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ABSTRACT 

The safe handling and storage ofradioactive materials require an understanding of 

the effects ofradiolysis on those materials. Radiolysis may result in the production'of 

gases(e.g., corrosives)or pressures that are deleterious to storage containers. A study 

has been performed to address these concerns as they relate to the radiolysis ofresidual 

fluoride compounds in uranium oxides. The interactions ofradiation with crystalline 

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

UOjFj'xHjO and UjOg (with ~1.4 wt%fluorine content)were irradiated,in a^°Co source 

and in spent nuclear fuel(SNF)elements from the High Flux Isotope Reactor(HFIR)at 

Oak Ridge National Laboratory. Container pressures were monitored throughout the 

irradiations,and gas and solid sampleswere analyzed after the irradiations. The 

irradiation ofU02F2*xH20 produced O2—with G(02)-values ranging from 0.007 to 

0.03 molecules O2produced per,100 eV. Neither F'2 nor HF was produced,by the 

irradiations. Chemical analysis ofsolid samples showed that some ofthe uranium was 

reduced from y(VI)to U(IV). A saturation damage-limit for the U02F2*xH20 was 

demonstrated by using the.HFIR SNF elements,and the limit wasfound to be7-9% 

(at-10® rad/h). It is shown that the covalently bonded oxygen is more'susceptible to 

radiation damage than is the ionically bonded fluorine. Irradiation ofUjOg(with -1.4 wt 

%fluorine content)resulted in neither gas production nor a pressure increase. These 

experiments led to the conclusion that UjOg is safe during long-term storage from 

overpressurization and the production ofcorrosives caused by gammaradiolysis of 

residual fluorides. 
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1. INTRODUCTION 

The radiolysis ofvarious materials by different radiation sources(e.g., alpha,beta, 

gamma,and neutron)has been the subject ofextensive investigations. Often,the purpose 

ofthese investigations is to provide an understanding ofthe radiolytic products and 

concomitant effects ofradiolysis in a specific system. The source ofthe radiative energy 

can be either internal(e.g., self-irradiation) or external(e.g., material exposed to a source 

or surrounded by radioactive materials). Examples ofsystems that have been studied 

include: radioactive wastes[e.g.,low-level waste(LEW)and high-level waste(HLW)], 

spent nuclear fuel(SNF),mixed wastes(e.g., mixed LEW),and stored radioactive 

materials [e.g.,uranium oxides,plutonium oxides,and uranium hexafluoride(ETFg)]. 

Examples ofpossible effects include(a)swelling ofoxide samples resulting from 

radiation-induced defects in the crystalline lattice;(b)radiolytic degradation ofwater, 

organics,or inorganics;(c)production ofgases—resulting in pressure increases with 

subsequent container failure;(d)production offlammable or explosive concentrations of 

gases(e.g., Hj);and(e)production ofcorrosive products[e.g.,fluorine(F2)and hydrogen 

fluoride(HP)]. The specific effect in a given system is dependentupon many factors 

including: the type ofradioactive decay and associated decay energy,the composition of 

the systems(i.e., the composition ofthe material undergoing radiolysis and the 

container),competing'reactions for radiolytic products(e.g.,recombination ofproducts), 

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

1 



The February 1993 U.S.Department ofEnergy(DOE)Office ofNuclear Safety 

"Safety Notice"provides asummary ofaccidents associated with waste drums and 

containers. This notice reports that"eight incidents offire, explosion,and drum 

overpressurization occurred atDOE facilities from 1970 through 1985." In addition, 

eight incidents ofthis type occurred atDOEfacilities from January 1991 to September 

1992. Hydrogen and other gases were identified as major contributors to these accidents 

(DOE 1993). Gas generation in the infamous,burping HEW tank(101-SY)at Hanford is 

attributed to chemical reactions(~60 vol%ofgas)and radiolysis(~40 vol%gas). The 

radiolytic production ofFjin cylinders containing highly-enriched UFg has resulted in 

overpressurization ofthese"cylinders(Saraceno 1988). 

Because ofthese and other observed effects,much research has been dedicated to 

understanding and predicting the results ofradiolytic damage occurring in stored 

materials. Recently,work has focused on radioactive wastes,mixed wastes,and SNF 

because ofboth the large volume ofthese wastes and the need to dispose ofthem safely. 

Radiolysis is a concern also with respect to the remediation project for the Molten 

Salt Reactor Experiment(MSRE)at the Oak Ridge National Laboratory(ORNL). 

Radiolytically produced Fjfrom the fluoride salt(LiF-BeF2-ZrF4-UF4)resulted in the 

production ofUFf,, which migrated throughout reactor piping systems(National Research 

Council 1997). The discovery ofthis situation led to an extensive effort to remove the 

frorri the reactor. The removed will be converted toU30g and will be placed in 

long-term storage. The isotope which usually occurs in 50-300ppm concentrations 

in causes a large radiation field(Fig. 1.1)which,in turn,can cause radiolysis ofthe 
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uranium-oxide matrix and other impurity components—e.g.,fluoride as UO2F2and 

water—that may be present.* 

Specific concerns regarding the radiolysis ofresidual fluorides(or oxyfluorides), 

in UjOg are (a)formation ofFj,resulting in overpressurization ofcontainers; 

(b)formation ofHF(in the presence ofwater),resulting in chemical attack ofthe 

container materials;(c)fluorination ofthe uranium oxide,producing mobile UF^ inside 

the container(similar to the phenomenon which occurred at the MSRE);and 

(d)formation ofother gaseous compounds,such as O2.. 

Clearly,-the effects that occur in a specific system are dependentupon many 

factors. In addition,depending on the types and amounts ofother impurities present(e.g., 

water),other radiolytic reactions could occur(e.g., production ofHj). Consequently,it is 

necessary to establish a limit for residual fluoride impurities in the ^"1)308(Del Cul, , 

icenhour,and Toth 1997). Furthermore,depleted uranium(DU)from the nation's 

stockpile may be converted to U3O8 and used as a backfill ifor SNF packages(Forsberg 

1996). Hence,because this material would be placed in the radiation field of the SNF, 

* Uranium-233 is more difficult to handle than because an inherent characteristic of 
is that it also contains some Uranium-233 containing tens to hundreds ofppm of 

requires heavy radiation shielding and remote-handling operations to protect workersfrom 
gamma radiation(Forsberg et al. 1997). Uranium-232 has a daughter, which emits a 
2.6-MeV gamma-ray. The current concentration in the MSRE is about 160 ppm;hence, 
conversion and handling ofthe MSRE materials will necessarily be performed in a hot cell. 

The hazards associated with are illustrated in Fig. 1.1, which gives the alpha 
activity and gamma exposure rate for 1 kg (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 ofpeaks are associated with the buildup and decrease of 
decay products. The second set ofpeaks results from the buildup and decrease of decay 
products(Forsberg et al. 1997). From the figure,it is evident that this materialhas a significant 
gamma radiation field and alpha activity. These characteristics can result in radiolytic effects on 
either the material itselfor on surrounding materials. 



the radiolytic effects on fluoride irripurities in theDU oxide must also be understood . 

(Forsberg 1997). . " -

Specifications exist for the fluoride content in uranium oxides,enriched in 

that are to be used in light water reactors. However,there are no similar specifications 

for^^^U-oxides or DU-oxides. For example,for reactor-grade,sinterable UO2powder,the 

specification for fluorine impurities is 100 ppm ofthe total uranium[American Society 

for Testing and Materials(ASTM)G753-94 1994]. For sintered UO2pellets,the 

specification for residual fluorine is 15 ppm ofthe total uranium(ASTM C776-94 1994). 

These specifications are for nuclear fuel and are,not,therefore; directly applicable to the 

converted UjOg(containing either orDU)that is intended only for storage. 

Furthermore,these specifications are driven by neutronics considerations for in-core 

irradiation offiiels(Cagle 1997). No plans exist to use the UjOg resulting from the 

MSREremediation as reactor fuel; as a result, this material may not need these high 

levels ofpurity. Consequently,the residual fluoride content mustbe established only on 

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

standard for residual fluoride levels in uranium oxides under these storage conditions. 

Recent efforts at ORNL and at other national laboratories have been directed 

toward establishing safe storage standards for plutonium and Radiolysis studies are 

being conducted to provide a technical basis for the limits imposed on the.storage of 

plutonium oxides(Mason et al. 1999). The work presented herein provides a similar 

study for uranium oxides. 



The objective ofthis work was to evaluate radiolytic effects on uranium.oxides 

and,in particular,on the fluoride impurities in uranium oxides. Also ofinterest was the 

observation ofany deleterious effects ofradiolytic products on containers used in the 

experimenfal studies. The work was focused on two primary areas:(1)literature review 

and evaluation and(2)radiolysis experiments. A literature search was conducted to' 

provide a general understanding ofthe interaction ofradiation with crystalline solids and. 

oxides. Additionally,because uranium oxides are a major constituent ofthe 

•heterogeneous systems being studied,the literature on the effects ofradiation On uranium, 

oxides was evaluated as well. 

,To evaluate the radiolytic effects on fluoride impurities in uranium oxides, 

laboratory experiments were perfoifned. Uranyl fluoride(UOjFj'xHjO),an intermediate 

compound produced.during the conversion ofUF^ to UjOg and the likely form ofthe 

residual fluorides, was irradiated with gammasources. Furthermore,this compound 

represents the maximum fluoride content that could be present after the conversion 

process,and,consequently, it should give the maximum radiolytic yield. Also irradiated 

were samples ofUjOg that were prepared by the conversion process. These materials 

contained low fluoride concentrations like those expected as a result ofconverting UF^ 

from the MSREto UjPg. 

Uranyl fluoride can form hydrates,as indicated by the formula U02F2*xH20'. The 

value ofX varies from about0.4 to 2.3: Ofcourse,x=0for anhydrous UO2F2. 

Throughout this report, uranyl fluoride is referred to as U02F2«xH20,unless a specific 

hydrate is being addressed. It should also be pointed out that the converted U3Qg often 
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contains other uranium oxide phases,although it is predominately UjOg. Hence, 

throughout this report,this material will be described simply as UgOg., 

Two sources ofgamma radiation were used in the experiments:(a)the ORNL 

^"Co source,which has dose rates ofabout 10^ rad/h and(b)a High Flux Isotope Reactor 

(HFIR)SNF element,which has dose rates that range from 10^ to 10^ rad/h(depending on 

the time since element discharge from the reactor). Integrated doses using the ̂ °Co. 

source were about2x10® rad, while the integrated doses using HFIR SNF elements were 

up to 6 X 10'® rad. . - . 

During irradiations, pressures in sample containers were monitored and recorded. , 

After irradiation,gas samples were withdrawn from the containers and analyzed for 

composition. Additionally,solid samples ofthe irradiated material-were analyzed by , ■. 

several techniques to evaluate radiolytic effects on the solids. 

One of the most important outcomes from this work is hoped to be the 

establishment of a standard for residual fluoride content, in a UgOg matrix for long-term 

storage. Currently, the only fluoride-content standards are for nuclear-reactor-grade 

materials, and these concentrations are stringently low. However, because the materials 

from the MSRE will not need to meet reactor-grade specifications, the fluoride-content 

specification should only be set low enough such as to ensure safe, long-term storage,. 

It should be stressed that the establishment of a fluoride limit in UgOg is not a 

problem that is unique to the MSRE materials. It has been proposed to use DU oxide as a 

fill material for SNF canisters, which will be disposed of in a repository (Forsberg 1996). 



This oxide will be'exposed to high radiation fields from the SNF;consequently,our 

increased understanding ofthe radiolytic effects on residual fluorides will be important. 

The results from this work will lead to(a)identification ofradiolytic products, 

(b)identification ofdeleterious effects on both the UjOg matrix and container materials, 

and(c)establishment ofa fluoride concentration limit for long-term storage ofUjOg. 

These types ofinforrnation are not currently available in the literature and are needed to 

support a currentDOE program. 

A description ofthe content ofeach ofthe sections in this report is outlined in the 

following paragraphs. In Sect.2,background information on the effects ofradiation on 

crystalline solids is provided. First,the crystal structures ofuranium compounds that are 

either used in the irradiation experiments or.that.may be placed into long-term storage are 

described. Next,the'interaction ofdifferenttypes ofradiation with crystalline solids and 

the subsequent effects on the crystal lattice are described. Radiation effects on crystals 

with respect to bonding characteristic,(i:e!, covalent,ionic,or mixed ionic-covalent)are 

then discussed. This is followed by the description ofthe effects ofradiation on several 

-oxide compounds. Finally,the discussion focuses on the effect^ ofradiation.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. 

In Sect. 3,the irradiation experiments that were performed are described. 

Samples ofU02F2*xH20 and UjOg(with aknown residual fluoride conteiit).were 

inradiated using the ORNL ®°Co source and HFIR SNF elements. The iriadiation , . -; 

https://radiation.on


facilities,sample containers,data acquisition systems,preparation ofthe materials to be 

irradiated,and analyses performed for gas and solid samples are discussed. 

In Sect.4,the results ofthe gamma irradiation experiments are presented. The 

.pressures,as afunction oftirhe,for each sample are provided,and these data are used to 

derive G-values for each ofthe samples. The G(gas)-value is defined as the number of 

molecules ofgas produced(or destroyed)per 100eV ofenergy deposited. Gas analyses 

provide the composition ofthe gas-for each sample. Results from solids analyses provide 

information oh the effects ofgammaradiation on the samples. 

In Sect. 5,the results from the gamma irradiation experiments are discussed. 

First,results from each ofthe individual analyses are discussed(e.g., pressure 

monitoring,gas and solids analyses)to provide insight into specific mechanisms that may 

be occurring during irradiation. Then these discussions are summarized to provide a 

clearer overall picture regarding the radiolysis ofU02F2*xH20 and residual fluoride 

compounds in UjOg. 

In Sect.6,conclusions regarding this study and recommendations for further work 

are presented. 

Supplemental information is discussed in the appendixes. Because ofthe close 

relationship ofthis,work to the MSRE rerhediation project,further background 

information is provided in Appendixes A and B. Appendix A gives a briefhistory ofthe 

MSRE project, while Appendix B contains a description ofthe process that will be used 

to convert the uranium removed from the MSREto uranium.oxide. The information in 

Appendixes A and B is based primarily on descriptions presented in the National 



��

Research Council(1997)report,and in Del Cul,Icenhour,and Toth(1997).' Appendix C 

provides a description ofthe method used to estimate absorbed dose from exposure data. 

Finally,in Appendix D,results from infrared analyses ofboth gas and solid samples are 

•given. 
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2. BACKGROUND 

In this section,background information is provided on the materials to be 

irradiated and the effects ofradiation on crystalline solids,in particular, oxides. First,in 

Sect 2.1 the crystal structures ofUOjFjand various uranium oxides(i.e.,UOj,UjOg,and 

UO3)are described. The effects ofradiation often alter structure and are monitored 

through structural analysis. Uranyl fluoride.is an intermediate compound,which is 

formed during the conversion ofUF^to UjOg(Appendix B),and it is used in the majority 

ofthe irradiation experiments reported in this study. Uranium oxides placed in storage 

are likely to be in the form ofUOjor UjOg. However,some UO3is also in storage at' 

ORNL.In Sect.2.2 the interactions ofdifferenttypes ofradiation with solids are 

discussed,and an overview ofthe effects ofradiation on crystalline solids is presented. 

Then,in Sect. 2.3,a further division of,the effects ofradiation on crystals with respect to' 

bonding characteristics ofthe crystal(i.e.,covalent,ionic,and mixed ionic-covalent)is 

provided. Finally,the effects ofradiation on oxides and,in particular,uranium oxides are 

described in Sect. 2.4. 

