'5

0 0769
0 161
0 356
0 395
0 237

‘ :'(-f::'*f», 0287

,-0 3l2




Assocrated w1th the formatron of U(IV) should be the release of oxygen (from the

J uranyl group) appear1ng as O or CO The rat1o of moles O + CO to .moles uavy -
: -should be 0.5. In all cases the rat1o is’ less than 0 5—vary1ng from about 0.08 up to 0.4
(Table 4. 12) The rat1o shows that some of the oxygen produced may have been trapped

o 1ns1de the uranyl ﬂuorlde matnx or otherwrse scavenged Note, m the case of S-16, that

the moles of u@v) produced are negatlve, because this sample'expenenced a net

oxidation.

4.3.2.2 XPS -

XPS providesan analysis:-of the valence of the atoms at the surface of a material.
Th1s analysis was performed by the Analytrcal Serv1ces Organ1zat1on of the Y-12 Plant in
Oak Ridge, Tennessee (Thompson 1998a, l998b 1999) |

XPS analyses were performed for samples S-1,2,3,4, 12, and 13 Thibaut et al.
(1982) reported valence-band peak pos1t1ons for a number of uranium hal1des and

uranium oxyhalides. For U(IV), U(V), and U(VI), many of the peak pos1t1ons are very

: similar. The exception'is the peak labeled“‘A” by Thibaut et al. (1982). In the case of .

lUF4 and UF;, this peak occurs at 2.8 and 2.7 eV, respectiuely. By comparison, the “A”-

peak does not exist for UO,F,. A Very weak “A” peak was observed for samples S-1, 2,

'3, and 4, indicating the presence of U(IV) or U(V) on the surface of the samples. The

XPS valence spectrum for "sample S-1 is shown in Fig. 4.10. This spectrum is similar to
those obtained for the other samples. The weakness of the peak did not allow for the

determination of its exact position; therefore one could not differentiate between the
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Fig. 4.10. XPS valence spectrum for sample S-1.

i:)resence of U(IV) and U(V). The “A” p‘eék was not observed for samples'S-12 and 13.
Because of the we'akness‘of the peaks that were obtained and the lack of

ciuantitative results, XPS analyses were not performed for subsequent samples.

4.3.3 XRD

XRD analyses were performed on UO,F,*xH,O samples both before and after
irradiations. After the irradiation, there wa; little, if any change in the XRD spectra. The
irradiated material retainéd its crystalline structure. Additionally, ahy structural changes
produced b}; the irrédiafiqn may have been so small that they were not evident in the

XRD spectra.

4.3.4 ATR
ATR analyses were performed before and after irradiation of UO,F,*xH,0

samples. The ATR spectra were found to be unchénged after irradiation.
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4.3.5 rMetallo'graphic Examination

Sample HFIR-2 Iccntailn’ed converted U0, and stainless steel metal ccupons
(types 304, 3(54L? 316, and 31»6‘L)? which were examined after they were irradiated in
HFIR SNF elements. The surfaces of these coupons were-compared with those of |
unexposed bldank\s, 'and no differences were seer.. Sample c‘ontainevrs S-3 and S-8 were - o
examined also, revealing no‘differ;en(':e.s from the‘unexposed materiali HoWeyer,
exarninationl'(at 500X rnagn:iﬁcation) of sarnple 'centainer S-22 did reveat corrosion dn ’
" the surface, as- shouv:n in Fig.’4.:1 l.. Fc“rﬂ’ccmparison:, a’photograph of_an unexpdsed:blank
is shown-in Fig. 4';12‘. The mater‘iatl-v for this blank Was from the'.sambe’ st'ock as ‘that used in .
the fabricati'dh of :S.-22. '"'fhe phctcgraph for S-22 indicpat.es that corrosion has occurred;,

i

~this ﬁnding'is consistent with the observation of H, production for.this sample.

- 4.4 BURNING UO F,oxH, O IN O

| Because 1rrad1at10n of UO F oxH O was shown to produce both CO and O,, 1t |

- was des1rab1e to remove as much carbon from the UO F, as possrble to evaluate ifthe -
carbon 1mpur1t1es played a role in the prdductlon of CO A sarnple of UO F, -O 4H O
was burned in O, us1ng an apparatus descrlbed in Sect 3.14 and schematlcally dep1cted

-in Flg 3.6.. Uranyl fluoride decomposes to UFand U, O at temperatures above: 700°C

‘(FCITIS and Ba1rd 1960) $0 the burmng was conducted in the ternperature range

500-;5.50°c.






| A 10 g sample of UO F, -0 4H O was burned in O at pressures from 450—650
:.Torr The off-gas from the burmng was. perlodlcally monrtored w1th an FTIR which
showed that CO was produced Burmng continued until i6 CO was observed in the
‘ FTIR spectrum. After the sample.cooled* it Was removed from"the 5111ca tube in an inert-

' .atmosphere glove box to ma1nta1n the mater1a1 ina dry env1ronment An ATR analy51s L

o performed on the O, -burned UO Fz, 1ndlcated that the mater1a1 was anhydrous U0, F A

o more deta11ed descr1ptlon of the ATR spectrum for this mater1a1 is glven in Appendlx D o
Dav1es—Gray analy31s of the CSa‘rnplle :folliow‘lng,lts burmné. 1nd1cated a small

| increase in the amount of U(IV) (Jarabek 1 999d) 'This result was consistent w1th the

- observation ‘of a vé& smalt amount of -ﬁn'e blackpowder specksv on the alumina sampie ‘
boat (and presumably in the sample rtselﬁ after completlon of O‘ burmng ‘These data
‘indicate that even at the lower temperatures (500—5 50°C) a small amount of UQ,F,
decomposed to U,05. A second batch of O burned U0, F was prepared by the same
”method,‘ and’ Dav1es-Qray t1trat10n‘(Jarabekv 1999e) conﬁrmeld the productlon ofa small

" amount of U(IV):
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5. DISCUSSION

Rgdiolysis experiments were performed to demonsfratelt'he effects of large
radiatién doses on ﬁ308'énd halide_’irr‘ltpurity c‘omponents. In this section, the results of
the experiments are summarized and interpreted with respect to the radiolysis of
UOzef);ﬂzO and résid‘ualltﬂu.oridé ;:;)mpounds in U;0,. 'UOZFZ; xH,0 is an intermediate
comp;)und producéd duririg the co"r"l\‘(érsion of-UF6 to U, 0, and this compound represents
the maximum fluoride content that could be present in the stored oxide. Irradiation of the
U,0O4 provided data oﬁ material sirﬁilar to that which will be pIaced into storage.

First, the results for the gés yield, gas compoéition, aﬁd valence change are
~ individually Idiscussed. These discﬁssioﬁs are then summarized to provide a clearé:'r' ‘
overall picture regarding the ;adiolysis of UQ,F, and residual fluoride compounds in

U,0,

5.1 GAS YIELD

For all of the UO,F,*xH,0 samples; pfessu?e was seen to iﬁcrease during gamma
irradiation. by either the ®Co source or HFIR SNF elements. In all cases, the total
pressure increase was small, with a mé.ximufn increase of less than 1 atm reached for the
HFIR SNF element irradiatién'. G-v;ylues were cal;:ulated based on the gas yield
(regardless of composition) and th;e (iosg. Note, howevef,. that the G-value is qal&ulated

from the pressure change in the container and that both chemical and radiolytic reactions
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may contribute to the gas produc_ed. This ide‘a will Be explored further in the discussion
of the gas compositions (Sect. 5.2).

The calculated G-values were re'latively consistent for different types and sources
of samples, atmospheres, and radiation sources—ranging from 0.01 to 0.03 molecules of
gas produced per 100 eV absorbed in the; sample. Although nota coﬁclusive trend, it was
observed for the “Co irradiations tﬁaf the lower hydrates‘(i.e., UO,F,+0.4H,0) have
higher G-values than do the higher hydrates: (i.e., UO,F,*1.4H,0 and UO,F,e lv.7H20).
The radiolysis of the waters of hydration on the sample probably pléys arole in
suppressing the radiolytic gas yield from the higher hydrates. For example, the radiolytic
products of water can react with the radiolytic products from the irradiation of
UO,F,xH,0, thereby lowering the overall gas production. The exception to this
observation is for the ®Co-irradiation of the O,-burned UO,F, samples. This sample,
which was anhydrous UQ,F,, exhibited a G-value of about 0.01 molecules of gas
produced per 100 eV, similar to the yields for the higher hydrates.

In the case of the HFIR.SNF irradiation of UQ,F,¢0.4H,0, the calculated G-value
was 0.01 molecules of gas produced per 100 eV, again similar to the yields for the higher
hydrates of UO,F,sxH,O that were irradiated in the ®°Co source. The G-value for HFIR-1
was calculated from Ithe linear region of the gas y&eld curve (Fig. 4.7) and was based on a

dose of about 4.7 x 10° rad (13 W—h/g). By contrast, the G-values for the “Co irradiation

of the same material were based on‘a total dose of about 1.7 x 10° rad (0.47 W-h/g). The '

slightly lower G-value for the HFIR irradiation may be the result of a decrease in the gas

yield as the approach to a plateau (or éaturation) begins. This type of effect was reported
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by Allen and Ghormley (1947) and Henning, Lees and Matheson (1953), as described in
Sect. 2.3.3. Allen and Ghormley found that the production rate of NO,” from electron-
irradiated Ba(NO,), crystals decreased with increasing dose. Similarly, Henning, Lees,
and Matheson (1953) reported that the G-values for the production of O, from nuclear
J‘r’eac‘tofirrédiation of NaNO, decreased with higher total doses.