2.1 CRYSTALSTRUCTURESOFSELECTED URANIUM COMPOUNDS 

In the following subsections,the crystal structures are presented for UO2F2,UO2, 

U30g,and UO3. These structures are provided to give insight into the types ofradiation 

11 
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effects that might be producedin these materials. Such effects are described in later 

subsections." 

2.1.1 UO2F2 ' ̂  

The structure ofanhydrous yOjFjwas first reported by Zachariasen(1948). . 

Measurements oflattice parameters were further refined by the neutron powder-

diffrabtion studies ofAtoji and McDenriott(1970). Taylor(1976)summarized the 

reported studies ofthe anhydrous UO2F2crystal structure,and he provided the structure 

shown in Fig.2.1. The UO2F2structure eohsists ofa stack ofidentical, hexagonal layers 

(Zachariaseri 1,948). The liranyl ions(U02^'")are normal to the layer with the double-

bonded oxygens above and below-each plane. Six fluorine atoms surround each uranyl 

ion in its,equatorial plane: The U-6 distances are 1.71 A,and the U-F distances are 

2.429 A(Taylor 1976). The equatorial fluorine hexagon is slightly puckered,with the 

fluorine,atoms,alternatively located 0.21 A above and below the plane,formed by the 

uranium.atoins(Taylor 1976,Atoji.and McDermott 1970). The next layer above the one 

displayed in Fig.2.1 is horizontally displaced by the vector A,which is indicated in the 

structure,because,ofthe.location ofthe.oxygens in.the uranyl groups(i.e., perpendicular 

to the layer). -The cohesive force between adjacent layers is the result ofO-O and O-F 

aftractiprik between the layers. The0-0and O-F bonds exist beeause oxygen and 

fluorine atoms are strongly polarized by one-sided binding to uranium atoms 

(Zachariasen 1948).' , 

12 
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Fig.2.1.Crystal structure ofanhydrous UO^F^[after Taylor 
(1976)]. , , . , 
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UOjFjcan be characterized as having mixed bonding,because it contains both 

covalent and ionic bonds. The oxygens are covalently bonded to the uranium,forming 

the ion. The and F"ions are ionically bonded. 

2.1.2 UOj 

The UO2unit cell is the face-centered cubic fluorite structure(Fig.2.2). The 

uranium atoms occupy the positions(000),('/2 V-i 0),(I/20 and(0 Vi Y2). The oxygen 

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

2.1.3 UjOg 

Katz(1986)reports two forms for U30g —a-UjOg and P-UjOg. Both forms are 

orthorhombic(Fig.2.3). The U(l)atoms[located at(000)and (1/2 '/214)]are surrounded 

by six oxygens,while the U(2)atoihs[located at±(0,0.315,0)and body centered]are 

surrounded by seven oxygens.(Wyckoff1964,Pearson 1958). 

2.1.4 UO3 

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

ofUO3,depending on the conditions ofpreparation. However,only one ofthe 

modifications,Y-UO3,is stable at atmospheric pressure. The structure ofY-UO3 is 

orthorhombic. All ofthe 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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Fig.2:2. Crystal structure ofUOj(Katz 1986). 
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Fig.2.3. Crystal structure ofUjOg(c-axis projection)(Pearson 1958). 
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Uranium trioxide also forms hydrates,that is,U03»xH20(with x=0.5, 0.8, 1,2). 

The molecular structure ofthe hydrate,as presented in Fig.2.4,consists ofuranyl ions 

that are connected in linear chains through hydroxyls. Water molecules are held in the 

voids ofthe solid phase.(Baran 1993). 

ORNL DWG 99C-489 

OH^ OH OH 

uo2C^ ^uo2 'UO2C ^U02 
OH OH OH 

Fig 2.4. Molecular structure of hydrated UO3(Baran 1993). 

2.2 INTERACTION OFRADIATION WITH CRYSTALLINESOLIDS 

, . Gittus(1978)provides an overview ofthe ways in which various types of, 

radiation (i.e., photons,electrons,heayy ions,and neutrons)interact with crystalline 

solids. The focus ofthe discussion is primarily on the displacement ofan atom from its 

lattice site by radiation. Such displacement requires a certain threshold energy,E^. The 

value ofthe is typically 20-60eV(Weber 1998). Depending(a)upon the radiation 

type and energy and(b)upon the characteristics ofthe solid target,the radiation may 

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

radiochemical reactions'or damage to the crystal matrix. 

17 
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The interaction ofradiation with solids can be grouped into two categories: 

(a)transfer ofenergy to electrons(through ionizatio.n and electronic excitation)and -' 

(b)transfer ofenergy to nuclei(by elastic collisions). For alpha,beta,and gamma 

in-adiation,the energy transfer is primarily by ionizati'on jprocesses. Alpha-fecbil nuclei,, 

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

In Sects. 2.2.1-2.'2.4,the ihteractions ofphotons,'electrons,heavy ions,and'. 

neutrons with matter are'described,-respectively.. The effects ofthese interactions oh , 

crystalline solids are then discussed in Sect. 2.'2.5. 

2.2 1 Photon Interactions 

Billington and Crawford(1961)list five ways by which photons may transfer 

energy to a lattice,thus resulting in displacement ofatoms:(1)direct displacement ofan 

atom by a Compton interaction with a nucleus,(2)a photonuclear reaction,(3)indirect 

displacement.caused by interaction with photoelectrons,(4)indirect displacement caused 

by.interaction with Compton electrons,and(5)indirect displacement caused by the 

interaction with components ofpair 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 ofthe indirect processes—^photoelectric effect,Compton scattering,,and 

pair production—result in the production ofelectrons(and positrons,in the case ofpair . 

production), which,in tum,may be energetic enoiigh to displace atoms. 

18 



For the photoelectric effect,an incident photon causes the ejection ofan electron 

(i.e.,the photoelectron)from the irradiated material. The energy ofthe photoelectron is . 

equal to the photon energy minus the energy expended in removing the electron from the 

material. For the Compton effect,an incident,photon transfers part ofits energy to an 

electron(the Compton electron),resulting in a scattered.Tower-energy photon. Finally, 

for pair production,a photon with energy ̂ 1.02 MeV (i.e., twice the electron rest mass 

energy)can be converted to an electron-positron pair in the field ofan atomic nucleus. 

Electrons and positrons will annihilate,producing two photons,each with energy equalto 

0.511 MeV plus the kinetic energy ofthe particles(Tumer 1986). 

2.2.2 Electron Interactions , 

Interactions ofelectrons with atoms are Coulombic in nature. Energy transfer 

occurs as a result ofthe electrostatic forces between the electron and either the electrons 

or the nuclei ofthe atom(Gittus 1978). Electrons.can be the primary source ofradiation 

(e.g.,from beta decay or electron bombardrrient)or a result ofinteractions ofphotons 

with materials(e.g.,from the photoelectric effect, Compton scattering,,or pair 

production). , 

2.2.3 Heavy-Ion Interactions 

A heavy ion(e.g:,alpha particle, proton,deuteron)can interact with solids by 

ionizing atoms in the solid,.by undergoing further ionization itself, or by particle-nuclei 

interactions(Gittus 1978). The latter effect,ofcourse,can result in atomic 

19 
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displacements. Similar to electrons,the interaction(and,hence,energy transfer)between 

the heavy ion and a nucleus is the result ofCoulombic repulsion(Billington and 

Crawford 1961). • , '/ - • , . . , , 

2.2.4 Neutron Interactions 

' Elastic collisions between neutrons and atoms result in energy transfer and may,, 

displace,the atom from its lattice site..The displaced atom is termed aprimary,knock-on 

arid, ifprovided enough energy,may cause additional displacements ofother atoms. This 

sequence ofdisplacements cancontinue until the energy ofthe displaced atoms no longer 

exceeds the threshold eriergy for displacement. The damagecaused by suchinteractions 

is called a displacement cascade(Gittus 1978). 

Gittus(1978)lists two other processes by which neutron,interactions may cause 

atom displacerrient: fission and neutron-gamma(n,y)reactions. Ofcourse,for the first -

.process to occur,nuclei capable ofundergoing fission(e.g.,^"U, and ^^^Pu)mustbe 

present in the solid. Upon fission,the nucleus splits into two energetic fragments which 

can eachcause a large number ofdisplacements. A nucleus that absorbs a neutron may 

subsequently release energy by emitting a gammaray [i.e., an(n,y)reaction]. The recoil 

ofthe atom upon ernission ofthe photon may,in turn,cause displacements. 

2.2.5 Radiation Effects on Crystalline Solids 

Weber et al.(1998)reviewed the literature on radiation effects on crystalline 

ceramics in the context ofimrnobilization and stabilization ofHLW and plutoriium for 
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disposal. The review provides a description oftypes ofinteractions that occur and the 

major effects on the crystals that are observed. Weber et al.(1998)describe four major 

effects ofradiation on crystalline materials: amorphization,enhanced diffusion,volume 

changes,and stored energy. 

2.2.5.1 Amorphization . 

Irradiation damage may result in a crystalline-to-amorphous transformation (i.e., 

the crystal structure is destroyed or becomes microcrystalline). Materials with the 

fluorite-related structure(e.g., U02'and PuOj)are not susceptible to radiation-induced 

amorphization(Weber et al. 1998,Belle 1961). Once formed,the amorphous state is 

stable under further irradiation. A good example ofthe crystalline-to-amorphous 

transformation phenomena is the amorphization ofuranium- or thorium-containing 

minerals by alpha decay. This transformation is referred to as metamictization ofthe 

minerals(see Sect. 2.4.2.2). Weber et al.(1998)point out that studies ofmetamictization 

can provide information on radiation effects on certain materials over geologic time 

periods. Such information is irriportant for studying the disposal ofHLW and plutonium, 

as well as for understanding effects ofradiation on other crystalline materials. 

2.2.5.2 Enhanced Diffusion 

Irradiation ofcrystals can result in increased ionic diffusion. Examples include 

cation diffusion, which is enhanced in UOjand mixed oxide fuels by reactor irradiation. 

Additionally,the activation energy for diffusion ofiron in crystalline AI2O3 is higher than 
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that in amorphous AljOj,indicating enhanced diffusion in the amorphous material. In 

general,ionization-induced diffusion improves radiation resistance by enhancing point-

defect recombination(Weber et al. 1998). Thus,this improved resistance ultimately 

results in a saturation damage to the crystal. 

2.2.5.3 Volume Changes 

Irradiation ofcrystalline materials can result in volume changes(usually an 

increase)caused by accumulation ofpoint defects,phase transformations,and the 

production ofmicrostructural defects such as gas bubbles,voids,and microcracks. The 

expansion ofthe crystalline unit cell,is a function ofthe dose and the amountof . 

recombination ofdefects. These factors determine the saturation defect concentration, 

and hence,the volume change that is reached. Weber et al;(1998)provide a 

mathematical expression that describes the volume change and the approach to saturation 

radiation damage in the,unit cell: ' , 

^Vuc -;= . • . (2.1) 
Vo 

where " 

AVyc. - change in volume ofunit cell, ,; -

Vq . = initial volume ofunit cell, : ' 

Aye = relative unit-cell expansion at saturation, 
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B(jc = rate constantfor simultaneous recombination ofdefects during 

irradiation,and 

D - dose. 

Macroscopic swelling occurs as a result ofunit cell volume changes, 

amorphization ofthe solid,and the formation ofmicrostructural defects(e.g.,gas bubbles 

and voids). This swelling is often measured by changes in density ofthe 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 atorhic disorder associated with amorphization, 

and(c)strains induced in the crystal. These defects and structural changes are 

metastable,and radiation-damaged materials will react(e.g.,upon heating)to release the 

stored energy as the materialrecrystallizes. 

2.3 EFFECT OFRADIATION ON CRYSTALSWITHRESPECTTOBONDING 

CHARACTERISTICS 

The effect ofradiation 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 ofbonding(e.g.,covalent,ionic,and 
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mixed ionic-covalent). In the context ofthe study undertaken for this work,it is 

expedient to focus on the bondingcharacteristics ofthe materials used in the irradiation 

experiments—namely UOjFjand-uranium oxides. The former consists ofuranyl ions 

(1102'*'^)and F" ions(see Sect. 2.1.1). Consequently,this crystalline compound has both 

covalent and ionic characteristics. In the following subsections,the effects ofradiation 

are broadly described for(a)covalent crystals,(b)ionic crystals,and(c)crystals 

containing both covalent and ionic bonds(i.e., crystals with mixed bonding). 

Covalent crystals consist ofa network ofcovalent bonds that extend throughout 

the solid. Ionic crystals consist ofions located at lattice sites, and the bonding between 

the ions is primarily electrostatic.(Brady 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 ofthese types ofsolids,and are based largely 

on the text by Billington and Crawford(1961). Irradiation ofcrystals with mixed 

bonding is discussed in Sect. 2.3.3. A summary ofthe effects ofradiation 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 network ofcovalent bonds,e.g.,diamond),many carbides, 

borides,nitrides, silicates, and oxides. Also included are organic molecular crystals and 

semicrystalline polymers. 
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For materials with this sort ofbonding,Billington and Crawford(1961)primarily 

discussed irradiation experiments that had been performed on diamond,quartz,and fused 

silica. Different sources ofradiation have been used in the istudy ofthese materials,and 

irradiation has been shown to result in changes in density,in the production ofmagnetic 

defects,and in changes in optical absorption spectra. In some cases,the damage to the 

crystalline structure is so extensive that the structure is destroyed or becomes 

microcrystalline. In either case,the material becomes glass-like because structure can not 

be detected. The description ofradiation effects provided by Billington and Crawford 

(1961)on covalent crystals is summarized in the.following paragraphs. 

Two basic types ofstructural defects are present in a crystal: point defects and 

dislocations. Point defects are vacancies,interstitial atoms,or impurity atoms that 

perturb the lattice for several lattice distances. ,A dislocation is a line irregularity that is 

able to move under stresses that are much less than the yield stress ofthe perfect crystal. 

The motion ofa dislocation leads to plastic deformation. As with point defects, 

dislocations cause perturbations in the crystalline matrix for several lattice distances. 

Dislocations in covalent solids are characterized by"dangling"covalent bonds that trap 

impurity atoms and lock dislocations in place(Billington and Crawford 1961). 

Covalent bonds are directional and rigid in nature. Covalent crystals depend on 

appropriate geometric arrangementfor stability. These characteristics result in more 

difficulty for an interstitial or vacancy to diffuse in.the lattice, as compared to its ability . 

to diffuse in an ionic crystal. Additionally,the rigid character ofthe.covalent crystal 

prevents(or limits)small-scale atomic rearrangement that can relieve localized stresses 



near point defects. Activation energies for the migration ofiriterstitials or vacancies are 

expected to be higher,in covalent crystals than in ionic crystals because,for covalent 

crystals,bond rupture and reformation must occur for,an atom to change places with a 

vacancy. 

Fast-neutron(n^)irradiation ofquartzfor doses up to about3 x 10'^ Uf/cm^ 

resulted in damage that was primarily attributed to point defects and small,disordered 

regions(1,000-10,000 atoms). The resultant lattice vacancies and interstitials are. 

assumed to be almost entirely oxygen vacancies and interstitials because(a)formation of 

Si vacancies requires more energy and(b)Si interstitials are much less chemically stable 

than are O interstitials. The formation ofthe vacancies and interstitials in the-quartz 

results in lattice expansion and,thus,in a decrease in density. At higher doses,the 

concentration ofdisordered regions increase, which results in increased stress. These 

effects ultimately cause the destruction ofthe crystalline order,leaving an amorphous 

solid. 