* - . The ®Co irradiations provide insight into the early, low integrated dose behavior

- . of UO,F,*xH;0 uﬁder gamma irradiation. The HFIR SNF irradiations, on the other hand,

provide information on ultimate effects at high doses. For HFIR SNF irradiation, data of
higher resolution (i.e,; more frequently recorded data points at the earlier, lower doses)
may reveal the initially higher gas yield. (Note that data for HFIR éNF irradiations were
recorded about every 12 h and that, during a 12 h period, the dose to the sample by a
HFIR SNF element would be greater than the dose achieyed in a 40-50-d irradiation in
the ORNL “Co source.)

The irradiation of UO,F,*xH,0 samples with the °Co source showed a steédy
pressure increase and no sign of a plateau beiﬁg approached. T,o evaluate if such a
plateau coulci be rea?ched, higher total doses werq‘)needed; hence, HFIR SNF elements
were used. These elements produced dose rates up to 1,000 times those in the %°Co
source (depending on the time siﬁce discharge of the element from the reactor). The total
dose in the HFIR SNF elements was about 360 times higher than that which was achieved
in the ®Co source. Indeed, by using the higher dose rate and higher t‘otal dose, a pressure
(6r, equivalently, a gas yield) plateau for a UO,F,+0.4H,0 sample was observed

(f“ig. 4.7). . After the sample was inserted into the first fuel element, it was moved to a
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fresher element o'n’tiyo :occ'asions. When \the sample was inser"'ted"iﬁto the second

oo
o

V'element the gas y1eld began to approach a- plateau After 1nsert1ng the sample into the

| ‘th1rd element the yleld rose shghtly to a new plateau Th1s r1se 18 the result of the h1gher

*, _“

; : dose rate and hence a: hrgher radlolytrc productron rate The pressure then r1ses asanew . -

C ',?.‘}fhmrtm'g yalue<1s 'reached. -f ,;.ff pos e

After the plateau 1s' reached the system is at steady state for that dose rate

. ",kv

o o :Durmg 1rrad1atron some of the rad1olytrc products recombme with the damaged sites 1n

i

. :the sample Athsteady state | the ‘rad1olyt1c productron rate equals the recomb1nat1on rate;
’ lJpon 1nsert1on of the sample into h1gher dose rate ﬁeld the rad1olyt1c product1on
L ;u!,mcreases w1th the net result bemg that more gas 1s released from the sample as a h1gher 4
K .steady state i estabhshed . o ‘
" The pressure plateau is a measure of the limitinng‘ matri)l damage to the
- UO E, °xH O Th1s value 1s est1mated to be about 7 to 9% based on the Davies- Gray
t1trat1ons performed after the 1rrad1at1on (Table 4 1 1) In contrast, the damage limit for -
: ‘the LiF- BeF salt measured by Toth and Felker (1990) was about 2% at the same dose
trate The larger amount of damage at saturatlon bl the UO F,exH,O 1nd1cates that the
covalently bonded uranyl groupl 1s more. suscept1ble.to radiation damage than is the .
o ;oniearl'y bondéd fltorinc. l o
| -Unlike:’ the results reported't:or" T‘ir’radiated MSREitype fuel sialtsy (Sect. 2.3.2), an
induction per‘iold Was:‘not observed for ;ei’ther the ®Co or HFIR SNF irradiation of
g UOzefozO.r The production ’o}f,g‘aes Was ,ob,served‘ to occur immedlately upon inserting

the samples into the“radiatlon source. The induction period has been interpreted as gas
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* being trapped in the crystal matrir(‘bef_ore diffusing out to thelgas space. Induction, then

isa diffusion-related phenomenonvand, therefore, is particle—size dependent.' For the
UO,F,exH,0, lt appears that the gas is immediately.released with little, if any I'
concentration buildup before 'release.'\'. )

The pressure curves’ for the samples loaded in air (S-1and S-3) both' shovved an -

initial decrease in the pressure, followed by'a pressure increase (see F igs.'4.l‘ and 4.2), .

: Such a pressure decrease has been observed for other‘materials that were irradia't‘ed,in a b

closed air- ﬁlled contamer— namely, gamma radlolys1s of uran1um ox1de samples that
had sorbed water on them (Icenhour Toth, and Luo 2000) and alpha radiolysis of sorbed

water on plutomum ox1des (Mason et al 1999) The pressure decrease can be attrlbuted

to the radiolysis-of mo1st air (see Sect 2 4 2. 1 2) Wthh produces n1trogen ox1des (Mason B

et al 1999 and L1v1ngston 1999) that are subsequently sorbed onto the UO F,.

Alternat1vely, the pressure decrease may result from O depletlon durmg localrzed

corr051on of the sample contamer Eventually, the gas productlon mechanlsm from'the”

rad1olys1s of the UO F, -xH 0 dommates the O depletlon react1on and the steady

increase 1n pressure is observed

Converted U O samples were 1rrad1ated w1th gamma rays to d1rectly study the

B types of rnatenals that w1ll be placed 1nto long term storage Unl1ke the gamma- . -4 -
. 1rrad1ated UO F °xH O samples the 1rrad1at10n of the converted U 08, Wthl’l had a
: :}"..ﬂuorme content of about 1 4 wt %, d1d not show a pressure increase. Each of the U O

. samples (after' irradiation up to 2;2 x 108 rad for’the 60Co SOurce-and 3;0 x 10 rad for the
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HFIR SNF elements, resp¢ctii/e1y) Were assigned G-values of zero molecules of gas

produced per 100 eV." -

5.2 GAS COMPOSITION
The gas gnalysfs results from the ifradiated UdgfzixHZO samples showed that 0,

and CO, were produced. Additionally, for the'air-loaded sarﬁples, a signiﬁcanf amount of
H, was measured. Prior to theée ’inadiation;experiments, prc‘)gram‘niatic concerns were
tha't,.either F, or HF ’would be produ'c‘ed"vdurixng gamma irr'adiafion: .However, the gas
analyses clearly rév;eal that F, aﬁd‘HF are not produce;i.

' The results of tﬁe gas analyses are discﬁssed inthe folloy\_/ing subsections. The
 discussion is div‘i?ied Vinto two parts, ll)a‘sed- on the initial sarriptle atrﬁosphere. Resulfs from
samplés ioaded _in\air .vare> discussed 1n Se;t. 5 2.1, while resultg from samples loaded in

"helium are diécussed in Sect. 5.2.2. .

5.2.1 Samples Loaded in Air

. Qas analysés of the irra;iiaté;i YUO;Fz-tz’:O sair:ipl,es loaded‘ in éi; shbwed that H,
and éOz Qere“pfodﬁcéd. The ‘i_ni:tial ;:Jreseﬁce"of air in the‘ sar%lple gas complicates the
ev‘e‘ll‘l‘l'atiqn c';f which gases were I'JVroducc;,djby: ;adiolysis. Additiopally, cc')rrosi:’on‘ may
o have been reéponsible fq£ t}he. H2 ger'i‘(e:ration.-l jHéwevér, some fnsighf iﬁtc; th;? éyaluéinn
of which ;géses were produced by r‘é@ié)llyéi-sl can b:e‘ gained by comparipg"éfl‘ei‘ﬁhal vga‘s .
vcoymposi:tion to af1 inéﬁ‘dbmponeﬁt of the air,‘ﬁgfnqlly argon that acts‘as, an;inf;‘ernlal. 5

~ standard. InTable 51 jthg ratios of the-volume percerﬁ of the gasgé'!Oz{ CO;, Nz, andH,
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Table 5 1 Comparlson of gas composmon relatlve to argon for a standard air

’Nomrrad1ated blanks - Irrad1ated samples N

o Standard air~
- compos1t1on

(S 21)

A1r blank S 1~ S-3 |

0.03. . 833"+

" 64 A04 003
020_;”-;" 1617 . 846
95, 63‘.;;4 - BL6Y 8724 .
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From exam1nat1on of Table 5 l 1t appears that the CO, product1on isa result of

1rrad1at1on of the UO F -xH O samples It is proposed that the gamma 1rrad1at1on of the

© UO,F, releases O rad1cals wh1ch may form-O or wh1ch may react with carbon 1mpur1t1es

_.to form CO,. This mechamsm is d1scussed further w1th respect to the irradiated samples .

‘ that were loaded in hel1um (Sect 5 2. 2)

Hydrogen product1on ~1s com_mon to both the honirradiat_ed and the irradiated

" samples (except for the i.rr'ad'iated air'blanlg). Therefore, the hydrogeh may have resulted |

from a chemical, rather than a radiolytic, reaction.' The likely reaction resulting in .
hyd_rogen production is cor‘r'osion.f .

| Uranyl ﬂuoride solutions are acidic and haye b:e;e‘rl‘shown to corrode metals (Lane, -
MacPherson, and Maslan 195-8);‘ The corrosloh' rates of several alloys, includirrg type
304L stainless steel, were measured by Lane, MacPhersorl, and Maslan (1958). The
alloys were exposed to 0.17 M UO,F, at ,250°C in both statijc ahd flowing systems. Myers
(1990) reports that the solubility of UO,F, in Vy‘ater is about 5.2 M at 25°C. For the
corrosion tests with the UOQ,F, solution at the elevated temperature, corrosion rates of 0.1
to 0.33 mm (4 to 13 mil)/year were reported. It was found in these experlments for static

systems that, after about 100 h of exposilre, a’protective layer formed on the metal surface

>and. that the corrosion rate was then reduced to less than 0.0025 mm/year (0.1 mil/year).