Neutron-irradiation studies have been conducted also on natural crystals, which 

are termed"metamict minerals"(Sect. 2.4.2.2). Crawford and Wittels(1956)define 

metamict minerals as those"whose structures have been disordered by bombardment 

over geologic periods with alpha particles,and natural radioactive elements." Irradiation 

ofmetamict minerals has resulted in lattice expansion and,in some cases,corhplete 

disordering ofthe lattice at high doses(Crawford and Wittels 1956). Based on the 

evidence found for metamict crystals, Billington and Crawford(1961)draw two general 

conclusions aboutinorganic compounds: (1)"Structural alterations are less pronounced 
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the greater the ionic character ofthe bonding,"and(2)"Radiation sensitivity is greater 

the lower the.symmetiy"(or,in other words,the higher the anisotrophy). 
1 . t' 

For studies with diamond,optical and magnetic changes have been shown to 

resultfrom the direct displacement ofcarbon atoms from their equilibrium positions. 

Neutron bombardmentofdiamond results in a much higher production ofdisordered 

regions than does electron or gamma irradiation. By contrast,both quartz and fused silica 

are colored(i.e., color centers are produced)by both ionization and radiation-induced 

displacement. Several types ofimperfections are possible in the qualrtz,including: a 

ruptured covalent Si-0 bond with sufficient separation between the Si and the O such that 

the bond is not easily reformed,,an oxygen vacancy,an oxygen interstitial,and ah 

internetwork O2 or 02"^. Billington and Crawford(1961)state that missing Si atoms are 

not likely because ofthe greater number ofbonds restraining them and the high chemical 

reactivity expected for such sites. 

Defects can have a magnetie moment,which can be measured to provide the 

defect concentration. Measurement ofthe concentration ofmagnetic defects (i.e., the 

magnetic center density)in quartzshows a linear increase in the magnetic center density 

with fast neutron dose(up to about3 x 10'^ Uf/cm^). A maximum center density is 

reached at a dose ofabout4 x 10,''Uf/cm^ and then decreases(Stevens,Sturm,and 

Silsbee 1958). This result suggests that a saturation value ofmagnetic defects is reached. 

The dose for maximum magnetic center density corresponds closely to the dose at which 

expansion(or distortion)ofthe crystal is observed to begin. The magnetic center density 

is a measure ofthe concentration ofruptured covalent bonds,which are caused by 
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displacement ofoxygen atoms,and which contribute to the instability ofthe lattice. 

Ultimately,the quartz lattice rearranges itselfto relieve stresses. The magnetic center 

density then deereases(as observed experimentally)as the crystalline lattice becomes 

amorphous(Billington and Crawford 1961). 

Optical absorption spectra for irradiated quartz and fused silica have been used to 

identify the nature ofthe irradiation-produced defects in these materials. Neutron 

irradiation ofboth quartz and silica showed that the intensity ofan optical absorption 

band reached saturation with increasing neutron dose(Billington and Crawford 1961). 

These defects were found to anneal upon heating ofthe 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 arrangementfor stability. When extensive 

disorder(caused by defects)is introduced,the covalent bonds are weakened,and the 

crystal then expands and loses its structure. By eontrast, within ionic crystals,the 

arrangement ofthe ions depends upon electrostatic forces and the size ofthe ions. Lattice 

defects in ionic crystals have a higher degree offreedom to migrate,as compared to those 

ofcovalent crystals,because 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 stmctural changes observed in covalent crystals. 

In general,the greater the ionicity ofbonding,the greater the tendency ofa crystal to 
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resist structural changes upon irradiation. The description ofradiation effects on ionic 

crystals by Billington and Crawford(1961)is summarized in the following paragraphs. 

Additionally,the effects on one particular type ofionic crystal,the LiF-BeFjsalts used in 

the MSRE,are described. 
f 

Ionic conductivity studies have been performed on KCl crystals that were 

irradiated by neutrons,protons,and gammarays. For particle-irradiated KCl,the ionic 

conductivity wasfound to increase. This increase apparently resulted from a higher 

concentration ofpositive-ion vacancies available for charge transport(Billington and 

Crawford 1961,Nelson,Sproull,and Caswell 1953). Heating ofthe irradiated material 

resulted in annealing,which began at about 175°C. Attemperatures above 250°C,the 

material completely annealed,arid the ionic conductivity returned to the pre-irradiation 

value. In some annealing experiments for alkali halides,the lattice contracts to a size less 

than that ofthe pre-irradiated value,indicating the relaxation ofpre-existing strains. 

By contrast,for gamma-irradiated KCl,the ionic conductivity decreased,as 

compared to its nonirradiated counterpart. Billington and Crawford(1961)suggest that 

the decrease in the ionic conductivity"may result from the relaxation process"in the 

lattice. Note that for short,fast neutron exposures(« 10'^ Uf/cm^),the ionic 

conductivity deceases, while for longer exposures(> 10'® Uf/cm^),the ionic conductivity 

increases(characteristic ofthe particle irradiations). Hence,it appears that relaxation 

may occur during the early stages ofa reactor irradiation ofa sample,followed by the 

buildup ofpositive ion vacancies. 
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Billington and Crawford(1961)described optical effects that have been observed 

after irradiation ofalkali halides,MgO,and AI2O3. Generally,in alkali halides the same 

absorption bands are produced by charged particles and photons. 

Different radiation types have been shown to produce different absorption bands 

in MgO. Some ofthe bands are the result ofimpurity atoms. In neutron-irradiated MgO, 

it appears that F-centers(i.e., an electron,trapped at an oxygen vacancy)are produced 

(Wertz et al. 1957). Ionizing radiation does not produce these centers. Electron and 

neutron irradiation ofMgO.produces a band(at2,550 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 irradiation were found to be iherrhally unstable— even decaying in the dark at 

room ternperature. On the other hand,the neutron-produced bands,were much more 

stable, with one band remaining even after heat treatment ofthe sample up to 900°C. 

. Similar to MgO,neutron irradiation ofAI2O3 produces absorption bands in 

addition to those produced by gamma irradiation. For gamma irradiation,the bands were 

found to saturate at low exposures and,in fact, maybe associated with impurity centers 

rather than defects in the AI2O3 lattice. Billington and Crawford(1961)point out that for 

crystals such as MgO and,AI2O3,which consist ofdivalent and trivalent ions,the lattice 

energy is greater than that in the monovalent alkali halides. Therefore,ionizing radiation 

may be unable to impart the energy required to create lattice defects in MgO or AI2O3, 

while it can impart sufficient energy in the alkali halides. 

In ionic crystals,the majority ofstructural effects are associated with simple 

defects: interstitials and vacancies. F-center concentrations in alkali halides that were 
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exposed to X rays have been measured. As X-ray exposure increased,F-center 

concentration increased with a corresponding decrease in density. Both parameters 

reached a saturation value as exposure increased(Estermarm,Leivo,and Stem 1949). 

Saturation has been explained in terms that once a certaiii concentration ofinterstitials 

and vacancies are reached,ifis,equally probable that either additional collisions will 

knock an interstitial back into a vacancy or that a new interstitial-vacancy pair will be 

created(Pease1954). 

BombardmentofKCl with protons has also shown a decrease in the density. 

Furthermore,neutron irradiation ofalkali halides has shown a greater density decrease 

than that produced by protons or X rays(Billington and Crawford 1961). This result 

suggests that neutrons are more effective at producing vacancies and interstitials in these, 

niaterials than are protons and X rays. 

In addition to changes in ionic conductivity and optical properties, mechanical 

properties ofirradiated alkali halides have also been studied. Irradiation ofKCl with 

protons,X rays,and electrons has resulted in increased hardness in the specimen; 

saturation in the hardness has been demonstrated(Vaughan,Leivo,and Smoluchowski 

1953,Westervelt 1953). The yield stress in LiF crystals that were exposed to neutrons 

wasfound to increase,ultimately reaching a saturation value(Oilman and Johnston 

1958). 

A number ofirradiation studies have been performed on the ionic MSREfuel salts 

(LiF-BeFj)(Williams,Del Cul,and 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 ofdefects and lattice changes. For experiments 

on the MSRE-type salts,the focus'was on the production and migration offluorine 

radicals,ultimately resulting in the production ofF2 gas. The amountofgas produced is 

a measure ofthe amountofdamage to the matrix. Gas yields ranging from 0.005 to 

0.045 F2 molecules/100 eV have been reported,with a consensus from the studies that the 

expected yield is about0.02 F2 molecules/100 eV(Williams,Del Cul,and Toth 1996). 

The salts were found to exhibit an induction period during which no gas was measured in 

the void space ofthe sample container. This period 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 typical gas yield curve for irradiation ofan alkali halide salt. The 

characteristics exhibited in this curve are typical ofmost radiolysis experiments. In many 

cases,an induction period is not observed,but usually the linear increase and plateau are 

seen. 

The induction period is probably related to the accumulation ofgas in the 

crystalline lattice and the rate ofdiffusion ofthe gas molecules out ofthe lattice. For 

gamma irradiation ofMSRE-type salts,the induction period was found to range'from 

1.3-17 W-h/g(equiyalent to 4.7-61 x 10^ rad). The observed plateau represents the 

maximum damage limit to the crystal at a particular dose rate. The maximum matrix 

damage by gamma irradiation ofLiF-BeFjhas been measured by Toth and Felker(1990) 

to be about2%for dose rates up to 10® rad/h. Toth(1990)also performed alpha 

irradiation experiments for LiF-BeF2by doping the salt with ^®®Pu. NoF2 was produced 

after 1.5 years ofirradiation; 

32 



 

03 

"O 

o 

o 
C/5 

o 05 

E 

E 

-Q 

Induction 
C/) period 

o 

ORNL DWG 99C-6870 

Plateau 

G-value = 2.68 x slope 
_ # molecules produced 

100 eV deposited in solid 

Dose (W-h/g solid) 

Fig.2.5. Typical gas yield curve for irradiation ofan alkali halide salt. 
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2.3.3 Crystals with Mixed Bonding 

Rosenwasser,Dreyfus,and Levy(1956)pointed out that,another,class Ofcrystals 

is ofinterest with respect to,radiation damage— namely,crystals,that have mixed 

.bonding with both ionic and covalent corriponents...Examples ofsuch crystals include 

,B,a(N03)2(with the.Ba"^^ arid the NO3'ions),NaN3(with the Na'*'and N3;ions),NaNOj 

(with the Na^'and NO3'ions),and-UO2F2(with the,U02'^^ and F'ions),for which no 

previous results have been presented. , ' 

Allen and Ghormley(1947)studied,the effects ofirradiating ofBa(N03)2 crystals 

with 1.2-MeV electrons. Doses up tO;25 W-h/g(9 x 10^ rad)were used. Atthe 

completion ofan irradiation,the salt was dissolved in water,and the,gases produced and 

the composition ofthe solution were analyzed. It was found that,nitrite(NO2")and ,', 

oxygen were produced. Mostofthe oxygen was trapped(as O2or0)in the crystal and 

was released upon dissolution. The authors suggest that the electron bombardment ofthe 

crystal strips electrons from the NO3',resulting in the formation ofNO3radicals. The 

following reactions may then occur: 

NO3+e"- NO2"+0,or (2.2)-

NO3 NG2+0. , (2.3) 

During the experiments,it wasfound that the production rate ofNO2"decreased with 

increasing dose,suggesting that steady state was being approached. Allen and Ghormley 

(1947)indicate that,based on their experiments,steady state may be reached after about 
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40% conversion ofNO,"'to NOj". Such asteady state would occur when back reactions, 

resulting in the production ofNO3",equals the forward reaction. 

Henning,Lees,and Matheson(1953)irradiated NaNOj,KNO3,and KCIO3in a 

nuclear reactor to study radiation effects on these materials. Samples ofNaNOjwere also 

irradiated with X rays. After irradiation,the samples were heated to release gases trapped 

within the crystals. The nitrite content in the NaNOjand KNO3samples was also 

evaluated. An analysis ofgases obtained from a NaN03sample revealed that the gas was 

primarily O2 with a small amountofNj. The authors do not report on the analysis ofthe 

gases from the other samples,so the presenee ofNjin these samples is unknown. 

However,O2 yields(G-values)were.reported for each ofthe samples. 

Following the theory ofAllen and Ghormley(1947)regarding the mechanism for 

NO2'and O2production,one would predict that two NO2'ions will be produced for every 

O2 molecule produced. Henning,Lees,and Matheson(1953)found that the ratio ofNO2" 

to O2for their experiments was in reasonable agreement with this prediction. The ratio 

was 2.04 for a KNO3sample and 1.67 for a NaNOjsample. 

The G-values reported by Henning,Lees and Matheson(1953)for the production 

ofO2for different samples and doses are provided in Table 2.1. For the irradiation of 

NaN03,it appears that the G-value decreases with higher total doses,indicating an 

approach to steady state. The authors concluded that the variation in the O2 yield for the 

two nitrates must be related to the crystal structure since the N-0bond strength is about 

the same for both materials. Because ofthe different size ofthe unit cell,there is about 

20% more open space available per nitrate in KNO3crystals, as compared to NaN03. 
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Hence,it-is easier for an0,atom,to migrate in the KNO3,resulting in,a higher yield,as 

shown in Tablb 2.1. Magnetic susceptibility measurements ofirradiated KNO3showed 

that the oxygen was trapped as oxygen gas in the crystal.- Similar studies.were,not '' . 

reported fGf.'NaN03.'Finally,Heilning,Lees,and Matheson(1953)state that the higher 

yield ofO2.from the KCIO3(as compared to the.nitrates)resulted from the weaker CUO 

bond(as,compared to the N-0bond), r..; , , 

Table 2.1. Reported gas yields from the nuclear reactor 
irradiation ofNaNO,,KNO,,and KClb," 

Estimated dose . G(03).
Material . -(lO'rad) : (molecules02/lOOeV) 

NaN03' 3;16,. 0.333,0.361 

NaN03 4.13 "' 0.334,0;360 \ 

NaN03 . AM': 0.205,0.261 ; 

NaN03 ^ 5.27'- ^ ,• 0.273 

.; NaN03' - ,' 8-61', 0.145 

■NaN03 11.8 0.195 

KNO3 3.76 0.79,0.92 

KCIO3 , '2.07 2.60, 2.70 

KCIO3 2.61 1.57-

"Adapted from Henning, G., R. Lees, and M. S. 
Matheson, 1953. "The Decomposition ofNitrate Crystals by 
Ionizing Radiations," J. Chem. Phys. 21(4), 664-668. 
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Gas yields from the X-ray irradiation ofNaNOjby Henning,Lees,and Matheson 

(1953)(Table 2.2),were very similar to those measured for the reactor irradiations. The 

energy ofthe X rays used in the irradiations was not high enough such as-to produce 

photoelectrons with sufficient'energy to displace oxygen atoms. Because ofthe similarity 

in the.gas yields seen for the reactor and the.X-ray irradiations,the authors concluded that 

the oxygen was removed by an ionization mechanism[as suggested by Allen and 

Ghormley(1947)]rather than by direct displacement ofthe oxygen by a"knock-on" 

process(see Sect.2.2.4). 