On ‘the other hand, for flowing systems, if the flow rate is high enough, the corrosion

. continues at the higher rate— ~presumably because the protective layer is not allowed to

form; instead it is swept away in the flow.
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‘The blénk, noni?rgdiét’ed gam;k;s ‘of UO“2F24xH20 consisted of UO,F,¢1.7H,0

. loaded in air (S-8), U02F2-2;3H20 loa;léd inair (S-22), and UO,F,¢1.4H,0 loaded in
helium (S-20). Forthe sa_rripleé loaded in air, gas aﬁalysié showed that H, was produced -

“and that O, was depleted. For ‘tﬂ‘he‘helium‘-lvoaded safnplg, a smali amount of H, was
fouﬁd. The H, production is the result of coﬁosion of the s_:tainless steel con‘gainer.
Additionally, similar tc; other c01;rosi0n phenpména, the presence of O, in the sample
atmosphere may enhance the gorroéion rate (F‘liinnyand Trojaﬁ 1981). The corrosion of
the sample container S-22 is cleé}rly evident ﬁom examination of Fig. 4.1 1. The
corrosion seen on the Ycontainer wall Ai_svcnonsistent with the fact that ’a l.a’rge amount of H,
was produced inside thié container. Metallogreiphic examination of container S-8 did not
show signiﬁcanflchanges from the unexposed material. However, 2 much smaller amount
of H, was produced inside this container.

Both of the air-loaded samples were prepared in a humid eﬁvironment to
maximize the water-loading of the sample. It is pdssible that very §mall amounts of
condensed water could form on the sample, resulting in locally high concentrations of
acidic UO,F, solution in contact wi;ch the container walls. éorrosibn of the walls would
result in H, producti‘on. For sample S-22, b‘a’se‘d o:n( the contai‘nef pressure, it is estimated
th;a’é aboﬁt 7 x 10* moles of Hilziwerenforme‘dh. énly a small amount of corrosion would be
required to produc»e' tﬁis small i(olufhe olf gas. (P:réséuré ;iaté were not available for -

" sample S-8.) Thé rate of pre,_ssure‘ increase for S’-Ziyv&e;s ﬁot seén to plateau, as would be
. expected bas‘ed‘or‘l the ilranyl ﬂﬁofitie sc;iﬁtiqn' ékﬁérifneﬁ;s. The amount of corrosion

may have been so small relative to the available surface aréa that a passive layer,
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adequate to noticeably retard the corrosion réte, was not formed. Finally, the lower
hydrate sample (S-8) exhibited a lower total production of H, than did the higher hydrate
(S-22),. In this case, there is less acidi¢ liquid phase in contact with the container walls
and, hence, lower H, production.

The reduced O, .contenAt.in }both the blaﬁks gnd the irradiated samplés may Have
resulted from corrosion. Hév&;e\fef; in the case of the irradiated samples, another
mechanism may have contributed _tc; the O, deplétion. The radiolysis of moist air
produces nitrogen oxides (see Sect.‘ 2.4.2.1.2) that may sorb onto solid surfaces. Recent
- work at ORNL wikth garnma—irradi-a’tbicf)n ;)f uranium oxides loaded in air (Icénhour, Toth,
and Luo 2000) and at Los Aléﬁlés ;I;{afiqpél Laboratéry ('LVANL)i -f(l)r alpha-irradiation of
p!utonium oxides IOadéd”i-n air (Mas'oln‘ et al.‘-'199,9) héve ‘s.ho'wn a prés§ure decrease
" during irradia‘tion: Tﬁis dec?eavls;_fﬁas beézlll,‘a‘ttjrib‘u'ted to the radiolytic pr;)duction of
nitrogen oxides, which sorb on';q_th.e‘Uranvium or ﬁlﬁtoﬁi{lm oxide (Livingston 1 999,‘
Mason et al. 1999). Ne;ither urahiﬁrh oxide nor plutoni}lm oxide form acidic solﬁtions,
such as those described fo; UO:,jF\‘Z‘.: Tiléréfope, in those systems, it is not likely that the O:,_I
was consumed in corrosioﬁ. Onthe otherlhgnd, the NZ;Ar ratios in each of the samples in
‘Table 5.1 are consistent wlithv thése: expected fyom the standard air composition. It is not
clear whether any N; has 'béeri ‘&epieted; fhefeflore, there is no cénclusive evidenc,e for the
nitrogen—qxide-productionymé;hgﬁism. In any event;‘ the exact fate of the O, iq the
irradiated samples is -not kﬁown. ’ll"h‘ey (‘):‘Zlmay' have been consumed during corrosion,
during Nt)x production, or by some c'o'mbi.nation of both of th'es'e méchanisms.

Furthermore, it is proposed that the radiolysis of UO,F, results in the release of
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fOl radicals, forming either O, or CO,. 'This radjolyti;: soutce of 0, mayv-have also been

 depleted by the proposed mechanisms——corrosion and/or production of nitrogen.oxides.

Finally;_becausez'ft appears that.the H, ﬁroduce’d in samples S-1 and S-3 is only -

from corrosion and not from some radidlytic réaéﬁon, the G(gas)-values calculated for

these experiments may be too high_. Reécalling that the G(gas)-value was based on‘the’ '.y

total pressure increase for a sample, it is necéssary to remove the H, componerit from the

~ calculation to obtain a better estimate of the G(gas)-value resulting from radiolytic

production. ' From the gas compositions reported for S-1 and S-3, it is estimated that the

frue G(gas)-value is about 60-70% of ’ghe value giveﬁ in Sect. 3—hence, G(gas) ~ 0.007

molecules gas per 100 eV for S-1 and G(gas) ~.0.012 moli;cules gas ’per« 100 eV for S-3.

5.2.2 Samples Loaded in Helium

T;) remove fhé lcomplication of the initial presence of O, in the cover gas, similar
runs were made with samples loadea ip L‘hel;il.i'm. For the gamma irraackiiation‘ of these
UOZFZ-xH;O samples, the gases 'pro;iuced' wéré, either O, or COZV. A trac:e_ of H, was
reported for each of these-samples. However, th‘e amount of H, is‘ close to that %or the
nonirradiated blank of UO,F,+1.4H,0, which was loaded in belium. Thus, the H, may
havg resulted from %n extremely small amount of corrosion of the sample container by the
UO,F z-x’HZO.‘ |

It appears that O, is released during the irradiatioﬂ of th;, UO,F,+xH,0 samples
and that some of the O, réacts with carbon impurities in the samples to produce CO,. The

observation regarding the O, release is consistent with the experimental results for the
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mixed-bonding crystals- as desoribed in Sect. 2.3 3 In those crystals the covalent
. portlon of the crystal was damaged (releasmg O, or N,). A similar efFect is .seen in
gamma-irradiated UO F -xH O
To conﬁrm the hypothes1s regarding the carbon a sample of UO F,e0. 4H O was
bumed in O to remove some of the carbon FTIR analys1s of the off-gas during burning
revealed that CO yvas produced ATR analys1s of the sample after bumlng showed that
the mater1a1 was anhydrous UO,F,. Irradlation of the unburned UO F «0. 4H O (both by
the “Co source and HF IR SNF elements) resulted in the production of CO2 and a small
. amount of 0,. By comparisori, after the Co :irradiation of the Oz-burned UOQ,F,, the gas
composition was primarily O, and a iesser amount‘of COZ’; Removal of some of the
l\carbon from the UOZF , sample by buming in oxygen resulted in less carbon being
available for reaction and, therefore, more bz being produced. Hence, it is clear that O; is
the primary gas released by gamma irradiation of UOZFz-xHZO and that some of the O, ' ;
(or O radicals) reacts with carbon impurities to forni CO,. o o . ;
The irradiation of the converted U3O'8 samples, which vyere loaded in helium, did
not show a preissure rise. The gas analyses for these sampies revealed that only a very |
small‘ amount of CO, and O, were present. These gases may have 'been produced i‘ror‘n
the samples, but the amount was so small that it did not contribute to any discernable
pressure increase. Because of the high dose given to the U,0, sample in the HFIR SNF
elements, it is clear that large amounts of gas will iqot be produced by gamina radiolysis

of this material.
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5.3 VALENCE CHANGE

L

The color chanve of the UO F °xH O from yellow to green especiallg evident in
the higher hydrates 1nd1cated that some of the uranium may have been reduced from
U(VD to U(IV). This observation was COnﬁrmed b}" the Davies-Gray analysis of samples
before and after irradiation. The analys1s presented herein assumes-that the uranium is
-present as U(IV) and not U(V) even though in the dissolutlon of the uranium sample for
the Davies-Gray titration, any U(V) that is present w111 dlsproportionate to U(IV) and
" U(VI). This assumption is con51stent w1th the observed color change of the UQ,F,*xH,0
from yellow to green— typical of U(IV)

In general (except for sample S-16),Aar“teri irradiation, the amount of U(IV) in each
of the UQ,F z’tzO samples was <foun‘d‘to increase (Table {1.1 i). This increase indicates a
reduction of some of the U(VI) to U(IY), which c01iid be accomplished by the release of

oxygen from the UQ,F,, as indicated by

UO,F, +hv—UOF, +0". . (5.1)

The results of the Davies-Gray an‘alyses (Table 4.11) showed an interesting trend.

The lower hydrates (i.e., x ~ 0.4) had a larger increase in percentage of U(IV) than did the

higher hydrates. The exception to this trend, which is discussed later in this subsection, is

sample S-16 (the O,-burned UO,F,). It appears that the oxidizing species, produced by
the radiolysis of the water of hydration or moist air, oxidize the uranium, thereby limiting

the U(IV) production. Such reactions.are indicated by:

' UOF, +OH —UO,F, +H and- - G2
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o UOFz +NOX‘ -—)U02F2 +NO,;[: { : ' B ) (53) -

.. This observation regardi’ng the amount‘of U(IV) prdduction, relative' to the .degree of’
hydrat1on of the Uo Fz, 1s con51stent W1th the exper1mental ev1dence descr1bed 1n -

Sects 2 4. 2 1 1 and 2.4.2.1.2. In these sectrons the ox1dat1on of UO by ox1d1z1ng

species (e.g., OH and NO,) produced;by the rad1olys1s of sorbed water or mo1svt air was ‘. .

discussed,. Similar mechanisms may be occutring for the irradiation of UI0,F;xH,0.