Heal(1953)and Rosenwasser,Dreyfus,and-Levy(1956)performed irradiation 

experiments on sodium azide(NaNj), Heal used X rays as the radiation source, while 

Rosenwasser^ Dreyfus,and Levy.(1956)used gamma rays,slow neutrons,and fast 

neutrons. Heal conducted irradiations at 51 and 102°>C and,upon completion ofan 

irradiation,dissolved the sample in water,and measured(a)the volume ofgas evolved 

and(b),the amount ofOH",and NH3(produced by the reaction oftrapped radicals with 

Table 2:2.. Reported gas yieldsfrom the X-ray irradiation of 
NaNO" 

Estimated dose 0(0,) 
(10® rad) (molecules 02/lOOeV) 

"0.584 . . ' '0.27' 

0.0649 . . . . -0.38 

Adapted from Henning,G.,R.Lees,and M.S.Matheson, 1953. 
."The Decomposition ofNitrate Crystals by Ionizing Radiations," 
j. Chem.Phys. 21(4),664-668. ' 
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water)in solution. Heal reports a G-value for the destruction ofNaNj[G(-NaN3)]as 5.2 

NaN3 molecules destroyed per 100eV at 102°C and 4.0 molecules destroyed per 100eV 

at 51°C. The molar ratio ofthe measured yields ofNj,OH",and NH3 was 1:0.72:0.25 at 

102°C and 1:0.81:0.22 at 51°G. Absorption spectra showed that, after irradiation, the 

crystals did not contain colloidal sodium metal. Heal proposes that the observed product 

may be formed by the following reactions. First,the X radiation decomposes the azide 

ion:. , . 

• ■N3" +X-ray.-N"+N2.' (2.4) 

The N' and Nj are then trapped in the crystal. Upon dissolution, the N2 is released, and 

the OH" "and NH3 are formed by the following reactions with water: 

- . ; 'N";tH20:- NH + 0H" ■ ' , (2.5) 

■ ' NH+.Nj"- -NH" + 3/2N2 ■ , ■ (2.6) 

■ - ■ NH" + H20 -NH2 + 0H" . (2.7) 

■ . " • ■ ■ ■■ ■ NH2 + N3"'-NH2" + 3/2N2 . ' (2.8) 

- • ■■ ■ ,NH2" + H20-NH3.+ 0H". (2.9) 

This set of reactions would result in the fonnation ofN2, OH", and NH3 in the molar ratio 

4:3:1—essentially the ratio that was observed in the experiments., 

.Rosenwasser, Dreyfus, arid,Levy (1956) studied the reflectance spectra ofNaN3 , 

after its irradiation with gamma rays, slow neutrons, and fast neutrons. For gamma 

irradiation, a.strong band was observed at 3,600 A. This band increased at a decreasing 

rate as the dose was increased, thus indicating an approach to saturation. Irradiation with 

neutrons showed the production of an additional band at 6,000 A. This band was not 

• ■ 38 

https://1:0.81:0.22
https://1:0.72:0.25


produced by gamma irradiation. The authors speculate that the 3,600 A 
o 

band may be a 

color center band(such as are observed in the alkali halides)formed by ionizing 

radiation. lonization ofthe azide ion may leave it in an excited state, which,in tum,may 

cause it to disintegrate and produce Nj.The authors suggest a number ofpotential sources 

o 

for the neutron-irradiation-produced band at 6,000 A. This band may have resulted from 

the aggregation ofsodium into colloidal particles—either by disruption ofthe lattice or 

by the release ofdisplaced N atoms during heating,resulting in an unstable configuration. 

Note,however,that absorption spectra measured by Heal(1953)provided no evidence of 

o 

colloidal sodium metal. Other possible causes ofthe band at 6,000 A are electrons 

trapped at azide or nitrogen ion vacancies,atom displacement by neutron collisions, or 

thermal spikes. Based on the experiments,however,the authors were unable to provide 

evidence that any ofthese mechanisms caused the observed bands. 

2.3.4 Summary ofIrradiation Effects on Covaient,Ionic,and Mixed-Bonding 
Crystals 

A large number ofirradiation studies have been performed on covaient crystals, 

ionic crystals,and the so-called mixed-bonding crystals, which exhibit both ionic and 

covaient bonding. Because covaient crystals have bonds that are directional in nature, 

small-scale atomic rearrangement to relieve localized stresses is prevented. Activation 

energies for movement ofinterstitials or vacancies within covaient crystals is expected to 

be higher than the activation energy for movement within ionic crystals. Additionally, 

high doses to covaient crystals result in extensive damage to bonds,with the lattice 

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

bombardment by naturally occurring radioactivity, exhibit a complete disordering ofthe 

crystalline lattice. 

The arrangement ofthe ions in ionic crystals depends upon electrostatic forces 

and the size ofthe ions. Defects have a higher degree offreedom to move than they do in 

covalent crystals. Consequently,ionic crystals are more resistant to structural changes 

than are covalent crystals. Gamma irradiation ofsome ionic crystals (i.e., MSRE-type 

salt)has shown an induction period before any gas is released,followed by a period in 

which the amountofgas released is proportional to the dose. Finally,a plateau or 

saturation amountofgas is reached,signifying a damage limit in the crystal for that dose 

rate. 

Mixed crystals have both covalent and ionic bonds. For the experiments 

discussed,gases produced during the irradiation were trapped within the crystalline 

lattice,and these gases were released upon heating or dissolution ofthe crystal. Upon 

dissolution,some ofthe radiolytic products trapped 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 covalent part and notthe ionic part ofthe crystals. 

One feature that is common to the covalent,ionic,and mixed crystals, which were 

described,is that,as dose is increased,saturation in the damage is reached. In covalent 

crystals, magnetic center densities and optical bands have been shown to saturate. In 

ionic crystals,saturation has been shown for F-center concentrations,the decrease in 

crystal density,and hardness ofthe crystals. Ofcourse,for ionic crystals,a good 
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example ofsaturation is the pressure plateau ofproduct gases reached at high doses to 

LiF-BeFj. Finally,in mixed crystals,saturation has been demonstrated in the production 

ofNO2"from NO3',in the production ofOj,and in optical absorption spectra. It is 

noteworthy that saturation has been observed in other(iloncrystalline/nonsolid)systems. 

A good example'is the radiolysis ofwater in which a plateau is reached when back 

reactions,resulting in the reforrnation,ofwater,balance the destruction ofwater(Allen et 

al. 1952). Saturation in crystalline materials is analogous in that, at some point,a 

maximum damage limit is reached in which the rate ofproduction ofdefects is balanced 

by the annealing(thermal or chemical)ofthe defects. 

2,4 RADIATION EFFECTSON OXIDESAND URANIUM OXIDES 

In previous subsections,the,interactions ofradiation with solids and the 

subsequent effects on crystalline solids(covalent,ionic,and mixed ionic-covalent)were 

described. Soirie ofthe materials used in the examples ofradiation effects were oxides. 

In Sect. 2.3.1,the effects ofboth neutron and gamma irradiation ofthe covalent crystal 

Si02(as quartz or fused silica) were described. The effects ofirradiation by neutrons and 

electrons on MgO and garnma irradiation ofAI2O3 were presented in Sect. 2.3.2. Both 

oxides form ionic crystals. Finally,in Sect. 2.3.3,the effects ofradiation on the oxygen-

containing, mixed-bonding crystals Ba(NQ3)2,NaN03,KNO3,and KCIO3 were discussed. 

Electrons,neutrons^ and X rays were used in these mixed-bonding studies,and,in each 

case,O2 was released from the crystal. 

41 



In Sect. 2.4.1, additional information is provided concerning radiation effects on 

oxides. A proposed mechanism ofenergy deposition and migration to the crystal surface 

is described. In Sect. 2.4.2,radiation effects 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 important to(a)understand the effects ofradiation on 

both the pure material and impurities and(b)to evaluate the radiolytic contribution from 

each ofthe components ofthese heterogeneous systems. Information is presented on the 

direct and indirect effects [i.e., radiation interacting with an impurity(e.g., water), 

resulting in some effect(e.g., oxidation)on the uranium oxide]ofradiation on the 

uranium oxides. Finally, because it is important to understand the interaction ofthe 

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 Sects. 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 

mechanisms have been proposed forZnO and MgO. 

Sugier and Duda(1976)examined the gammaradiolysis ofZnO,which forms 

simple ionic crystals. They measured the amount ofoxygen directly evolved from the 

ZnO crystals and calculated a yield ofG(0)=0.92(0atoms)/100 eV. They proposed 
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that the Qjproduction is primarily a surface phenomenon whereby energy deposited in 

the bulk material is rapidly transferred through the crystal lattice to the surface,where it 

causes radiolysis. It is unlikely that the oxygen is produced in the bulk and then migrates 

to the surface because(a)diffusion ofthe O2 is slow and(b)the needed concentration 

gradient would imply an induction period,which was not observed. Also,there,was a 

linear relationship between the dose rate and the yield—a relationship which supports the 

idea ofenergy migration frorn the bulk to the surface. 

Wysocki(1986)irradiated MgO with gamma rays. Different species ofoxygen 

were observed at the surface(e.g., O2" and 03")- Depending on the surface area,reported 

G-values for the oxygen species kt the surface ranged from 1.18 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 energy is 

deposited in the bulk.material and then migrates to the surface,where it causes radiolysis. 

While these authors address surface phenornena,it is not clear whether or not 

examinations.were made for bulk effects. Based on the theory presented, after 

irradiation, one could open a crystal and find that the MgO andZnO inside were 

undamaged. This,however,seems doubtful., 

2.4.2 Uranium Oxides 

A range ofeffects are possible when radiation interacts with uranium oxides. 

These effects'may be manifested as chemical,(e.g., oxidation)or structural(e.g.,change 
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in crystal structure)changes to the irradiated material. These two types ofchanges then 

serve as logical divisions ofthe study ofradiolytic effects on uranium oxides. 

McEachem and Taylor(1998)have provided a broad survey ofthe mechanisms 

for oxidation ofuranium dioxide at temperatures below 400°C. Several ofthese 

mechanisms are attributed to direct irradiation ofthe oxide,or indirectly to irradiation of 

associated impurities—namely,the influence ofmoisture,nitrogen oxides,and radiation 

upon oxidation. The presence ofmoisture serves as a source ofradiolytic products(e.g., 

H2O2and free radicals such as OH),which can cause oxidation ofthe uranium dioxide. 

Similarly,the radiolytic production ofnitrogen oxides(in the.presence ofair and 

moisture)can accelerate oxidation. Finally,radiation can cause lattice defects, which can 

accelerate oxygen diffusion and,hence,increase oxidation. Moisture and moist air may 

both be present in the uranium oxide storage,environment. Therefore, it is important to 

understand their effects on the uranium oxides during irradiation. 

Changes to the crystal structure have been reported under nuclear reactor 

irradiation conditions for some uranium'Oxides(Belle 1961). Additionally,damage to the 

lattices ofminerals found in nature because ofeither self-irradiation or external radiation 

has been reported(Lustman 1961); Such materials undergoing the latter phenomenon are 

referred to as being in the metamict state. 

This description ofradiolytic effects on uranium oxides has been divided into two 

major areas—oxidation and structural effects. In,Sect. 2.4.2.1, oxidation is described in . 

terms ofthree,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 nurhber ofstudies have been performed on the oxidation ofuranium 

oxides(McEachem and Taylor 1998). Many ofthese studies have focused on the effect 

ofmoisture(and,hence,the radiplytic products ofwater)on the oxidation ofUOjto 

higher oxides. Structural changes contribute to volumetric changes during oxidation. 

The molecular volumes ofuranium oxides increase steadily with increasing 0:U ratio 

(Katzand Rabinowitch 1951). 

Taylor et al.(1989)summarized the relative volumes(as compared to UOj)of 

various.uranium oxides. These volumes,which are presented in Table 2.3, illustrate the 

dramatic change in volume as uranium is oxidized. There is about a 36 vol%increase 

for complete oxidation from UOjto UjOg,while there is a 162 vol%increase for 

oxidation from UOjto U03*2H20. Note that Table 2.3 shows an initial volume decrease 

as the UO2is oxidized to.U307. This decrease is visually evident in some samples. 

Sections 2.4.2.1.1 through 2.4.2.1.3 describe the dependence ofuranium oxide 

oxidation upon moisture,nitrogen oxides,and radiation,respectively. 
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Table 2.3. Volumes ofvarious uranium oxides relative to UO," 

,.Compound : ' ,. Relative volume'' 

/ . • . 1.000 

a-UjOy " ' 0.988 ' 

/3-U3O2;, , . ' 0.973,. . 

a-UjOj, . ' - • 1.358 . • 

1-357' 

/I-U3O, . 1.369 

U30,(0H)2' 1.730- , 

U03*0.8H20 1.850 

a-U02(0H)2' , 1-83'6 

/3-U02(0H)2 2.156 

7-U02(qh)2 '' 2.222 • . 

U03.'2H20 , ' , , 2:618 

• "Adapted from Taylor,P.,D. D. Wood,A.M.-Duclos, aiid 
D.0•G.Owen,1989. "jFormation ofUranium Trioxide Hydrates on 
UO2Fuel'in Air-Steam Mixtur,es Near 200°C,"J. Nucl. Mater.168, 
70-75. • ' ' 

''Volume relative to UO,. 

,2.4.2.1.1 Moisture 

Sunder et al.(1990)studied the effects ofradicals(in particular,the effects ofOH 

and O2'),forrned by radiolysis ofwater,on the oxidation and dissolution ofUO2. . 

Solution chemistry,was controlled to promote the formation ofa particular radical. For 

gammaradiolysis,a water solutipn.saturated withN20 resulted in the preferential 

production ofOH radicals. Similarly,for a solution saturated with O2and containing 
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either formate(HCOO")ions or t-butanol[(CH3)3COH],gamma radiolysis resulted in the 

preferential formation ofO2" radicals. For experiments performed with argon-saturated 

water solutions,a mixture ofOH and e^q"(i.e., hydrated electron)radicals were formed. 

In a separate paper.Sunder et al.(1989)described the formation ofthe various 

radicals under the controlled chemical conditions oftheir experiments.A solution that is 

saturated with NjO favors formation ofOH radicals because the e^q' are scavenged,as 

illustrated by the following equation: 

eaq"+N2O- +OH"+OH (2.10) 

The t-butanol or the formate react with the OH radical,thereby allowing the e^q" and H 

radicals to react with O2to produce O2". The addition oft-butanol results in the following 

reaction: 

OH+(CH3)3C0H - H2O+(CH3)2(CH2)C0H (2.11) 

Formate reacts with OH radicals as follows: 

OH+HCOO"- CO2"+H2O (2.12) 

Finally,O2 radicals are produced,as illustrated in the following equations: 
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^ ^ , -e,^- +o,-o,- (2.13) 

H+O2- O2.-+ (2.14) 

COj'+ O2 O2 +CO2 (2-15) 

An''^Ir source was used by,Sunder et ai.(1990)to perform the irradiations. The 

maximum,dose rate was 30,000 rad/h. The rate and amount ofox^ation were determined 

by measuring the corrosion potential. X-ray photoelectron spectroscopy(XPS)was used 

to determine the amountofsurface oxidation [i.e., the relative amountofU(VI)and • 

u(iv)]. • 

Sunder et al.(1990),found that the.oxidation ofUO2was mostsensitive to the 

dose rate for the N20-purged solutions(i.e., the solution that favors OH formation). 

Therefore, it appears that in a radiolytic environment,OH plays a key role in the 

oxidation ofU02;Note that even at low.(or no)doses,O2(in 02-saturated solutions)can 

cause oxidation ofUO2. • 

Sunder et al.(1990)state that UO2oxidation occurs in two stages. Initially,a 

surface layer ofUO233(U3O7)is formed,that is, 

U02-'U0233. (2-16) 

In the second stage,some ofthis layer dissolves(as U02^'^),and a thin layer ofU03«xH20 

(possible values ofx are 0.5, 0.8, 1 and 2)is formed. XPS was used to-evaluate the ratio 

ofU(VI)to U(IV)on the surface ofthe UO2sample as a function ofdose. Table 2.4 
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Table 2.4. U('VT):U(IV)ratio for various uranium compounds 

Compound U(VI):U(IV) 

UO, 0" 

U02.,5(U4O9) 0.33 

UO,.33(U3O,) 0.5 

U0,,3(U3O5) 1 

U02.5,(U30s) 2 

UO3 ^ 

"Uranium present as U(IV). 
''Uranium present as U(VI). 

provides the values ofthese ratios for various uranium oxides. It wasfound that the value 

ofU(VI):U(IV)increased rapidly to 0.5,and then the rate ofincrease began to slow. A 

value of0.5 for this ratio corresponds to UO233— a value which is consistent with the 

theory ofinitial formation ofa UO233 layer. The increase ofthe ratio, with dose,above 

0.5 reflected the formation ofhigher oxides(e.g.,U03*xH20). Additionally,it was 

concluded that oxidation ofthis type is faster in the irradiated,deoxygenated 

(i.e., Ar-purged)solutions than in nonirradiated,oxygenated solutions because ofthe 

production ofoxidizing radicals(e.g.,OH)in the former. 