5 O.'ne of the irradiated samples, S-3, \vas heated to '2;0'O°C,‘ﬁrst in vacuu'm and then )

in air. Subsequent chemical analysis of this material revealed a decrease in the U(IV)
content, suggesting a back reaction of the reduced uranium with oxygen during the air—‘

[h'eating phase.

- With respect to valence change, sample S-16 d1d not exhibit the same; behav1or as

: d1d the other 1rrad1ated UO F, OxH ,0 samples S 16 was prepared by heatmg

‘ UO,F, 00 4H O in an O atmosphere at 500—550°C Dav1es Gray analys1s of the heated
sample revealed that a small amount of U(IV) had been produced This observat1on is
cons1stent with the fact that uo, F d1sproport1onates to UF and U,0; upon heating.

Ferris and Baird (1960) reported that UO,F, was stable ina dry atmosphere below 700°C.
However, because a hydrate of UOze was heated ina closed system, there was moisture
in the system.. I'n'_deed, moisture u/as observed to condense at the cool ends ol the silica

' tube during the heat treatment. ,/'\dditionally, after treatment,:black specks were o‘bserved
on the sample container." These specks_were likely U;0, and, "hence, it app’ears that a

small amount of UO,F, disproportionated to U,0, and UF,, -
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Most of the UO,F,*xH,0 éxhibited an iricreaSe in the amount of U(IV) after

' irradiation. However, sam'ple S-16 showed that the U@Iv) content decreased, indicating a
net oxidatioh in the sample. Similar to the U“OZIFz-xl-IzO samples, this sample also -
released O, and CO, fupon irradiation. ‘lﬁadlati'oh of the UO,F, releases O, from the
sample, resulting in a redztctl'on ofthe ur.aniu:rn"from U(VI) to U(IV). Hovvever,

subsequent oxidation of uraniur’n‘ by this source of oXygen w.ould not explain the net'

»ox1dat1on of the sample. Another source of oxygen must be avallable and it appears that

, the source may be in the U O8 produced by the O -burnmg of the UO F,e0. 4H 0.
Kraus (1 944) and Katz and Rab1now1tch (nl 95 l-) reported that superox1des of

,uran1um (1 e., 0:U molar ratlo > 3).are formed when uramum ox1des are heated in O,.

.~ Kraus thermally decomposed (NH4)2 U,0, in O at temperatures from 350 to 550°C
o ’Durmg the heating of the sample NH and H, O evolved in the temperature range of 250 ‘

o to 3 500c Above 350°C Kraus reported that little or no NH evolved. Analys1s of the

samples showed that a superox1de had been formed, w1th O.U ratlos ranglng from 3.14 to
‘ 3.»3‘8, depending on the heating time and temperature. When the samphle vvas dissolved in
water,.oxvéen was released. | |

| . The heat tre'a‘tmenltvof the U0, F‘ «0.4H,0 is similar to that performed by I{raus -
| 4 '(1944) The UO,F, -xH O was heated to 550°C in an O, atmosphere. Thermal

l decompos1tlon of the sample appears to have formed a small amount of U Og. Under
) : these"cond1t1ons,‘the U3‘O8 carl take addrtrorral ‘oxygen;mto the crystallme_‘lattlce,‘ which

vvould l)e released during di'ssolution oifth'eisample for Davles-G,ray titratioh. '
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It is proposed then that the O bumed Uf) F, sample (S l6)rconta1ned a m1)tture

of UQ,F, and a small amount of a superox1de of uranlum (namely, U O w1th excess O

in the matrix). Upon.rrrad1at1on of this material, the Usz , 18 'rad1olyzed, releasm.g 0,.
Radiation alsocauses areleas‘e of oxygen fromthe uran1um superor(ide.‘ l‘his “e)'(cess"”
oxygen is also:ayallable to oxidl»ze uranium. "Irlence,“. 'or(ygen (o'r COZ) is released from the
slample (a uranium\;reductlon)‘,\_but;ur’ani,um(i‘s'l al'sor.okidi'z'ed by some of the ’released C
oxygen;the net effect being asllght okidati'on 'of the sample. ' |

| In Sect. 4 3.2 l a c’ompar1son was made of the number of moles of U(I\l/)
produced and the number of moles of O (e1ther as O or COZ) produced (Table 4. 12) If . 4 1
all the U(IV) product1on resulted in- O (or CO,), then for every mole of U(IV) there | i
would be 0.5 mol of O “The rat1o of moles of O, and CO to the moles of U(IV) var1ed
from 0. 08 to 0 4. These rat1os 1nd1cate that some of the O2 produced was. e1ther trapped 1n.
the UOZF , matrix or ‘otherwrse s'cavenged‘(r.'e.,‘through corrosion or other reactions).
H’owever ins.ufﬁlcient eyidence e){lsts "to ﬁrmlyiest'abl‘is‘h the fate of the oxygen that is not
mamfested in the gas as e1ther O or CO “ o

Flnally, the U(IV) productlon in the 1rrad1ated UO F -xH o) samples prov1des a

measure of the rad1at1on damage to the UO F matr1x Damage m th1s case, is deﬁned as
the percentage of U(IV) produced Based on the change in the percentage of U(IV) in the

l samples (Table 4.1 1)_, the 6°lC,o 1rrad1at1ons p,roduced Adamages rangmg from 0.3 toil.S%.
However the quantity of 'most 1nterest is the maximum damag‘e limit‘ to the Uf) F, -xlI 0.

A Th1s quant1ty was measured by performance-‘of the HFIIl SNF 1rrad1at1ons wh1ch reached .

a 11rn1t1ng pressure plateau The Dav1es Gray analys1s for th1s mater1al revealed a darnage -



. resultmg in uranium reduct1on to U(IV)

of about 7—9% Because a l1m1t1ng pressure (or steady state) was reached this U(v)
o :_y : product1on corresponds to.the damage l1m1t for the UQ,F, -xH O at the maximum SNF

- element dose rate (~lO8 rad/h)

54 SUMMARY C

The results of the observed pressure increases, gas compos1t1ons and valence ’

changes when cons1dered in total g1ve a clear p1cture of the radlolyuc effects on the

Uo, F -xH 0. The results of the gamrna 1rrad1at1on exper1ments have shown that gamrna

rad1at1on 1nteracts with the uranyl (UO Mg group of the UO F2, releas1ng O rad1cals and o

b

Intu1t1vely, it m1ght be expected that F, (or HF in the presence of H O) would be B :k

‘ released by the 1rrad1at1on of UO F Because the uran1um-oxygen bond energ1es (1n the -
‘UO ) are greater than those of metal ﬂuondes (Denmng 1992 Cottrell 1958) one m1ght
'expect that the ﬂuorme bonds would be rhore eas1ly broken than the oxygen bonds
| l“_Addrtro’na‘llyf,‘ th1s 1ntu1t1ve expectatron“cfornes from the‘ expenence with the“;rad1o-llys1s of -
o . thl.e MSRE fluor1de sal'ts. In these1on1c mater1als,ﬂuor1newas réleafs,qu“upeg‘gammaf ‘
S jt‘fz‘rrad‘latiOn. on the“otherhand, Uo;r?;, fsiuettgi ‘¢1§a1-a§teriééd~ as ac‘rystal with mixed -

- .bonding,' because it consists of uranyl andﬂﬂ'uorin‘e ions, but at the same' time : conta'ins the,

covalently bonded uranyl group Therefore expectatrons of rad1at10n effects on UO F

would be better based on crystals that have m1xed bondmg In Sect. 2 3 3 the effects of

o rad1atlon on crystals w1th I’anCd bond1ng were descr1bed In the case s of 1rrad1ated

- | .Ba(N 03)2, NaNO3, KNO3, and KClO3, it was reported that O ‘was released from these ‘
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crystals (usually during heating or d1ssolution of the crystal) The 1rrad1at10n of NaN;,
resulted in the product1on of N The authors of these exper1ments attr1buted the |
production.ot 0, or N2 to an 1on1zat1pon—ext:1tat1on mechamsm in vyh1ch O orN radicals
" are formed. For these ei(perinients it 1s not "b'eliev‘ed that either the’oxygen orthe = -
| - 'in1trogen were d1rec‘tly displaced frorn the rnatr1x by the 1nc1dent rad1ation‘ |
| S1m1larly, for the gamma—1rrad1ated uo Fz, the uo,” group may be exc1ted or
| 1on1zed by the 1nc1dent rad1at1on resulting in the release of an 0 rad1cal Alternat1vely,
electrons produced in ionizat1o‘nl may ca’use d1splacement of oxygen from the'_-matnx, ory J
poss1bly, the gamma rad1at1onvdoes d1rectly d1splace oxygen from the matr1x Of course
-other potent1al rnechan1sms 1nvolv1ng compl1cated rad1ochern1cal react1ons may explain -
the production of the ,oxygen. More detailed, solid-state radiation exlper_irnents would be |
.required to unrayel‘ the ei(act mechamsm or rnechanisms resul'ting in. 0, production.
Regardless of the underlymg mechamsm hok\ivever it is clear that the gamma 1rrad1at1on
of UO N produces O Th1s obsevrvat1on is cons1stent with the exper1rnental results found
for other crystals that have rnixed bond1ng The tluor1ne component of the UO,F, has
‘ been shown. to be 1nsens1t1ve to gamma 1rrad1at1on The 1on1c nature of the ﬂuorme inthe
. crystal 'rnay~enhance.its abilityrto wi_thstand 'radiation darnage, Whereas the coyalently :
bonded oxygen is released during jinadiation. Additionally, this obseryat'io‘n is‘consistent :
with the 'generaliz.atio,n provided by Billingt‘o‘na‘nd Crawford (1961)—“structural
alterations are 'less pron‘ounced the greater the i‘onic character of the'bonding” (Sect;

2.3.1).
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" The radlolytlc effects of gamma 1rrad1at10n of UO F oxH, O are summarlzed 1n the
) follow1ng paragraphs Gamma rad1at1on 1nteracts w1th the UO,F 2 releas1ng O rad1cals ‘

and reducmg the uranium to U(IV) as 1ndlcated in the follow1ng equatlon E R |
UO F +hv—>UOF +o AR '('5.4) e

The O radlcals react with each other to produce O or react W1th carbon: 1rnpur1t1es in the

sarnple to: produce CO

i ) O+C ~C0 -, and - - . ,‘_i'_(5.6')1f
B e o IR )

Some of the 0, rnay be trapped in the UO F matr1x or- otherw1se consumed The Uo, F

consists of stacked layers W1th UO 2*:;

ions normal to each layer (lmth a double bonded o » ) |
- oxygen above and below each plane)« ahdﬂuorfne atorns surroundmg the uran1urn in v1ts
o equator1al plane Th1s relatlvely open structure allows for the oxygen to be read1ly J
released frorn* the matrlx and explalns the lack’of an 1nduct1on per1od ‘seen in other |

~mater1als. The released O (or O :1n ~the form of CO‘Z) causes‘a pressure increase in the

1rrad1atlon contamer Thrs increase can be used to- estrmate the gas yleld Hence the .

. G(gas) values reported in Sect 4 g (and rnodlﬁed in Sect 5. 2 1 to account for H

- productlon by corros1on) are actually G(Oz) values The G(O ) values for the gamma

s 1rrad1at1on of UO,F, -xH 0] var1ed frorn 0.007: up to 0 03 rnolecules of O2 per 100 eV

dependmg on the amount of hydratlon and the atmosphere over the sarnple The arnount
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of reduction in a given sample may be related to the amount of hydration of the sample.
Back reactions with oxidizing species produced from the radiolysis of water or moist air
may lower the reduction rate of uranium [e.g.,lEqs.,(5.2) and (5.3)].

During irradiation, back reactions may occur, such as

UOF, +0 5UO0,F, or . (5.8)
UOF, +1/20, —UO,F,. : (5.9)

At some point, a steady state 1s feéched fora givén dose ra;ce in which the forward

reaction [Eq. (5.4)]‘ rate equals tﬁé back ‘react.ic')n [Eq;sA.‘ (5.8) or (5.9)] rate. A change in

 the dose rate wouldl result in a change in'the svteady,-s.tate level (as demonstrated for the

HFIR SNF irradiations). At this steady. state, the maximum damage limit to the UO,F,

rhatrix.is realized; this limit is aboilf of 7 to 9% of U(IV)» produced for the high dose rates |

.-available with HFIR SNF elements (~10° rad/h). Hence, the radiation damage reaches a

saturation point, similar to other cr}}_stalline solids described in Sect. 2. Additionally, the

damagellimit to the ionic LiF-BeF, crystals has been shown to be about 2% at -the same

dose raté -as that used for the U02F2-0.4H20 sample.« The higher limit for the UO,F, is -

further evidence that the covalently bonded UOZZ+ group ilslﬁm'o're susceptible to ra;iiétion |

damage than is the ionically bonded fluorine.
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" 6. CONCLUSIONS AND RECOMMENDATIONS

Conclusions from this dissertation are discussed in Sect. 6.1, while

recommchdati‘ons for further- work are outlined in Sgc':t.-6'.2.

"6.1 CONCLUSIONS

‘The objective of this effort was to evaluate radiolytic effects on residual fluoride -

impurities in uranium oxides and on the oxide, itself. This objective was approached

' through study of relg\)ant literature and through performance of radiolysis experiments to

demonstrate radiolytic effects on U;0q and ﬂud‘r'ide:ir‘npurities. B_ackgrouhd information

'concerning the interaction of radiation with crystalline solids was provided. This

'baCkground discussion was focused on radiolytic effécts based on the type of

‘ bonding—covalent, ionic, and mixed-bonding crystals. The mixed-bonding crystals,

co‘ntaining both covaleﬁt and idnic'comﬁqnents, proved to be the best rhodél for the
impurities (i.e., the UO,F,*xH,0) studied in the radiolysis experiments. The effects of
radiation on uranium oxides Was élso re;/ievx;ed. This review waé divided into two m;cljor
areas—chemical (i.e., oxidation) and structural chaﬁges.

' The rad'iolysi‘s- experiments were focused primarily on the gamma irradiation of
UO,F,*xH,0 because (a) it is an intermediate ‘c‘or-kr‘lpound formed during the conversion of
UF; to U, O, (b) it-is the most probable form of the residual fluoride in the U;Og, and
(c) vit represents the maximum ﬂﬁoride content of a material that could be placed into

storage (i.e., resulting from the partial conversion of UF to U;Oy).
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Gamma irradiation of various UO,F,exH,0O cpmpounds that were loaded in
different atmospheres (either air or héliurﬁ) resulted in the production of O, or CO,.
Some H, was produced also (particularly in the samples loaded in air), but the H, was
found to be the result of corrosion énd not r.adiolytic': reactions.' Neither F, nor HF was
produced by the irradiafions. |

The pressure in the sample c;c‘mtainer:s '\‘yas"shown to rise véry slowly during
irradiations in the %Co ;oﬁrce. Irradiatidn at higher dose rates and to higher total doses,
using HFIR SNF elements, showed _gﬁat a limiting-presshre plateau was reached. The
total pressure rise in the HFIR SN_ltJ irradiatiq'ns‘, like all of the experiments performed
‘with the ®Co source, was less than 1 ,atfn. B

-Analysis of sql’id sémples féllbWing irra(iiation showed that some of the uranium
had been reduced ffbm UtVI)E tc; Q(IV): Tﬁis resﬁlt; ;:ombined with the O, .and CoO,
reiease froﬁ the samples; led tc;‘the«bpnAclusion that O?.wa's released from the UO,F, by

' gamma irradiation. It 'was demonstrated that the CO, was produced by interaction of the

‘The pressure rise in the ‘sa‘mple éonfainers, as a function of dose to the sample,
was used to estimate the max1mum G(Qz)ix}alluf‘;s.for the gar‘nma‘ ﬁadiation of
UO,F,*xH,0. The G-value goes fo zero';cls a pléteaq 'G.e., satur‘ati'or}) is approached. The
maximum G(O-z)-valuesl ;aﬁged frdm _0.007,tq O.Q3 molecules of ‘Oz brédﬁéed per 100 eV.
Apparently, there is some ‘df:'pflzndencé of 'thel G((:ﬁz);val‘ués on the degree. of hydration of

the UO,F, and on the initial atrposphere okrér:thei samplé. The radiolysis of either .thé o

|
released oxygen with carbon impurities in the sample. ) S :
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waters of hydration or moist air:may produce oxidizing species that limit the amount of

: uraniurnreductieon.,

A saturation pdarnage 11m1t for the‘UO‘:‘zFZOJtHZO. was demonStrated'using the HFIR
SNF elements. At saturation, the.rat_e of .radio}}'ftic‘tproduction (i.e., the uranium
reduction) equals the recornbination rate (1e the«uranium oxidation). Damage was
i measured in terms of the percentage of U(IV) productlon and was found to be about

7-9% in UO F,exH, O Thls hmlt 1s. for the- hlghest dose rate avallable in the HFIR SNF
elements (~10® rad/h) and should be a boundlng value In contrast, the damage limit to
the ionic LiF-BeF, salt has'been demonstrated by Toth and Felker (1990) to be about
2%. Hence, under the same ;garnrna do‘se rate, the cov,alently bonded oxygen is more
susceptible to radiation darrrage than i's_v tlhe. ionicalls{ bonded ﬂuorine, .
| A comparison of. ,the'am‘ount of U(I\_}) produced w1th the amounts of 'O, and CO,

produced "demonstrated that' not- all :of the ongen \}Vas released as gas. Some of the
ol‘xygen may have rernarned ‘trap‘p:ed ini the crystall structure of the UO,F,oxH,0 or may
have been otherwise scavenged - |

Samples of U OS, whlch were produced in the ORNL conversion prototype and
that contained about 1.4 wt % fluorine, were 1rrad1ated in the 60Co source and in HFIR
SNF elernents. These sampleS'showed no pressure rise, and neither F, nor HF was
produced. This material is vrepresentative"of that ‘which may be placed into long-term
storage. o |

Based on this ui;ork; the following conclusions-can' be made about uranium oxides

that are converted from UF,. Recall that for long-term storage of converted uranium
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oxides -the production of corrosive gases or overpressurization of storaée containers are )

of concern. However for gamma radioly31s the re31dual ﬂuoride content is not lirniting.

-As demonstrated by the experiments radiolys1s of UO F, *xH,0r produces only O and _

CO, —not F nor HF..Also, it has been demonstrated that a 11rn1t1ng pressure which is ;.I'

_ less than 1 atm, is reached by the ’ga_mma rad101ys1s of UOZFZ-xHZOj Therefore, with: o

respect to gamma radiolysis, even UOZF ZOxH?O‘would not pr'e‘s'ent«: a longfterrn::‘storage
problem. df course, hecause UO,F,exH;0 is highly'soluble and because it 'can‘cau-s'e i
: corrosion, this material itself would not be suitahvle for l.ong;‘terrn storage Based on this
experimental evidence, gan1ri1a radiolysis of con'verte'd U,0q4 that. contains residuai

fluorine impurities will not produce deleterious products or pressures. Certainly the

_product quality 'produced by the ORNL conversion prototype (< 1.4 wt % fluorine) will |

be acceptable for long-term storage.