For each ofthe solutions studied (i.e., oxygenated in combination with HCOO'or 

t-butanol,N20-purged,and Ar-purged),it wasfound that the rate ofUO233 layer 

formation(as measured by reaching a certain corrosion potential value)was proportional 

to the square root ofthe dose rate. Because the rate offormation ofthis layer is 
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proportional to the radical concentration, it appears that the radical concentration is then 

proportional to the square root ofthe dose rate. 

In addition to solutions,the role ofthe radiolysis ofthe atmosphere over the 

uranium oxide on oxidation has also been studied. Recent work by Sunder and Miller 

(1996)examined the oxidation ofCanadian deuterium uranium(CANDU)reactor fuel at 

150°C in agammaradiation field. Four different atmospheres were used in these 

experiments: air(both in sealed and unsealed containers),O2 with 60% saturated steam, 

and Ar with60% saturated steam. Unirradiated (i.e., unexposed in a nuclear reactor)UO2 

disks that were about 13-mm in diameter and 3-mm thick were placed in containers with 

one ofthe4 atmospheres. These containers were placed between spentCANDU fuel 

bundles for about2 years. The gamma field was estimated to be about 15 Gy/h(1,500 

rad/h). During the 2-year period,the containers were maintained at 150°C for 3 weeks 

and then at 30°C for 3 d to permit the sampling ofgases from an unrelated experiment. 

This cycle was repeated throughout the 2 years. After completing the irradiations,the 

surfaces ofthe disks were examined by XPS,X-ray diffraction(XRD),and scanning 

electron microscopy(SEM). 

The relative amounts ofU(V1)and U(1V)on the surfaces ofthe samples were 

determined by XPS.For the three types ofsamples containing Oj(either as air or as O2), 

surface oxidation was evident. The most oxidation was observed for samples containing 

O2and60% saturated steam. The U(V1):U(1V)ratios ranged from 2.2 to 118. For the 

sample with a U(V1):U(1V)ratio of2.2,the authors state that likely a leak in the 

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

such samples). The,UOjsamples in sealed-in-air containers showed the next most 

oxidation(with U(VI):U(IV)ratios ranging from 5.6 to 10). Finally,the open-to-air 

samples had U(VI):U(IV)ratios ranging from 2.6 to 3.7. 

The samples that contained Ar and60%steam.exhibited no oxidation. For two of 

these samples,U(VI):U(IV)ratios were 0.01. One sample had a ratio of0.4(note that 

U3O7 has a ratio of0.5); this observation was.attributed to Ojcontamination during 

sample preparation. 

The increased oxidation in the sealed-in-air samples,as compared to the open-to-

air samples,was attributed to the formation ofa greater concentration ofoxidants(from 

the radiolysis ofabsorbed water on the UO2and container surfaces and moisture in the 

air)in the former. The radiolysis ofair results in the formation ofnitrogen oxides,which 

can also oxidize UOj. 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 ofwater 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 ofoxidation and reduction cancel each other. This proposal 

explains the lack ofoxidation ofthe Ar-60% saturated steam sample. Note that at room 

temperature,the oxidation ofUOjby.water radiolysis products has been observed 

[Sunder et al.(1990)]. The reactivity ofthe reductants atroom temperature is much less 

than that ofthe oxidants. 
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XRD analysis ofthe UO2disks confirmed the oxidation observed during the XPS 

analysis. The UO2samples that contained only air(both opened and sealed)exhibited 

UO2,U3O7, U30g, and UgOig. For the samples containing O2and60%saturated steam, 

both UO3and U03*xH20 were found in addition to the other uranium oxides. This serves 

as evidence ofmore complete oxidation ofuranium to the U(VI)valence state. The 

samples that contained Ar and60% saturated steam did notshow that either U3O8 or 

U03*xH20 were present. The sample that was thought to be contaminated with O2 

showed the formation ofU3O7 and U,6037. For the other Ar-60% saturated steam 

samples,only UO2wasfound to be present. TheSEM results were consistent with those 

from both the XRD and XPS analyses. 

Wasywich et al.(1993)performed experiments to study the oxidation ofdefected 

and intactCANDU fuel,both in dry air and in moisture-saturated air at 150°C. Intact 

CANDUfuel elements and intentionally defected(single 3-mm-diani hole)CANDU fuel 

.elements were placed in each ofthese 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 ofthe UOj. Water was added to some ofthe containers for the 

moisture-saturated air experiments. After long storage times(on the order of3 to 6 

years),some elements were destructively analyzed by using optical microscopy,SEM, 

XPS,and XRD. Optical microscopy was used to identify the effects oflocalized 

oxidation (i.e., contraction and distortion)resulting.from volume changes. 

The UO2oxidation was observed only in the intentionally defected fuel elements. 

For the dry-air tests, oxidation was localized to the defect region. XPS showed that the 
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UOjwas oxidized primarily to U3O7. The authors stated that,for the dry-air tests,the 

oxidation appeared to be controlled by diffusion ofoxygen into the UO2lattice. 

For the moist-air tests, oxidation occurred throughout the fuel element. For high-

power(i.e., high-decay-energy)fuel, oxidation was observed in the fuel core region. XPS 

showed the formation ofhigher oxides (i.e., greater than U3O7),as compared to the dry-

air oxidation. The oxidation appeared to proceed as dissolution(as and 

precipitation(as U03*xH20,x~0.8)reactions. The authors point out three different 

processes in which radiolysis may contribute to oxidation. Radiolysis ofwater produces 

oxidizing solutions at the surface ofthe UO2through the formation ofradicals such as 

OH. For aerated water,O2"can be formed[e.g.. Sunder et al.(1990)]. Finally,radiolysis 

ofmoist air leads to the production ofnitric acid, which can cause rapid oxidative 

dissolution ofthe UO2. 

Einzinger, Marschman,and Buchanan(1991)evaluated the oxidation ofSNF at 

expected conditions during the postcontainment period in a geologic repository. This 

time period(300 to 10'* years after disposal)would be characterized by alow radiation 

field(~4 R/h)and high dew-point air. . . . ' 

Samples ofSNF were tested for a.variety oftemperatures, moisture levels,and • 

test durations. Dew points were -55 or SO^C,while temperatures of110, 130,and 

175°C were used. Fuel samples(~ib g each)were used from both pressurized water 

reactors(PWRs)(~8 years since discharge)and boiling water reactors(BWRs)(-15 years 

since discharge)., . . ; ' , 
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Einzinger,Marschman,and Buchanan(1991)proposed a mechanism ofrapid 

oxidation at the grain boundaries,which is followed by penetration ofan oxidation front 

into the UO2grains. The growth ofthe oxidation front(and the resulting formation of 

U3O7)is described by the following equation; 

={kty'\ . 

where.: 

^{0/M)-change in oxygen-to-metal ratio, 

,k =rate constant,and ' , -

. t -time. ' 

For oxidation to U4P9,the term 3A{0/M)in the equation is replaced hy4A(0/M). Key 

assumptions for,using this,equation are that the particles are spherical,the particles 

oxidize independently,and oxidation does not penetrate deeply into the grains. The 

authors used this model to estimate,values ofthe rate constant,k,for the various 

experiments performed. The rate constantshowed an A^henius-type behavior with 

temperature.' ' . 

, , Analyses ofthe samples showed that oxidation occurred more rabidly in moist 

atmospheres. Finally,theBWR samples appeared to oxidize more rapidly than did.the 

PWR samples. This difference was attributed to the smaller grain size and,'hence,larger 

surface area oftheBWR friefsarhples. 



To evaluate the effects ofmoisture alone,Taylor et al.(1989)studied the 

oxidation ofunused CANDU fuel for a number ofair-steam mixtures near 200°C. More 

than 70 experiments were performed in which the amount ofmoisture and the surface 

finish ofthe UO2sample were varied. Disks,2mm thick,were cutfrom fuel pellets and 

were then polished. These disks were then further subdivided into quarters. Water and 

the UO2samples were added to a pressure vessel, which was then heated in an oven at 

200 to,225°C for a period of2to.20 d. The balance ofthe atmosphere inside the 

containers was air. The volume ofthe container was such that oxygen depletion was not 

expected to affect the extent ofoxidation. XRD was used to identify oxidation products. 

SEM was also performed on the samples. 

Upon analysis, both U03*2H20 and UOj'xHjO(0.7 < x < 0.9)were observed as 

well as some U3O7and U3O8. Below 50%saturated steam,the oxidation rates were 

similar to those in a dry atmosphere,arid only U3O7 or,0303 was observed. For the range 

from50% saturated steam to slightly over saturation, hydrated UO3was observed. These 

hydrates appeared to form at higher rates as temperature increased. For wet conditions 

(i.e., water in excess ofthat required for saturation)large crystals ofU03*xH20 were 

formed. 

Taylor et al.(1989)concluded that for the conditions ofless than 50% saturated 

steam,the moisture had little or no effect. Hence,the oxidation appears to have been 

controlled by oxygen diffusion into the UO2matrix and the solid-state oxidation ofthe 

UO2to U3O7 or U3O8. For the high-moisture conditions (i.e., greater that50% saturated 

steam),the U03*xH20formation was described in terms ofa dissolution-precipitation 
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reaction at the UO2surface. This is the same reaction that appears to be enhanced in a 

radiation field. , , 

2.4.2.1.2 Nitrogen Oxides 

The presence ofnitrogen oxides and nitric acid has been shown to cause oxidation 

ofUO2. These chemicals can be formed by the radiation ofmoist air., 

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

NO2and Njb,and they summarized the radiochemcial reactions responsible for the 

production ofthese species. The key radicals in the radiolytic production ofnitrogen 

oxides are N and O. The production ofN radicals is described by , - ^ 

. N2+radiation -> +e' . . , (2.18) 

N2+radiation-.N2*' (2.19) 

N2* -N+N (2.20) 

N2Ve- -N+NorN2+Y, ' (2.21) 

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

the following equations: 

O2+radiation -> 62"^+ e" (2.22) 

O2+radiation- O2* (2.23) 

02*-0+0 (2.24) 
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02^^+ e" - O+O or O2+ Y • (2-25) 

The formation ofNOjis described by 

N+O2-NO+O. (2.26) 

2N0+O2-2NO2. (2.27) 

The production ofN2O is described by the following equation: 

NO2+N-N2O+O. (2.28). 

Note that a number ofpropagation reactions(e.g.,NO2+N- N2+20and NO2+0 

NO+O2)occur,buttbey are notshown. Finally,the reaction of.N02 with water 

produces nitric acid,as described by the following equation: 

3N02+H20 -> 2HNO3+NO. (2.29) 

Primak and Fucbs(1955)evaluated the effects ofradiation on moist oxygen-

nitrogen mixtures and the subsequent corrosion ofmetals. In addition to their 

experimental work,tbey summarized a number ofobservations conceming different types 

ofmaterials that bad 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 atrriosphere. A transparent,light-green coating(thought to be hydrated nickel 

nitrate) was found on the mirror. Nickel suspension wires used in a reactor parted in 

humid summer weather. A copper clip that had been irradiated in humid air exhibited a 

heavy,blue-green deposit(thought to.be hydrated cupric nitrate). 

Primak and Fuchs(1955)performed experiments,on the corrosion ofnickel in a 

variety ofoxygen-nitrogen atmospheres. Nickel samples(0.071-cm in diameter and 

5.1-cm long)were-cleaned,polished,and placed in ampules containing the desired 

atmosphere. The ampules,further contained in aluminum mbes,were irradiated in the 

central region ofa nuclear research reactor. For samples in dry oxygen-nitrogen 

mixtures,irradiated to about30 MW-h,no reaction products were found on the nickel. 

However,for samples irradiated in a humid-air atmosphere,a large amount oflight-green 

reaction products wasfound on the nickel surface. The products were identified as Ni 

(N03)2-6H,0. 

Jones(1959)studied the radiolysis ofmoist air caused by electron bombardment. 

In his paper,Jones refers to Russian work thatfound that yields ofnitrogen oxides are 

about equal for electrons and gamma-rays in both liquid air and room-temperature air. 

Jones'experiments were performed by using a 10-cm infirared gas cell that contained the 

gas composition ofinterest and that had sodium chloride windows. Samples were 

irradiated with a 100-/.iA beam of1.0-MeV electrons, which entered the cell through a 

gold-foil window. 

Jones provided a description ofthe progress ofa 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 typical values are illustrative pfgeneral trends. Electron borhbardment ofmoist 

air produced nitric acid with a typical G-yalue of2;9 HNO3 molecules/100 eV. When the 

water was depleted,the HNO3began to be/destroyed(0=-5.4 HNO3 molecules/100 

eV),andNOjwas produced(G=5.4 NO2molecules/100 eV). After decomposition of, 

the,HNO3,NO2continued to be produced at ah asymptotic G-yalue of0.28 N62 

molecules/1OOeV. Throughout the irradiation,N2O was produced also with an 

asymptotic G-yalue of0.55 N2O molecules/.lOO eV. Ozone and nitrogen pentoxide were 

also observed to be formed and destroyed during the irradiation.' 

, Mixtures ofnitrogen, moisture,and various concentrations ofoxygen were 

irradiated.and spectroscopically exarnined by Jones. The G-values for HNO3production 

and destruction,NO2production,and N2O production were found to vary as a function of 

O2concentration. The maximum G-value for all products occurred at an O2concentration 

ofabout 15%. Irradiation ofmoist N2showed no production ofHNO3,NO2,.or N20-

Anderson,Roberts,and Harper(1955)studie.d the oxidation ofUO2in both O2 

and O2-NO2athiospheres. The oxygen absorption (i.e., the weight gain from oxidation) 

wasfound to be proportional to the square root oftime for U0_^ compositions with values 

ofX up to.2.10. This is expressed by the following equation: 

C=Kf'+A, , (2.30) 

where 
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oxygen absorbed,c 

t time,and 

K,A constants. 

The constant X"is a measure ofthe oxidation rate and shows a dependence on pressure. 

Experiments with O2 were carried out at a number oftemperatures and pressures, 

while experiments with Oj-NOjmixtures were carried out at a pressure of0.5 atm and for 

two temperatures—131 and 155°C. Table 2.5 provides values ofthe constantsKand A 

for O2and O2-NO2 oxidation ofUO2. The experiments that were performed at similar 

pressures and temperatures should be comparable. Hence,it appears from examination of 

Table 2.5 that the rate ofoxidation in the O2-NO2 mixture(as indicated by the fate 

constantK)is about twice that in O2 alone at the same temperature and pressure. 