6.2 RECOMMENDATIONS -
During the course of this work, a number of areas for further investigation were

identified. These areas are briefly outlined in this subsection.,

6.2.1 Alpha Radiolysis Experiments
The radiolysis experiment‘s‘_co‘nducted for this work demonstrated the effects of

gamma radiation on UO,F,+xH,0. U_ranium-233 and U have a high alpha activity in

addition to a high gamma dose rate (see Fig. 1.1). Alpha particles cause higher density

ionization tracks than do gamma rays.- These higher density tracks may cause different
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effects in the solid. Note t1:1at alpha radiolysis experiments performed by Toth (1990) on .
MSRE-type salts showed no pressure rise after 18 months, while éaﬁuha irradiation of
the same type of material resulted in production of F, (Toth and Felker. 1990, Williams,
Del Cul, and Toth 1996). On the other:harid, alpha radiolysis expe;riments on water
sorbed on plutonium oxides loaded in ‘air‘ (Mason et al. 1999, Liviﬂgston 1999) have
shown results similar to those ‘frorn‘ experiments conducted with gamma radiolysis of
water sorbed on uranium oxides loaded in air (Icenhour, Toth, and Luo 2000). Therefore,
alpha radiolysis experiments will be needed to help c;)mplete the uﬁderstanding of the
radiolysis of UO,F, and associated fluoride impurities in U,O,. Such experiments could
be conducted by doping UO,F, samples with high specific activity alpha emitters, such as
28py or 2Cm. Similar to the gamma radiolysis experiments, pressure could be |

monitored and gas samples periodically taken to understand the radiolytic yield.

6.2.2 Underlying O, Production Mechanism

The radiolysis experiments for UO,F,*xH,0 identified that O, was produced and
that some of the uraniﬁm was feduced from U(VD) to D"(IV). However, more detailed
solid-state radiolysis experi_ménts, usmg sophi&iq‘ated, surface-analysis techniques, are
required to increase our undefstanding of the underlying mechanism for o;(ygen
production and migration. Such a fundamental understanding could be used in the
development of a model for the irradiation of UO,F,sxH,0. Irradiation experiments,
coupled with techniques such as electron spin resonance, may help to identify the species

of oxygen produced by the interaction of the radiation with the UO,F,exH,0. Such
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understandrng may also he1p to understand' the fate of the oxygen that is not manifested as
: O. in the gas space Such oxygen may rémain trapp‘ed in the crystal matrix or'is |

_ oltherwrse consumed

e Ins1ght 1nto the fate of the O mlght also be gamed by correlatrng the O2 y1e1d -
’w1th powder size. Addltlonal ev1dence of trapped 0, mrght be provrded if it is found that

" the hlgher surface area powders have a 1arger 0, yreld than do the lower surface area

" powders.

6.2.3 Higher Resoma;,; iiress{rre D;,'ta In rrF'IR SNF Irradiations
o "The use of an analogue p_ressu:re gage (read only twice daily) limited the
resolution of the data available during the HFIR‘SI;IF. irradiation. However, it was the
simplicity of the design that allowed its,rnstallation »into_ HFIR SNF elements. | H-igher-l
. resolution data could be obtained hy the u‘se‘;of a pressure transducer, which would allow .

| continuous data logging.

. ‘I'6 24 Radnolysns of other Fluorldes and Oxyfluorldes

| To broaden the understandlng of the radiolysis of fluorides and oxyfluorides,

* studies could be performed on'other materlals (e:g.,rplutonlum oxyﬂuorldes, zrrconlum
oxyﬂuorides, and ,uraniumvytetra’ﬂuoride). These studies could proyide information on the

- influence of the bonding characteristics and other factors on radiolytic effects.



6.2.5 O, Depleﬁon in’Air-Loaded S:ilpples'

Gas samples from containers loaded with UOZFZQXH;O in air, both irradiéted and
unirradiated, showed that O, was deplcted. In the case of the unirradiated samples, O,

was likely depleted by"éorrosi‘o_h.' 'Howevér, 1n the case of the ifradiated sampléé; 02 mjay"

'have"l‘).eén depleted by an additional mechanism—namely, radiolysis of moist air .forming-

nitrogen oxides that sorb onto the surface ,Qf ‘the UO,;onxHZO. This mec:han.i‘sm‘ has been

used to explain pressure decreases that were observed in radiolysis experiments for other

types of materials (Mason et al. 1999,' T;i"vingst"ojn, 19_99). Further experimentatidﬂ would

be reqﬁired to corifirm -this‘ mechanisrh_ in th;a case of the. U‘OZFZ'-}CHZO,. Analysis-of

sample surfaces for nitrogen oxides might reveal their presence.

6.2.6 Effect of Radiation on H, Prodiiction

‘ it was fouﬁd that H, was ﬁfoduceci by lchli;ed corrosion of the stainl_eés steel . -
~contai‘ner by th’é UOZFZ.-xHZO.) What is n(;t clear, Ahybwéver, is what role that radiation
may play ig rétarding the H, prodqctioh. It is poss'ible"that radi_élyjt_j{qall? produced
species may reagt With the cdfrosion—prbduc,gd,‘H; and limit the total aﬁibunt (;f H,
produceq.- It is not cleé.r from the ‘experimer{t)s pérforme'd on the UOIZI':Z_-.xHZO whether
radiation rqsult‘edvinr‘r'lovre 6r léss H, broducétipn. Exi)eriménts _c’oﬁ}dA be perfo’rrned that

cxblore th’eﬂ relationship of the H, production and ;édiation.*‘ ~
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Appendix A: DESCRIPTION OF THE MSRE PROJECT

The MSRE was operated at ORNL from 1965 to 1969 to test the concept ofa

, high- temperature homogeneous flu1d—fueled reactor. An overview of the MSRE system '

is shown in F1g A. l “The reactor was fueled with a molten salt m1xture of

LiF-BeF, ZrF -UF (w1th a composrt1on of 64.5- 30 4-4.9-0.14 mol % for a 23U-fueled

reactor and 64.1 30 0 5.0- 0 81 mol % for a 235U fueled reactor) which melts at about |

450°C and wh1ch served as both the fuel and the primary coolant (Compere et al. 1975).

* This fluid was crrculated by a large 1mpeller pump between the reactor core and the

primary heat exchanger A. secondary coolant of L1F BeF, (66—34 mol %), c1rculated by

. a s1m1lar 1mpeller pump, transferred heat from the primary heat, exchanger to an air- -
cooled radiator. About 4, 350 kg (’~2 m’) of fuel salt constituted the fuel charge

' circulating in the fuel salt, c1rcu1t Or1g1nally, the MSRE was fueled with 235UF4,
however, after successful operat1on w1th this isotope, the 235U was removed by
fluorination of 'the tetr{aﬂuoridelto;the volatile,hexaﬂuoride, UF6. Afterward, the fuel' was
reconstituted with»23éIIJF ‘ (containing 226 ppm #*?U, an impurity isotope) to demoristrate 1
that the system could functron equally well on the product of a ®*Th thermal breedmg

» cycle Aﬂer the successful complet1on of th1s campa1gn, reactor operation was

terrnlnated December 12, 1969, when the fuel salt was dramed from the reactor circuit

~and sol1d1ﬁed in two dram tanks at a lower level of the fac1l1ty The fuel salt has

remamed in these tanks for the past 30 years. - R
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During the MSRE operation, no radiolysis of the fuel salt was ever observed.

However, radiolysis g;f tﬁe fuel éalt was recognized as a problem if the salt were solidified
and ‘held below 1 OO°C, with the net effect that Fz would be liberated from the frozen salt
mixture and cause corrosion or dyeréressufization of thq drain-tank containment system.
The relevant radiolysis reactions are (Williams, Del Cul, and Toth 1996; Toth and Felker

| - 1990): - |
- LifF +hv—Li+F B o (A
and

BeF, +hv—>Be+2F. (A2) |

To prevent the accumulation of F,, the frozen salt (Which was normally at about
40°C because of the self-heating by ﬁssioﬁ product decay) was heated to 200°C annually.
This frequency was selected because ot; the éxperimentally observed induction period
before release of F, from the‘éalt matfix (Savage, Compere, and Baker 1964). Hence, it
was believed that any generated F, would be trapped in the matlrix and that heating would |
lead to the recombination of the F, with the reduced metal sites left in the salt. The
fluorine pressure in the drain tanks before and after annealing was not monitored;
therefore, the effectiveness of this annual procedure was never established.

In the late 1980s, an increase in radioactivity‘,in one of the gas-line protrusions
into the North Electrical Services Area, a room adjacent to the drain-tank cell, was
suspected as coming from UF,. Because the annual annealing operation would drive this
condensable gas from the drain tanks to cooler surfaces, such as the gas-line protrusion

into the North Electrical Services Area, the annual annealing operation was postponed
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until a better understanding of the fuel-salt under long-term storage conditions was
obtained.