Table 2.5. Values ofthe constantsKand A for various temperatures and 
pressures for O2 and NO2oxidation ofUO2" 

Atmosphere Temperature(°C) Pressure(Torr) K A 

O2 154 480 0.80 0.9 

O2 153.4 480 0.62 0.5 

O2 155 480 0.42 -0.3 

O2 153 480 0.29 0.05 

O2-NO2 155 380 1.44 0.8 

O2 131 480 0.35 0.4 

O2 131 480 0.24 0.1 

O2-NO2 131 380 0.64 0.8 

"Adapted from Anderson,Roberts,and Harper(1955). 
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Oxidation tests were performed,both with and without an external gammafield, 

on nohirradiated UO2fuel pellets by Campbell et al.(1989)to evaluate the effects ofair 

and air containing NOj. The UOjpellets were placed in air and in air containing 1%. 

NO2,and were then heated to 250°C. For the 1% N02-air mixture,the pellet weight gain 

was about5 wt%after 600 h,while pellets in air only gained about 1 wt%. XRD was 

used to determine the chemicalform ofthe uranium oxide formed. Oxidation in the 1%, 

N02-air mixture led to formation ofa composition that was about95 wt%UO3. 

Oxidation in air led to formation ofa composition that was about24 wt%U3O8. Hence, 

the oxidation rate in the presence ofNO2was greater than that in air. Additionally,the 

uranium was oxidized to a higher oxidation state(UO3)in NO2than that attained in air. 

Campbell et al.(1989)examined the effects ofradiation by irradiating pellets,in 

air using a ^°Co source with an exposure rate ofabout2^10^ R/h. Experiments were 

carried out at200,215,and 230°C. The oxidation rate in a static system(as compared to 

that in air without irradiation)increased because ofthe increased formation ofbxidants 

by radiolysis ofair. For aflowing-gas system (i.e., air sweptthrough the irradiation 

chamber),no irradiation effects were observed. For the flowing systern, it appears that 

the radiolytically-produced oxidants were swept away fi-om the UO2. 

2.4.2.1.3 Radiation 

As discussed in Sects. 2.4.2.1.1 and 2.4.2.1.2,radiation indirectly effects 

oxidation ofuranium oxides through the radiolytic production ofoxidizing species. 

McEachem and Taylor(1998)point out a second potential role for radiation with respect 
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to oxidation —^production oflattice defects. Such defects may enhance oxygen diffusion 

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

Dominey(1968)compared oxidation ofUO2by CO2in a reactor with oxidation of 

UO2by O2in the absence ofa radiation field. Temperatures during reactor irradiation 

varied between 60 and 90°C. Two experiments with O2 oxidation and no irradiation were 

performed—one at66 and the other at 80°C. It wasfound that the oxidation rate for the 

reactor-irradiated samples was about the same as that for the nonirradiated O2 oxidation 

experiment conducted at 80°C. Dominey concluded that ifthe reactor temperature was 

80°C or above,then the rate ofoxidation could be explained by thermal diffusion. 

However,for lower reactor temperatures,the diffusion must be enhanced to explain a 

larger-than-expected diffusion rate. 

McEachem and Taylor(1998)conclude that,based on the experimental evidence 

to date,the rate ofoxidation ofUO2is affected only slightly,ifat all, by radiation alone. 

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

monocrystalline UO2)and less likely to be observed for highly defected materials(e.g., 

SNF). This conclusion follows from the assertion that radiation introduces defects that 

enhance that rate ofO2 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). 
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2.4.2.2 Structural Changes 

Lustman(1961)summarized changes in both structure and properties as a result 

ofnuclear reactor (i.e., neutron)irradiation for a number ofcompounds. Several ofthe 

studies summarized were for effects on UO2 or U3O8. Structural changes for UO2 

irradiated in a reactor(~3.4 x 10'.^ fissions/cm^)were evaluated by using XRD. XRD 

spectra ofUO2both before and after irradiation were compared,and neutron irradiation 

was shown to broaden the diffraction peaks. This broadening was attributed to increased 

lattice strain. For UO2that was prestrained(by the method ofpreparation),irradiation 

piroduced little additional lattice strain. In fact,in'some cases,the strain decreased 

because the irradiation annealed the lattice. Typically,reactor irradiation ofUO2causes a 

slight expansion ofthe lattice, which can be annealed by heating the material. 

Apparently,there is a steady-state condition ofstrain that is dependent on the temperature 

and dose rate. 

The effect ofneutron irradiation and,thus,fission fragments is significantly 

different for U3O8,as compared to the effects on UO2. Lustman(1961)states that this 

observation should be expected because ofthe metamictization ofweathered uraninites 

(i.e., UO2that has been oxidized to U3O8,as discussed later in this subsection). XRD 

analysis ofU3O8 exposed to a relatively low dose(—1.9 x 10'^ fissions/cm^)showed no 

evidence ofdiffraction peaks. Consequently,the crystalline structure ofthe material is 

effectively destroyed or becomes microcrystalline. The strains caused by displaced atoms 

in the lattice,in turn,cause a relatively long-range disruption ofthe lattice structure. 
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 - "Another difference'betweeii'Ud2'and UjOg described by Lustman(1961)is the 

energy release during heating. No energy release was observed for heating UO2(exposed 

to fission densities ofabout8 >=' lO'lfissions/cm^)to 750°C. Only small energy releases 

at 500°C were observed for UO,9. By contrast, heating ofUjOg(exposed to 7.5 x 10'^, 

fissions/cmd from 150,to 350°C released about25 cal/g. The energy release is a result of; 

'annealing arid recrystallization ofthe UjOg lattice. Lustman states that energy releases 

'■ • for U3dg,irradiated to higher doses are "consistent with, the estimated latent heat of fusion, 

ofUjOg." • ' , 

Nakae, Harada, and Kirihara (1978) studied the change in the crystal lattice 

parameter of UO2 for several grain sizes as a function .of fission dose (1.14 x 10'^ to 2.92 

X 10'' fissions/cm^). Three distinct stages in the change of the lattice parameter were 

observed. During the first, stage, the lattice parameter increased until it plateaued between 

doses of 1 X-10'^ and 2 x 10'^ fissiohs/cm^ ,For some samples, the lattice parameter 

decreased with dose initially. This annealing behavior was thought to, result from the 

relocation of excess oxygen (note that the 0;U ratio for the sample was 2.01), thereby 

relieving lattice strain. 

During the second stage, the lattice parameter began to increase (beyond the first-

stage plateau) again as a function of dose. A maximum was reached between 1 x 10'^ 

and 5 x IQ''^ fissions/cm^. The differences between the first two stages are attributed to 

the formation of different types of defects 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 stage)with further increases in dose. This change was attributed to 

the recovery ofdefects by annihilation ofmobile interstitials as more vacancies are 

produced. 

Matzke(1982)discusses radiation darhage to crystalline insulators, oxides,and 

ceramic nuclear fuels. In particular,he points outkey differences between metals and 

insulators with respect to radiation damage. First, insulators,such as UO2,have a large 

difference in atomic number for the components that make up the lattice. As a result, 

partitioning ofnuclear and electronic stopping power is different for the sublattices(i.e., 

in the uranium and in the oxygen).,Secondly,the formation ofcharged 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 ofdifferent radiation sources 

(e.g., alpha particles and fission products)on damage to lattices. For example,5-MeV 

alpha particles have a range ofabout 10 yum in UO2(i.e.,an energy loss rate ofabout 

5x10^keV/m). The alpha particles lose their energy primarily through electronic 

interactions,and there are about 100 to 200 displaced atoms per alpha particle. By 

contrast,the recoil nucleus,produced in alpha decay,has an energy ofabout 100 keV. 

The range ofthe recoil nucleus in UO2is about200 A(for an energy loss rate of5 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 produces a denser defect track than does the alpha particle. In fact, alrriost 

90% ofthe damage in alpha decay is,caused':by thefecoil nuclei. 

Similar to alpha particles,fission products have a'range ofabout6 to 8 in 

UO2. Thermalspikes {i.e., localized heating along the track[Lustm'an(1961)]} enhance 

the recombination ofdefects. The saturation leveloffission-product-produced point 

defects is about a factor of10 less than that for alpha particles. 

Lustman(1961)describes a natural phenomenon regarding structural changes in 

some minerals. This condition,termed the"meta,mict state," occurs in;minerals that 

either contain or are near uranium or thorium. The content ofuranium or thorium may be 

very low. For example0.41% Th02in sonie minerals can cause metamictization(Pabst 

1952). 

Metamict minerals exhibit-a number ofcharacteristics. These include a loss of 

optical birefringence and little or ho coherent X-ray diffraction,the reconstitution ofthe 

crystalline structure during heating ofthe material,'heat release during recrystallization, 

and an increase in density as the material is heated. These are general characteristics that 

are seen in most,but not all, metamict materials(Pabst 1952). 

The damage to the crystalline structure,ofmetamict minerals is attributed to the 

energy deposited in the crystal by the radioactive decay ofeither uranium or thorium. 

The majority ofthe damage is caused by the recoil nucleus that results from alpha decay. 

Lustman states-that the volume changes associated with the metamictization ofsome 

minerals is large enough such as to shatter other minerals that encase the metamict 

mineral.- -



� 

Some minerals maintain their structure despite large doses. In particular, 

uraninite,(UOj)is structurally unaffected by the large doses to which it is subjected. 

However,weathered uraninite containing uranium that has been oxidized to higher 

valence states (i.e., UO2that has been oxidized to UjOgj.is usually found in the metamict 

condition. ' • 

Complete metamictization ofa mineral takes,a very long'time. For example, 

Pabst(1952)'estimates thatit would take more that 100,000 years to completely 

metamictize gadoliriite(Y2FeBe2Si2G|o)that contains 0.41% Th02. If, instead,the 

mineral contains about1% uraniurn,Pabst estimates that complete metamictization would 

require about 12,000 years.: However,a key assumption in these calculations is that all of 

the decay energy goes into disruption,ofthe crystal lattice. Because this assumption is 

not likely,the time required for complete metamictization 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 offluorides in uranium oxides were performed to 

obtain information not available in the literature. The objectives ofthese experiments 

were to evaluate; . 

• radiolytic products and their production rates 

• chemical or physical effects on the irradiated materials 

• effects ofvarying parameters, which include 

—initial fluoride content(e.g., vary from pure UOjFjto UjOg containing 

some known level offluoride) 

—chemicalform(e.g.,UOjFj,UgOg) • 

—dose and dose rate 

—watercontent ' 

—atmosphere in irradiation container 

Additionally,the effects on containers and metal sample coupons used in the experiments 

were observed. 

Two different sources ofgamma radiation were used:(a)the ORNL^°Co 

irradiator and(b)HFIR SNF elements. After their,irradiation, gas and solid samples were 

taken and analyzed.In Sects. 3.1 and 3.2,the irradiation facilities are described. 
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Associated with each ofthese facilities are the details ofthe specific experimental 

configuration used(e.g.,sample containers and their preparation,data acquisition,and the 

types ofmaterials irradiated). In Secf 3'.3'an overview ofthe analytical techniques used 
I . . 

to evaluate the gas and solid samples is presented. . 

3.1 ''"CoIRRADIATION EXPERIMENTS 

The ORNL ®"Cd irradiatdr(emitting 1.173-MeV and 1.332-MeV gammarays, 

5.271-year half-life,specific activity=2,6016 MeV/disintegration)was used to provide a 

gammaradiation field with k dose rate ofabout 10^ rad/h.;Details are provided in 

Sects. 3.1.1 through 3.1.4 on the irradiator,sample containers,the.data acquisition . 

system,and'the rriaterials irradiated..'• . 

3.1.1 "°Co Irradiator 

, A J. L.Shepherd Model 109,r68(Serial No.654)"°Co gamma irradiator was used 

for the experiments(Fig. 3.1). Sources,doubly encapsulated in type-300-series stainless 

steel,radially sufroiind the cylindrical irradiation chamber,which is also constructed with 

300-series stainless steel and has a 170°-wide closure door,which is used for loading and 

unloading samples. The dimensions ofthe chamber are 15.24 cm(6 in.)in diameter and 

.•20.32 cm(8'in.)high. A photograph ofthe irradiation chamber with sample containers 

installed is shown'as Fig. 3.2. A 3.18-cm(1.25-in.)diam opening at the top ofthe' 

charhber leads.to an access tube(ofthe same diarneter)that is provided for inserting 

tubing or wiring. A hinged scatter shield is located pn top ofthe access tube. This shield 
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Fig. 3.1. ORNL ®"Co irradiator.

70



;Skj£*

,?/
•

J- ".• ■.>

'/

1VVH?V'

H
Sk

-««

ss.'ae
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may be moved aside when the irradiator is in the"load"position (i.e.,samples are not 

being irradiated); allowing researchers to feed tubes and wires into the chamber through 

the access tube. A 2.54-cm(1-in.)vertical clearance between the top ofthe access tube 

and the bottom ofthe scatter shield allows for cormection ofthe tubes and wires to 

extemal equipment(e.g., pressure''transducers or a data acquisition system)when the 

chamber is lowered into the "irradiate" position.Interlocks prevent the lowering ofthe 

chamber into the irradiate position with the scatter shield open. The design ofthe J.L. . 

Shepherd irradiator permits a sample to be(a)irradiated under controlled temperatures 

and atmospheric conditions and(b)continuously monitored in either aflowing-gas 

system or by sensors(e.g., pressure transducers and thermocouples). 

The exposure rate profile provided by the manufacturer for this particular 

irradiator is shown in Fig.3.3. The reported exposure rate in the center ofthe irradiation 

chamber(i.e., the 100%rate)on December 9,1977, was 1.85 x 10® 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 radiolytic yields(i.e., the numberofmolecules ofa species produced 

per amount ofenergy deposited in a material),the energy deposited in the irradiated 

material(i.e., the dose)must be known. Hence,the exposure rate(which is a measure of 

the amountofionization produced in air by gamma orX rays)must be converted to a 

dose rate in the irradiated material. The method established in ASTM Standard E666-91 

(ASTM E666-91 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 ®Coirradiation 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-in.)diam, 1.91-cni(0.75-in.) thick aluminum disk with 9 

evenly spaced 2.54-cm(1-in.)diam holes was placed in the bottom ofthe irradiation 

chamber to.hold sample containers. This holder ensured that the samples remained in a 

fixed'position throughout their insertion into and removalfrom the irradiate position. 

Additionally,because the dose rate varies as afunction ofboth the axial and radial 

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

index the sample container position. As it tumed out,the configuration ofthe containers 

resulted in the irradiated materials being located in the 100%-exposure-rate region ofthe 

chamber. 

3.1.2 Sample Containers 

Sample containers,instrumented with pressure transducers, provided for the real 

time monitoring ofpressure inside the container and for withdrawing gas samples at the 

end ofan irradiation. The interior volume ofthe containers and associated components 

(i.e., tubing,fittings,valves,and pressure transducers)were minimized inasmuch as 

practicable to provide greater sensitivity to pressure changes within the 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 loading samples(Fig.3.4). The sample containers 

'were constructed from 11.75-cm(4.625-in.)long,1.27-cm(0.5-in.)diam type 304L 

stainless steel tubing. The wall thickness ofthe tubing was0.089 cm(0.035 in.). One 
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end ofthe tube was welded closed with a 121-cm(0.5-in.)diam,0.i59-cm(0.0625-in.) 

thick stainless,steel disk. A hole in the center ofthe disk was connected to 0.159-cm 

(0.0625-in.)diam nickel tubing[~84-cm,(33-in.)long]. A small disk of100-mesh monel 

was placed inside the sample container and over the hole leading to the nickel tubing. 