In early 1994, two 1,000-mL gas sampies were withdrawn (from a gas line in the
Vent House connected to the drain tanks) 'a_nd analyzed,. S.1im£isingly, 350 Torr of F 2
70 Torr of UF,, and smaller amounts of b;cher gases Were found in both of the samples,
confirming that the annual anneah:pg operations had not been successful in recombiﬁing
the fluorine with the fﬁel \salt and, fnore importantly, that the teml;erature éadient created
| during the annealing operation had definitely (as was later showﬁ — Williams, Del Cul,
and Toth 1996) contributed to the formation and displacement of UF from the fuel salt. -

The UF, was formed by the following reaction (Williams 1999):

UF, +F, > UF, (A.3)

Upon further investigation, it was fou’nd that the gas line from the drain tank also
ran to large charcoal beds (U-tubes of _6-in. diam and 24-ft length), which could not be
isolated because a shutoff valve had failed in fhe open position‘. Gamma scans and
thermal analyses indicated that about 2.6 kg of the uranium from the drain tanks had been
deposited-at the charcoal-bed inlet. Because F, was also-present with the UF ¢ it wWas
believed that the charcoal bed con’géining both carbon-fluorine reaction products (C F)
and uranium presented both chemical and radiological hazards. The C.F was an
explosive compound that could resuit in major dispersion of the ?*U contained in the
charcoal bed. On November 20, 1995; the shutoff vvalve was closed to prevent the further

movement of uranium and fluorine onto the charcoal bed. Steps were taken to minimize
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(and ultimately eliminate) the possibility o_f 'exploslve decomposltion of the fo in the
charcoal beds. |

The ongolng'remediation activ‘i’ties at thel-l\'/‘lSRE includevthe removal of'the UF,
from the off-gas system, the ’removal of the uran1um—laden charcoal from the charcoal
bed, and the removal of the 2°U rema1n1ng in the fuel and ﬂush salts The UF from the
off-gas system has been chemisorbedbonto sodium fluoride (N aF) traps, forming a
complex (2NaF+UF,), which can’ be_revolatill_zed at hlgher temperatures. The uranium-
'laden charcoal has be'en pretreated with ammonia to preventdeﬂagration’of CF
. ’cornpounds, which could occur if-ther_‘e:vvere localized heat1ng :dur‘ing the charcoal i |
removal process. ’lfhe 'uranium—laden port10n of;thecha:r.coal bed will beuremov:ed into . |
storage contalners that can be used for further process1ng The fuel salt in the dram tanks
W1ll be melted and the. 233U will be removed by ﬂuorlnatlon to UF,. Slmllar to the |
approach taken for the off-gas system the UF ult1mately w1ll be trapped on NaF pellets
Because the products of these remed1at1on act1ons (1 €. 2NaF-UF and a uranium fluoride
or oxvﬂuonde on charcoal) are: not sultable for long term storage these matenals must be
‘converted toa more stable form (1 e U3 ) Re51dual ﬂuorlde compounds (e.g., UO 5F,)
may bve present (at some small concentrat1on) 1n the converted uran1um ox1de Based on
l' the ¢ expenence w1th rad1olysrs 1n'the MSRE 1t‘ 18 then 1mportant ‘to understand the ‘
‘radrolytlc behav1or of these resrdual compounds for: the purposes of long-term storage of

the uramum ox1des.j_.~ A
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Appendix B: DESCRIPTION OF THE CONVERSION PROCESS

A process, which is being deVeloped at ORNL will he used to remove the
uranium from either the NaF traps or the cha.rcoal as UF The UF is then converted to
U, O (Del Cul, Icenhour and Toth 1997) Because there is a large rad1atlon field caused
by the *?U (an impurity 1sotope in the,'zfp); the materral must be remotely processed ina
hot cell. The maj or desrén corrstjdefrati>o‘nfsr for thls ,process were:

+ minimization of uranium 'lossles::,' ‘

. mtnimizatvion of secohdarp ;:ya's‘lt‘es‘and coh'tamination

* simplicity and adaptab'ilitj-/‘ to smail-scale hot—celll operation .

rio‘{mov‘ing parts for st'i'rrin‘g»,' m‘:i){‘ing,uor‘trarr‘sfers between“'ves’sellls

«ability to meet mlmmal product purity redulrements

. adaptablhty to'a var1ety of feed materlals (e. g 2NaF-UF‘ complex uranium-

jéden charcoal, and m1sce11aneous materlals such; as uramum deposits in metal* )

pipes) T i

’ ‘Laboratory tests of th‘e'process at\?‘one,-:ﬁfth scale we're"succes"sfully completed.,
Follow-on testlng at full scale was completed usmg a prototype system Wthh was also -
" used to develop operatlonal procedures and to train personnel A br1ef descrlptlon of the

,.&

corlversmn process is presentéd'- m the followmg paragraphs.
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’To remove the uranium from a NaF trap, the trap is heated to- about 400°C and theli
- UFyis desorbed from the NaF pellets ina subatmospher1c closed—loop system (Flg B. l)

‘ and condensed in'a lquIld n1trogen cooled vessel (1 e. the conversion vessel) A small E

_volume of ﬂuorlne gas is continuously reelrculated to act as (l) a carrier' gas and (2) a

ﬂu_orination ’ag'e_nt to react wlth any oxyﬂuorldes or lou}er tluorides that could be present

in the NaF trap. Fourier Transform lnfra‘red :,(.FTIR) spectrometers that have in-line gas:

cells, located before a'n\d ‘a'fte”r‘_the 'UF6_‘ convers1on yessel, are used to mofitor the uranium

- reeoye'ry. The recoyery is complete whenUF6 is no'longer detected by the FTIR.

The uranium-laden charcoal process is-still being developed, but a conceptual

| ﬂowsheet 18 ‘s:hown in Fig. B.2. To rer‘nove‘ the uranium from the vchareoal, the charcoal

container is ﬁrst helium purged and ‘heated to remove the N H‘ F produced‘by the .

treatment of the C F with ammonia. Once the eharcoal reaches approx1mately 600°C, the

| helium purge 1sjreplaced w1th F to produce volat1le C-F products Above 500°C

charcoal completely bums w1th the. Fz, producmg UF6, CF4, and a small fract1on of C, F

kl and h1gher ﬂuorocarbons All the carbon is totally oxidized at th1s temperature - thus no

ﬂuorlnated charcoal (1 e., C F) is formed The UF that is produced by the burmng will

be trapped on NaF pellets The progress of the reaction can be mon1tored by FTIR gas.

analys1s As an alternatlve the charcoal can be m1t1ally burned in oxygen, producmg COZ.

and nonvolatlle uraniumi oxide res1due | The resldue would then be ﬂuormated to remove _

the **U as UF, onto NaF pellets. E1ther process (i.e., F,or O burmng of the charcoal)

results in the trapplng of UF, on'a NaF trap. The UF can then be removed
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from the trap and condensed as a frozen solid in a conversion vessel, as previously

described.

The conversion of the frozen Ull:6 into U;O4 (Fig. B.3) is conducted in the same
vessel as that used to condense the UF,, which is removed from the NaF trap (i.e., the
conversion vessel). Initially, a slight excess of water vapor is condensed as ice on the
top of the frozen UF,. The vessel is" allowed to warm, resulting in the formation of
UO,F,*xH,0 and HF. The resulting solid cake of material is then heated in 50°C steps
and sequentially contacted with pressurized steam. The pressurized steam gradually
reacts with the oxyfluoride-oxide mixture and forms HF and some U,O,. The HF and
steam then are transported to and absorbed by a solid HF-trapping material (neutralizing
the HF) at the completion of each step. When the temperature reaches 800°C, air is\,
introduced, and the vessel is heatedvto about 950°C to complete the reaction to prodﬁce
U,04. At the end of the proce;ss, the convefsion vessel is cooled to ambient temperature,
lines are evacuated and filled with an inert gas, and the vc;ssel is then disconnected,

capped, overpacked, and removed from the hot cell and placed in storage.
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Appendix C: ESTIMATION OF ABSORBED DOSE FROM EXPOSURE

The exposure rate is reported for both the ®°Co source and the HFIR SNF elerhents‘
that were used in the irradiétion éxpéfiments. Exposure is a measure ;)f the amount of
charge prodﬁced in air per unit mass of air. However, in the case of radiolytic
‘experiments, the quantity of interest is the absorbed dose, whicﬁ is the enérgy absorbed
by a material per unit n;ass. To compute the absorbed dose, the method presented‘in
ASTM E66-91 is used (ASTM E666-91 1991). Tﬁe follov?irig formula is used to convert

exposure rate to dose rate:

e 4 . p ) .‘ ‘Lt . . . . (C.l)
D, =8.69 X107~ —=—Xexp| | —=-1| x|, ‘ g ,
(#_) p) |
- p alr ' l B
where
D, = doserate in material y at depth x (Gy/h),
:Lten _ : : 2
~p = massenergy absorption coefficient (m/kg), and
X = exposure rate (R/h).

The value 8.69 x 10~ converts roentgens to Gy in air.
For small samples, the sample thickness is neglected, and the equation reduces to
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:Llell

(C.2)

©

D, =869 ><1o_-3,—)’—)5 :
P J

ir

For samples that consist of mixtures-of elements, It‘he mass energy absorption coefficient

is calculated by (Hubbell 1982) .

B _ 5 [ B -
where
W, =" the proQog;ion' by weight of the ith element (dimensionless), and
[’l%) = mass eneréy absorption coefficient for the ith element (m%/kg).

Selected values of —‘uﬂ for several elerents and energies are pr'esénté& in Table C.1.

These values were taken ﬁom Hubbell (1982). e -
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Table C.1 Selected mass energy absorption coefficients’

Energy "Hen / p (10° m'/kg)

(MeV) U 0 F " H,0 air
0.93 4.978 2824 . 2675 3.137 2.820
1 4.473 2.791 2643 . 3.100 2.787
1.25 3748 2.669 2.528 2.966 2.666
2 2.612 2.346 2223 2.604 2342

“ Hubbell, J. H., 1982. “Photon Mass Attenuation and Energy-absorption Coefficients
from 1 keV to 20 MeV,” Int. J. Appl. Radiat. Isot. 33, 1269-90.