This mesh prevented the rnovement ofparticles from the sample container into the ... 

tubing. The'sample tubing\vakconnected to a 0.159-cm(0.0625-in.)stainless steel 

Swagelok® tee. The tee was then connected.to(1)a0.318-cm (0.125-in.)stainless steel 

Nupro® valve with Swagelok fittings[using a,0.318'-cm(0.125-in.)to 0.159-cm(0.0625-

in.)reducing fitting] and(2)a0.635-cm(0.25-in^)Cajon® VCR gland[using a0.635-cm 

(0.25-in.)to 0.159-cm(0.0625-in.)reducing fitting] with a male Cajon VCR nut. The 

valve was connected such that the metal valve seat,(vs the valve bellows) isolated the. 

pressure-sensing line. The valve was,capped with a 0.318-cm (0.125-in.)Swagelok plug, 

except during container preparation(e.g;, leak checks and fluorination)and sampling 

operations. The Cajon gland was used to mate the sample tubing to a MKS Baratron® 

pressure transducer(Type 127A). These transducers were custoin-made with 0-635-cm 

(0.25-in;)Cajon.VCR glands to niinimize volume. A nickel gasket was used to seal the 

connection between the two Cajon glands. 

The other end ofthe stainless steel tubing was welded to a 0.635-cm(0.25-in.) ' 

stainless steel VCR gland with afemale nut.; Material to be irradiated was loaded through 

this gland into the container. A VCR plug and nickel gasket were used to close,the 

opening in the sample tube.. The overall length ofthe sample container[excluding the 

added length ofthe 0.159,-cm(0.0625-in.)nickel tubing]was 17.-8-cm"(7-in;). Each 
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container was etched with an unique number for identification. [Note that the first two 

containers useddn the irradiations(S-1 and S-2)were fabricated such that the loading end 

was closed'with a 1.27-cm(0.5-in.)Swagelok cap(see Table 3.1). However,after one of 

the containers leaked,the design ofthe loading end was changed to the 0.635-cm(0.25-

in.)Cajon'gland.] One ofthe sample containers,S-8,was not fitted with the sampling 

tubing and pressure transducer. This amangement allowed only for withdrawal ofgas 

samples;at the end ofan experirnent,but not for pressure monitoring. 

'Preparation ofsample containers for their insertion intp the ̂ °Cd irradiatOr. 

consisted ofleak checks,volume measuremeiits,fluorination,and loading ofthe samples 

into the containers. As part oftheir fabrication,the containers were leak-checked with air 

to a pressure ofabout 6.8 atm(100 psia). Just before their use,the containers were leak- : 

checked again using both pressure(typically ~3 atm)and vacuum. The volume ofthe 

irradiation rig (i.e., the sample container,tubing,valve,and pressure transducer)was, 

measured by expanding helium from a known volume into the rig, observing the pressure 

change,and applying the ideal gas law. The results ofthe volume measurements are 

presented in Table 3.1. , . 

The sample rig was treated with fluorine to passivate the system. Typically,the 

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

A heat gun was then used to heat all ofthe surfaces ofthe rig to promote reaction. After 

about 1 h,the Fjwas evacuated through a soda-lime trap. Then,500-600 Torr ofF2was 

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

evacuated through a soda-lime trap,and the rig was backfilled with helium. 
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Table 3.1. Volume measurements ofirradiation containers 

as determined by gas expansion method 

Container Volume(cm^) 

• Calibrated yolume"' . ' 153.9±0.07 

S-l"'^ 20.0±0.1 

' 19.9 ±0.1 . 

S-S' _ ' 16.3 ±2.0 

S-4'^ 15.9±2.1 

• , 13.5 ±2.1 • 

S-12" . . 17.1 ±0.04 

S-13" 16.6±0.04 

8-16" , 15.7±0.04 

, S-17' 15.8 ±0.05 

• . S-20' 15.6 ±0.04. 

S-2r 15.6±0.04 

S-22^ 15.9±0.04 

HFlR-1,2^-^' . - 70.5 ±2.2 . 

"Measured by weight ofwater required to fill volume. 
*8-1 and 8-2 were equipped with 1.27-cm(0.5-in.) 

8wagelok fittings on the loading end,while all'others(except . 
HFIR-1 and 2)were equipped with 0.635-cm(0.25-in.)Cajon 
fittings. 
. Used manifold transducer with estimated accuracy of 
±0.25% ofreading(manufacturer's specification). 
''S-8 was not fitted with sensing tubing and a pressure ' . 

transducer. 

Used transducer attached to container. Estimated accuracy 
±0.07% ofreading based on transducer calibration data. 
'-^The same container was used for the HFIR8NF 
experiments(i.e., HFIR-1 and HFIR-2). 
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Samples were loaded with,either an inert(helium)or air atmosphere in the 

contamer. To obtain the inert atmpsphere,the rig was first placed inside an inert . 

atmosphere glove box. Typically,the glove-box atmosphere contains less than 1 ppm Oj 

or moisture.The loading end ofthe sample container was opened,the container was filled 

with the desired amountofsample,arid then the container was resealed. The irradiation 

rig was then removed from the glove,box. For an air atmosphere,the sample was siriiply 

loaded.,into the container in the laboratory atmosphere,(in a radiochemical hood). 

3.1.3 Data Acquisition System 

A computerized data acquisition system was used to collect data during each 

irradiation(Fig. 3.5). Validyne® hardware and software were used,providing up to eight 

data channels per card. Otherdocally developed software* and a MicroSoft® web server, 

made the data available continuously over the world wide web. Typical parameters 

recorded during an irradiation included container pressure,temperature ofselected 

containers,and room pressure and temperature. 

Omega® TypeK thermocouples and MKS Baratron 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 Microsoft Web Server,Lockheed Martin Energy Research Corp.,Oak 
Ridge National Laboratory,Oak Ridge,Tennessee. 
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3.1.4 Materials Irradiated 

UOjFj'xHjO is an intermediate compound formed during the conversion ofUFg 

to UjOg. During conversion processing,,the UOjFj-uranium oxide mixture is heated in 

50°C steps and contacted with pressurized steam(see Appendix B). Ferris and Baird 

(1960)found that uranyi fluoride was stable in a dry atmosphere below 700°C. Above 

700°C,the uranyi fluoride wasfound to slowly decompose according to the following 

reaction: . , 

3UO2F2-^UFg+fU308+IO2. - (3.1) 

Treatment ofthe oxyfluoride with pressurized steam slowly removes the fluorine(as HF), 

thus promoting the conversion to uranium oxide. First,the UFg(produced by the 

decomposing UOjFj)reacts with the water to form UO2F2and HF,as shown in the 

following reaction: 

UFg+2H2O ̂ U02F2+4HF. (3.2) 

The newly produced UO2F2can then decompose[Eq.(3.1)]and the reaction,shown in 

Eq.(3.2),is then repeated. This cycle continues,slowly reducing the amountof 

oxyfluoride in the rnaterial. Based on this reaction scheme,it is reasonable to expect that 

the residual fluoride remaining in the U3O8 after conversion is ofthe form UO2F2. It is 

therefore important to understand radiolytic effects on UO2F2,because studying this 

material provides a bounding case for the maximum amount offluoride that could be in 

the converted product. Additionally,sainples ofU30g(with a known residual fluoride. 
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content), produced by the conversion process, were irradiated. The irradiation ofthis 

material simulated the radiolysis ofthe uranium oxides to be placed in storage. 

Two sources of U02F2*xH20 were used in the experiments:(1)U02F2*xH20, . 

which was produced at ORNL by the hydrolysis ofUF^,and(2)material obtained from 

the East Tennessee Technology Park(ETTP),Oak Ridge,Tennessee. EitherDU or 

natural uranium was used in each ofthe samples. The production ofU02F2*xH20 was 

essentially the first step ofthe conversion process(Del Cul,Icenhour,and Toth 1997;see 

Appendix B). Initially, 375.9 g ofUFg were transferred to aliquid-nitrogen-cooled 

vessel,where the UFg condensed. Then,180g ofH2O were added to the vessel, where it 

froze on top ofthe UFg. The material was then allowed to slowly warm. As the water 

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

UFg +(2+x)H20 -^U02F2-xH20 -t-4HF . (3.3) 

The vessel wasthen evacuated through a soda-lime trap for 5 d to remove the HE and 

excess moisture. This treatment resulted in the production ofU02F2*1.7H20. Some of 

this material was pulverized,spread out in a thin layer,and then further evacuated for an 

additional 13 d. This treatment resulted in the production ofalower hydrate: 

U02F2*0.4H20. The higher hydrates of uranyl fluoride(e.g.,U02F2*1.7H20)are 

distinctively bright yellow. Anhydrous UO2F2is tan. The UO2F2*0.4H2O was tan and 

yellow. Infrared analysis ofthis rnaterial indicated the presence ofboth hydrated and 

anhydrous UO2F2(see Appendix D). 

Material obtained from ETTP consisted ofU02F2*1.4H20 and UO2F2*0.4H2O. 

The history ofthe production ofthese 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 ofU02F2*2.3H20 was prepared by placing some 

U02F2*1.4H2O in a97%humidity desicator. 

The amount ofhydration ofeach ofthe materials used in the experiments was 

determined by thermal gravimetric measurements and by mass-balance calculationsfrom 

the results ofthe Davies-Gray titrations. 

Some samples ofU02F2*xH20 were further treated by heating in a controlled 

atmosphere(e.g., O2). An apparatus similar to that depicted 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 clamshell furnace. The tube 

was configured such that the 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 transducer was used to monitor the 

pressure in the apparatus. Although the configuration was such that the heat treatment 

could be performed either as a flowing gas or batch system,all heat treatments used the 

batch mode. 

3.2 HFIRSNFIRRADIATION EXPERIMENTS 

To obtain higher dose rates,the HFIR SNF gamma irradiation facility, which is 

located at ORNL,was also used. Details on the irradiation facility, containers,data 

acquisition,and the materials irradiated.are provided in Sects. 3.2.1 through 3.2.4. 
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3.2.1 HFIRSNFIrradiation Facility 

Samples can be irradiated in the HFIR SNF pool by inserting them inside SNF 

elements(Fig; 3.7). The SNF elements are cylindrical with a hollow center. In its 

storage position in the SNF pool,a cadmium sleeve inside the hollow region ofthe 

element absorbs neutrons. Hence,the hollow region ofthe fuel element primarily 

provides a gammafield for irradiation. Variable gamma-radiation fields are available 

based on the decay times ofthe elements. The facility provides a nominal 7.62-cm(3-

in.)opening for placing the samples inside the SNF elements. Reported exposure rates 

range from about 10^ down to lO^RTh or lower,depending on the time since the discharge 

ofthe SNF from the reactor. The gamma-ray energy spectrum for a HFIR SNF element 

1 d after discharge from the reactor is shown in Table 3.2(Williams,Del Cul,and Toth 

1996). 

Kohring(1986)measured the exposure rate inside HFIRSNF elements as a 

function of(1)axial location within the element and(2)time since discharge from the 

reactor. These measurerrients were madefor elements that had been operated at 100MW 

for 21.5 d (i.e.,2150-MWd bumup).'Figure 3.8 shows the peak exposure rate as a 

function oftime-since shutdown(Kohring 1986). This exposure rate can be corrected for 

the axial location ofthe sample by use ofFig. 3.9, which is adapted from Kohring(1986). 

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

necessitated an adjustmentin the reported exposure rates and such an adjustment was 

calculated by Kohring(1987). Kohring used the ORIGEN computer code to calculate 

correction factors that needed to.be applied to the measured exposure rates to accountfor 
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Table 3.2. Gamma-ray energy spectrum for a HFIRSNF 
element1 day after discharge from the reactor" 

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

group 

1 0.02 0.01 0.44 

2 ' ̂ 0.03 0.025 ; , 0.44 

3, 0.045 0.0375 0.89 

4 0.07 0.0575,, 0.56 

5 0.1 0.085 1.04 

6, 0,15 , 0.125 2.66 

7 0.3 0.225 5.66 , 

8 0.45 0.375 4.48 

9 -0.7 0.575' '26.94' 

10 ' , T - 0.85 26.82 

11 1-5 1.25 . 6.89 

12 ' 2 1.75 2.1.06 

13 2.5 2.25 0.88 

14 3'; 2.75 . • 1.24' • 

•;4' • - -15 3.5 0,01 

Average energy .= 0.93 MeV 

"Williams,D.F., G.D.Del Cul,and L.M.Toth, 1996! A 
Descriptive Modelofthe Molten SaltReactorExperimentAfter 
Shutdown:Review ofFY1995Progress,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-Wheelerformula(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: 

(/-0-2. {/ + 7'yo.2) (3.4)
CFit)= 0.85 ^ ^ ^ ' ,

(/ +21.5)'"-^) 

where 

CF(f) = correction factor at time t after shutdown(unitless), 

t - time since shutdown(d),and 

T - time ofoperation at 85 MW[=Bumup(MWd)/85 MW](d). 

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

original operating power level(100'MW). To evaluate the dose rate to a sample,the 

exposure-rate data provided by Kohring-are adjusted based on the bumup ofthe element 

and the axial location ofthe sample. " The exposure is then converted to dose based on 

the method described in Appendix C. . 

3.2.2 Sample Container 

The container placed in HFIR SNF elements has been used in a number of 

radiolysis experiments on MSRE-type salts(Toth and Felker 1990,Williams,Del Cul, 

and Toth 1996). This-container(Fig. 3.10)was fabricated from a2.54-cm(1-in.)diam, 

.8.9-cm(3.5-in.)long nickel tube, which is sealed at one end with nickel plate and has a 

Conflat® flange at the other end. A hole in the flange was connected to,6.1 m(20 ft)of 

90 ; 
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(not used)

Nickel vessel

Fig. 3.10. Sketch of nickel container



0.318-cm(0.125-in.)diam monel tubing,which was then connected to an Ashcroft® 

compound pressure gage and a valve for withdrawing gases. 

Before the container was used, its volume 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 through 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 insertion into an SNF element,the pressure in the 

container was increased to 1.68.± 0.07 atm(10± 1 psig)with helium because of 

requirements imposed by HFIR personnel to maintain the coritainer pressure greater than 

the water pressure in the pool. A sketch ofthe experimental configuration used for 

irradiation ofsamples in HFIR SNF elements is shown in Fig. 3.11. 

A lifting bail attached to the flange was used to direct the container into position 

in the SNF element. Positioning rods on the lifting bail held the sample about37cm 

(14.5 in.) above the bottom ofthe active region ofthe 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 Bourdon pressure gage was used for the HFIR SNF irradiations. 

The pressure gage and a valve were attached to a mounting bracket, which was clamped 

to the edge ofthe SNF pool wall(Fig.3.11). The container was then inserted into an 

SNF element,and HFIR operations personnel periodically recorded the container 

pressure. 
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ORNLDWG 99C-487 

Gage 

Valve 

Pool water level 

Scupper bracket 

Scupper 

■Tubing 

■Pool wal 

Stainless steel 
lifting frame 

SNF element 
on a cadmium 

lined post-

Irradiation 
vessel -

PS 

■Pool floor 

Fig. 3.11. Sketch of the experimental configuration for gamma-irradiation experiments 
with a HFIR SNF element. 
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3.2.4 Materials Irradiated 

The sources,ofthe materials.used in the HFIR irradiation experiments are the 

same as those described in Sect. 3.1.4. Additionally;in one experiment(HFIR-2),types 

304,304L,316,and 316L stainless steel metahcoupons were placed inside the container, 

along with the sample to be irradiated,to evaluate corrosion effects. 

3.3'SAMPLING AND ANALYSES'.v' 

Besides recording gas pressure during an irradiation,a number ofgas and solid . 

samples were taken ahd analyzed after completion ofthe irradiation. The sampling 

technique and the analyses perfornied are described in Sects 3.3.1-3.3.3. 