To account for the slight attenuation of the photon flux by the irradiation containers, the
computed dose rate was multiplied by the attenuation factor'e'p",‘where 4 1s the
attenuation coefﬁcier.it (cm™) and x:i:s:the Wally thickness of the container. For the ©°Co
irradiations, the attenuation facto‘rs‘wére calculéted based on the avefage energy of the
two err'litted gammaé (i.e., 1".2‘5 Mer, lWhile for the HFIR SNF irradiations, the
attenuation factor was based on fhe average energy of 0.93 MeV. Selected attenuation
coefficients are présented in Table C.2. For the %Co source, the dose rate, as a function
of time after insertion of the sample into the source, is.

(C4)
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l.)(t) = dose rate at time ¢ (Gy/h),

l.)o = initial dose rate (Gy/h),
A = decay constant = In2/half-life (yeaf ", and
t = time since insertion (year).

Table C.2 Selected attenuation coefficients for
materials used in irradiation containers

Energy

(MeV) Ni® Fe?
0.93 0.241 0.5004
1 0.238 0.4807
1.25 0.234 0.4362
2 | 0.220 0.3421

* Storm, E., and H. L. Israel, 1970. Nuclear Data Tables, A7,

565.
Hubbell, J. H., 1982. “Photon Mass

Attenuation and Energy-

absorption Coefficients from 1 keV to 20 MeV,” Int. J. Appl.

Radiat. Isot., 33, 1269-1290.

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

Dy =Leq—etny,
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where

) D(y) = integrated dos/e;a:t time ¢ (Gy).

For the HFIR SNF elefnent',.lrradiations, 'ertposure_ rate data, as a function of time,

" -were provided. These datd were ﬁt to curves (e.g., Fig.-C.1), which v'vere'integrated to

C determme the total exposure dur1ng an 1rradlat1on Th1s exposure was then converted to

>

| .dose by us1ng Eqs (C 2) and (C 3) The attenuat1on of the gamma ﬁeld by the walls of
- the sample contamer was accounted for- by rnult1ply1ng the cornputed dose by the - |
* 'Aatte'nuatron factor e p‘: N 4 ‘ |
“The HFIR éNF element ern1ts a spectrurn of garnma—ray energres Based on'
W1111arns Del Cul and Toth (1996) the average gamma energy (one day after, SNF
‘d1scharge from the reactor) is 0.93 MeV (see Table 3. 2) and attenuatron factors (and |
hence dose) are calculated based on thlstenerg.y: ‘Add1t1onal calCulatrons-were pert‘ormed |
‘using dlfferent energres for the gamma ‘ray‘s:”l’ and- 2 MeV. In each case the cornputed
| G-value for the gas y1eld was the’ sarne hence the. G-value ’combutatmn w‘asrelatrvely

insénsitive Ato the gamma energy for the HFIR SNF irradiations.
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~ Appendix D: INFRARED ANALYSES

| Two types of infrared analyses \yere:performed on samples for the radiolysis ‘
- experiments. After irradiation experiments' gas samples were analyzed by FTIR
spectroscopy Solrd samples of UO F,exH,0O were analyzed both before and aﬁer
:1rrad1at1ons by ATR The pr1nc1ples of these techmques FTIR spectroscopy and ATR are
described in Sects 3 3. 2 2 and 3. 3 3. 4 respect1vely An analys1s performed by e1ther of
these techmques results in an infrared absorptron spectrum of the material, wh1ch can be -
used to identify the chemical compounds in the material and to proyide information on -
their structure: EO

In th1s appendix, the‘ results of selected FTIR and ATR analyses are descr1bed
Results of FTIR analyses are g1ven, in Sect D.1, whileresults of ATR analyses are g1ven »

in Sect. D.2.

D 1 FTIR ANALYSES

FTIR spectra for gas samples taken from S-3 (UO Fpel. 7H O loaded in a1r) and
'V-S 4 (UO F -0.4H,0 loaded in helrum) are shown in Flgs D l and D. 2 respectlvely
' .These spectra demonstrate the features that were typ1cal of those seen in the FTIR

analyses.
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The spectrum‘for,-sample S-3 (Fig. D.1) reveals the presence of H,0, CO,, and a

| trace of HF.. The pfeserice of the ﬁzO is not surprising because the sample was loaded in
air. The CO, peaks‘iridicéte that a lkargye amount of CO, was present, as was confirmed by
MS anélysisl. Finally, regarding the trace HF, it was discovered that exposure of the
FTIR gas cell to m6iét air after paésivﬁtion with F, resulted in the production of HF. No
HF was seen in the MS analysis for this sample; hence, the trace HF seen in Fig D.1 was
not fror;l the UO,F,1 .’}HZO.

The spectrum for sample S-4 (Fig. D.2) shows the presence of CO,, CO, and a
trace of CH,. (Note that in Fig. D.1, the CO, peaks at 3598, 3626, 3703, and 3730 ¢m™
were obscured by the water peaks.) The small amount of CO was likely the result of
reactions between carbon and oxygen radicals produced from radiolysis of the UO,F,.
The trace CH, may have been an impurity in the sampling system.

Selected infrared frequency assignments for CO, and H,0 are shown in Table D.1

(Shimanouchi, 1972).

D.2 ATR ANALYSES

The fundamental infrared frequencies of the UO,*" group of UO,F,exH,0 are
given in Table D.2 (Nyquist and Kagel 1997, Barr and Horton 1952, Armstrong et al.,
1991). The asymmetric stretching frequency, Vs, varies from about 925-1020 cm™,
depending on the amount of hydration of the‘ UO,F,. Nyquist and Kagel (1997) reported

v, bands at 925, 960, and 1010 cm™* for “UQ,F,exH,0.” However, they did not feport the

value of x, so the amount of hydration is not known. Armstrong et al. (1991) state that v,
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p Table D.1. Assrgnment of selected mfrared frequencles for CO, and H; 0

B A551gnment Descrlptlon BT Wave number (cm P

€, .

v ‘ Symmetrlc stretchmg ’ * " inactive - R
vy -Bendmg o T 66T
A .<--Asymmetr1c stretchmg

mo S

v, . Symmetrlc tretchlng '

o V2 ~i'Bendlng

vy o ‘Asym; etr1c stretchlng

: "Shlmanouchl T 1972 T ables of Molecular Vzbratzonal Frequenczes, ,
_Consolzdated Volume I NSRDS-NBS 39, U S. Department of Commerce

Table D 2, Assrgnment of mfrared frequencres for the uranyl (UO 2*’) 1on e

: Ass1gnment A Descrlptlon R ,-:.‘, Wave number
: | . : . N (cm'l)

L v, K Symmetrlc stretchmg R 860 .
V2 | Bendmg ST 210

v3 r Asymmetrrc stretchmg | s 925 1020

Sources Nyquist, R. A andR O Kagel 1997, The Handbookof Infrared
and Raman Spectra of Inorganzc Compounds ‘and Organic Salts, Volume 4;
- Infrared Spectra of Inorganzc Compounds -Academic Press, Inc New York
_ Barm; J. T., and Horton,’ C. A., 1952.. “Some New, Uranium Complexes "J.
" Amer. Chem. Soc. 74, 44304435 (1952) ArrnstrongD P, etal, 1991.- “An - ‘
FT-IR Study of the Atmospherlc Hydroly51s of Uramum Hexaﬂuonde ” Applzed .
Spectroscopy 45(6) 1008 1016 (1991) ' . Ll

oo

2(52, B


https://Assignirient.of

occurs at 1020 cm™' for anhydrous UO,F, . Barr and Horton (1952) analyzed

“anhydrous” UO,F,, and their spectrum shows v, peaks at about 925, 962, and 1010 cm’ll.

This spectrum indicates that the sample was actually a mixture of anhydrous and hydrated
material. A weak combination band at v, + v, ranémg from 1785-1880 cm™, is
sometimes seen in the UO,F, spectrum.

Armstrong et al. (1991) also described a band at 1620 cm™', which they attributed
tc; a UO,F,exH,O+yHF compllex‘,. This peak is also seen at 1620 cm™" in the spectrum by
Nyquist and Kagel (1997). The spectrum fo? “anhydrous” UO,F, by Barr and Horton
(1958) shows the “complex” peak at about 1613 cm™' —again indicating that this
material may have been slightly hydrated. |

A typical ATR spectrum for UOZF2-0.4H20, which was one of the materials used
in the radiolysis experiments, is shown in Eig, D.3. A‘Similar spectra were obtained for the
other materials used. ' This spéct@ demonstrates the features typicgl of the hydrated
UO,F,. Peaks for the ésymmetric'vibrétion, v3; a;é evident ét both 1004 anci 960 cm™',
indicating thét this niaterial ﬁas a mixture of both ‘anhycirpﬁs and hydrated components.
The peak at 870 cm™ is visibig: as a shoulder. At 1617 cm™, the band associated with the
UO,F,+xH,0+yHF complex i‘s‘ seen. The v, + v, peak'is found at 1872 cm”'. In the range
. 26003700 cm', there is a broéd band associated with OH stretching vibration. Finally, .
jche two small peaks at 2333 and 2360 cm™' are CO,, indicating a smaﬂl amount of COZ
. contamination in the ;cmalysis chamber.

Material from the séme stock as that used in Fig. D.3 was burned in O, at

500-550°C to remove carbon impurities. The results of an ATR analysis of the
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O,-burned UO,F, are e shown in F1g D 4 Interestmgly, in comparlson ‘with Fig.. D 3 the

2 peak has shifted toward the anhydrous peak at 1000 cm’! A peak at 862 cm™' has

become more promment Addltlonally, the peak at 1617 cm™ and the OH stretchmg
‘reglon have dlsappeared,_jlndlcatmg a removal of water from the sample. 'The vV, TV,

band is still seen at.1872 cm™'.
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