3.3.1 Sampling Technique 

T0 withdraw gas samples,,the irradiation rig was connected to a samplingrig 

(Fig. 3.12), which consisted ofasample cylinder for mass spectrometry.(MS)connected' 

in series to a 10-cm FTIR gas cell/.Zinc selenide windows were used in the FTIR gas 

cells. The MS sample cylinder was fabricated from 0.635-chi(0;25-in.)idiam,7.62-cm(3-

in.)long stainless steel tubing with 0.635-cm(0.25-in.)stainless.steel Nupro valves .■ 

welded to each end. Each valve had a 0.635-cm (0.25-in.) Cajon gland with a female nut, 

which was used to coimect the sample cylinder to either an FTIR gas cell, the irradiation 

rig, or a mass spectrometer. The volume of the sampling rig was about 60 mL. 

The gas-sampling procedure consisted of first evacuating the sampling rig. Then, 

with the vacuum source isolated, the valve on the irradiation rig was slowly opened 

"94:/ : ' ■ ' ' ■ ' 



 

ORNLDWG 99C-6862 

FTIR 

cell Sample cell 
, for mass 

spectrometry 

Jo irradiation 
container 

mj] [>^|—-To vacuu

Fig.3.12.Sampling rig used to withdraw gas samplesfrom the irradiation 
container. 

95 



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 

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

Y-12Plant in Oak Ridge,Tennessee^ for analysis. 

3.3.2 Gas Analyses 

Gas samples were analyzedby MS and FTIR spectroscopy to identify the 

composition ofthe gas. 

3.3.2.1 MassSpectrometry 

Mass spectrometry provides a quantitative analysis ofthe constituents ofthe gas 

sample. The sample is first ionized;then the ions are separated by electric and magnetic 

fields into groups ofequivalent mass-to-charge ratio. This separation produces a mass 

spectrum,which is characteristic ofthe species present and the relative amounts ofeach 

species(Sibilia 1988). 

3.3.2.2 FTIR Spectroscopy 

A sample that is placed in an infrared beam will absorb radiation at frequencies 

that correspond to,among other vibrations, the ftequencies ofinternal vibrations ofthe 

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

•absorbed efiergy vs frequency. The unique spectra, generated for different molecules, 

enable the identification ofthe types ofmolecules in a sample. Furthermore,the 
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frequencies ofthe absorptions for a particular molecule give insight into the structure of 

the molecule(Sibilia 1988). Hpmonuclear diatomic molecules such as H2,F2,O2,and N2 

are infrared inactive and thus do not absorb infrared radiation;so other techniques(e.g., 

mass spectrometry)mustbe used to identify them. 

The absorption intensity ofa specific frequency by a species is related to the 

concentration,as shown by Beer's law: 

A = eel, (3.5) 

where ' • 

A =absorbance(dimensionless), 

e=molar absorptivity{Nf'cm"'), 

c=concentration{M),and 

/=light path length(cm).' 

Hence,a calibration ofconcentration vs absorbance at a specific frequency can be used to 

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

3.3.3 Solids Analyses 

Solid samples were analyzed by a number oftechniques including visual.X-ray 

diffraction(XRD),X-ray photoelectron spectroscopy(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 irradiation containers were visually 

examined-for.changes in,color or texture; The irradiation containers and,ifpresent, metal 

sample coupons were examined for sighs ofcorrosion. Some samples were sentfor . 

metallographic microscopic examination, 

3.3.3.2 X-ray Diffraction 

■XRD provides information about the structure and composition ofpolycrystalline 

materials. When a beam of monochrorhatic.X rays is directed at a crystalline material, a 

diffraction pattern can be observed at various angles relative to the incident beam. 

Bragg's law describes the relationship between X-ray wavelength, the diffraction angle, 

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

= 2fif sin 6, (3.6) 

where 

n. = order of the diffraction, integer (n = 1, 2, ...), 

= wavelength of the X rays (cm), 

d. - distance between each set of atomic planes (cm), and 

6 = diffraction angle. 

Crystalline materials have unique diffraction patterns that can be used to identify the 

material (Sibilia 1988). 

98 



 

3.3.3.3 X-ray Phptoelectrori Spettroscopy 

•. .XPS[also known as electron spectroscopy for cherriical analysis(BSCA)]is used,' 

to obtain information about the surface composition andstructure ofa,solid.. Upon 

exposure to X rays ofknp\yn,energy,a solid wilLemit photoelectrons which originate 

from the discrete energy levels associated with atoms in the solid. The energy ofthese 

photoelectrons is given by the following equation: 

^T7)-

where ; ' .■ ' 'A'" • 

, = photoelectrbn kinetic.energy (eV), , . , A ' . " 

hv =,incident X-ray energy (eV)', . ■ ' , 

= bonding energy of the pore or valence electron (eV); and 

(j) = system dependent^ adjustable fdctor (eV).' ■' . ; 

, The spectrum for a given elernent is normally compromised of a series of peaks 

that correspond to photoelectron emissions from the different shells of an element. ' 

Hence, the spectrum can be used to identify the elemental composition at the surface of a 

solid. Finally, Eg is dependent on the .oxidation.state of the atom probed .with the X rays.,. 

This variation in Eg is. referred to as . a chemical, shift. Hence, the valence of the atoms at 

the surface of a solid can be,identified by using XRS (Sibilia 1988). . 
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3.3.3.4 Attenuated Total Reflectance 

ATR provides an infrared spectrum for solid materials. The solid sample is 

placed in close contact with an ATR crystal(e.g., diamond). Infrared radiation enters one 

end ofthe crystal through a set ofmirrors,and it is internally reflected until it exits the 

other end ofthe crystal. The internal reflections create an evanescent wave,which 

extends beyond the crystal surface into the sample. Part ofthe evanescent radiation is 

absorbed by the sample and an absorption,spectrum,characteristic ofthe species present, 

is produced.(Pike 1999). 

3.3.3.5 Differential Thermal Analysis—Thermogravimetric Analysis 

DTA and TGA are used in conjunction to exarriine changes to asample as a 

function oftemperature or time. DTA,is a technique that is used to study the thermal 

behavior ofa material as it undergoes physical and chemical changes during heat 

treatment. As a substance is heated,physical and chemical transformations occur that 

involve either heat absorption (i.e., an endothermic process)or heat release (i.e., an 

exothermic process). DTA involves the measurement ofthe temperature difference 

between a sample and an inert reference as both materials are heated at the same rate. 

These temperature differences indicate(a)the endotherms and exbtherms and(b)the 

temperatures at which these,thermal changes occur. 

TGA is a technique that measures afid records changes in weight ofa sample as a 

function oftemperature. Altematively,TGA may be performed at a constant temperature 

(i.e., isothermal TGA),and the weight change as afunction oftime is measured. TGA 
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data provideinformation on the thermal stability, composition,and decomposition 

behavior ofa material(Sibilia 1988). , . / 

3.3.3.6 Davies-Gray Titration 

The amourit ofU and U(IV)in a sample can be determined by Davies-Gray 

titration(Jarabek 1984,Davies and Gray 1964,Eberle and Lemer,:1971). The Davies-

Gray.analyses reported in this work we're performed by Materials and Chemistry 

Laboratpry,Inc.,ofOak Ridge,Tennessee,using the method described by Jarabek ' 

(1984),which,is a modification ofthe method originally reported byDavies and Gray 

(1964). The method used is described in the following paragraphs. For brevity,only the 

major reactions are shown,and.the original references should be consulted for further 

detail. 

The determination oftotal,U is,accomplished by first dissolving the sample in a 

3-fo-l mixture ofphosphoric acid,H3PO4,and water; Any U(V)that is present will 

disproportionate to U(IV)and U(VI). The U(VI):is then reduced to U,(IV)by ferrous 

ions, a;s shown in the following reaction: i . , 

U02^^ +2Fe'^(excess)+'4H^->y"^'4-2Fe"^-f-2H20.+ 2Fe"^(excess). (s'8), 

This mixture is diluted with sulfuric acid,and vanadyl sulfate is added as a catalyst.' The 

U(rV)can.then be titrated by,a standard potassium,dichroniate solution to a'-

potentiometric endpoint between 590 and 650 mV. The titration reaction is given by 

■,3U-^:;-b;Cr20)U2H" '-»3U0 2^+2Cr'\+H20. , , " ' (3.9) 

• ' ' ' .loic' ■ ■ ■ • •• " -



The amount ofU is calculated based,on the amounl-and.concentration ofpotassium 

dichromate used. • 

To determine the amountofIJ(IV)present,the reduction ofthe U(VI)to U(IV)is 

prevented by preparing all ofthe reagents,in a separate beaker and then adding these 

reagents to the uranium sample(which'has been dissolved in phosphoric acid). This 

method fixes the U(VI)at its oxidation state; hence,oiily the U(IV)that was initially 

present in the sample is titrated. After its titration with potassium dichromate,the amount 

ofU(IV).is calculated baspd on the a,fnourit and concentration ofpotassium dichromate 

used. 
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4. RESULTS 

Irradiation experiments were conducted for a number ofuraiiyl fluoride and 

uranium oxide samples using either the ORNL^°Co source or HFIR SNF elements. 

Table 4.1 provides a summary ofthe irradiation experiments performed. 

Table 4.1.Summary ofirradiation experiments performed 

Irradiation 
Container Material Mass'(g) '■ Atmosphere 

source 

S-1 U02F2'1.7H20 " 29.8 Air 

S-2* U02F2'0.4H20 ■ 20:0 Helium* *°Co 

S-3 ■ U02F2'I.7H20 10.8 Air ""Co 

0S-4 U02F2«0.4H20. 14.8 Helium ^''Co0 
0 

• S-12 U02F2'1.4H20 10.3 Helium *°Co 

S-13 . U02F2«0.4H20. 7.5 Helium . *°Co 

S-16 02-bumed UO2F2 ■9.85 , Helium . *°Co 

S-17 Converted UjOg" ■ 8.0 Helium 

HFIR-1 U02F2'0.4H20 29.56 Helium HFIR SNF 

HFlR-2 Converted UjO/ . 29.96 Helium HFIR SNF 

S-21 Air e Air *°Co 
"W-h/g = 3.6 X 10''rad. 
''Container leaked during experiment; 

. "Contained 1.4 wt % fluorine. 
■ ''Dose based on 0.93-MeV average gamma energy. 
, , "Air loaded at atmospheric pressure. 

Total 
dose (rad)" 

1.7x10' 

1.7 X 10' 

1.7 X 10' 

1.7 X 10' 

2.4 X 10' 

2.4 X 10' 

2.1 X 10' 

2.2 X 10' 

6.1 X 10""' 

3.0 X 10""' 

1.5 X 10' 
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; Several blank? were also ruri'for'cpmparison with the irradiation 

! One ofthe blanks,S-21;was;sirnply loaded,!withjoom air arid irradiated. Information -

regarding.S-21 is giyefidn Table"4.d. The other.blariks consisted,ofloading U02F2*;cH20, 

ill eitherair;or helium,and then,\yithdfawirig;gas samples after a.period oftime(typically. 

,-60-70 d). These blariks were not irradiated,,but\yere ihaintained in.thesample 

'containers for the sarne period oftime aswefeftliose for the irradiation experiments. The. 

.^blarik'experirnehts'.for U0.^F^M20,.'aieisummarized in Table 4;^^ , i 'r ' , 

, The results obtained from the experiments are presented-in Sects;4.Tthrough 4.3;. 

.these results mclude.pressure measurements-and.eStirnates ofradiol54ic yields(i.e., G- - , 

values),analyses of.gases;and-analyses ofsolid samples:. In Sect.4.4,results arc 

described frorn an experinrentin which aftranyl fluoride sarriple was bumed in.02 td, , . 

remove carbon. ' : ' 

Table 4.2.Summary.ofl)lank.(nonirradlation)experiments conducted 
for UG2Fi.x:H20 

.; Time material 
. Container Material Mass-(g),;V Atmosphere 

" in,container(d) 

U02F2*17H20'f 9.8 ■: ;■/K'-'Aif '60", 7 

S-20. , uo2f:2^ L4H2O c ,16.0. . , ■Helium 

: Vs:22-,'> , U02F2*2.3H2G, 7 ; ' "711,95 ^, : Air , 

" ■ r ■ " 
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4.1 PRESSURE MEASUREMENTS 

■Pressure within the sample containers was monitored throughout the irradiations, 

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. The gas yield is calculated by applying the ideal gas law, namely: 

1.32 APn„,, 
RZm ' (''•1) 

where 

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

AP = change in pressure from initial value (Torr), 

'^void ~ volume of sample container (L), 

R - 0.08205 atm-L/moFK, 

= temperature in container (K), and 

m = mass of sample (g). 

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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The dose(1 W-h/g=3.6 x 10® rad)was computed from(a)the exposure rate for 

the position ofthe sample in the source and(b)the characteristics ofthe irradiated 

material,as described in Sects. 3.1.1 and 3.2.1, and in Appendix C. 

The radiolytic yield ofa species can be expressed by a G-value,which is defined 

as the number ofmolecules ofa species produced(or destroyed)per 100eV ofenergy 

deposited. The G-value for the gas produced,regardless ofits composition,can be 

estimated from the slope ofa line that is fit through the data presented in Figs.4.1-4.9 

(i.e., G(gas)=2.68 x slope). For the HFIR SNF-irradiated sample,the G-value is 

estimated based on the linear region ofthe data,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 contribute to the pressure change may be accounted for in the calculated 

G-value. 

Figures 4.1 and 4.2 are for experiments S-1 and S-3,respectively. Both ofthese 

samples were UOjFj'l.THjO,and both were loaded in air. These samples exhibited a 

pressure decrease at the beginning ofthe irradiation,followed by a steady(butsmall) 

pressure increase. 

Figures 4.3—4.6 are for samples S,-4, S-12,S-13,and S-16,respectively. Each of 

these samples was loaded in a helium atmosphere and placed in the ®°Co irradiator. None 

ofthese materials exhibited the initial pressure decrease 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 

Material G(gas)
Container Material Atmosphere 

source (molecules gas/100 eV) 

S-1 U02F2«1.7H20 ORNL Air 0.01 

S-3 U02F2«I.7H20 ORNL Air 0.02 

S-4 U02F2»0.4H20 ORNL Helium 0.03 

S-I2 UO2F2U.4H2O ETTP Helium 0.01 

S-,13 U02F2'0.4H20 ettp Helium 0.03 

S-16 02-bumed UOjFj ORNL Helium 0.01 

S-17 Converted UjOg , ORNL Helium. 0 . 

HFIR-1 , U02F2*0.4H20 . ORNL Helium 0.01 . 

HFIR-2 Converted UjOg ORNL Helium 0 

The U02F2*xH20samples that were irradiated in the ®°Co source showed aslow, 

but steady,pressure increase. However,these samples did not reach a limiting value or 

pressure plateau. On the other hand,the UO2F2*0.4H2O 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 by a plateau). However,there was no induction 

period(see Fig.2.5). ' • , 

The total dose to sample HFIR-1 was about360 tiines the dose reached in the ®°Cp 

source. Sample HFIR-1 was irradiated in three differentSNF elements. The insertion of 

the experimental container into the second and third fuel elements is annotated on 

Fig.4.7. After the sample was inserted into,the second element,the gas yield began to .• 

,approa;ch a plateau. Upon insertion ofthe saniple into the third elernent,the yield 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 ofconverted U3O8from the operation ofthe conversion prototype 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 ofthe 

sample upon insertion into the irradiator. The pressure fluctuations, as shown on the 

relatively small scale ofthe graph,are the result ofslight temperature variations. For this 

experiment,because no pressure increase resulting from radiolysis was observed,this 

material was assigned a G-value ofzero. 

Converted U3O8(from the same stock as that used in S-17)was irradiated also in 

HFIR SNF elements(HFIR-2),and the results ofpressure mpnitoring are shown in Fig. 

4.9. The slight pressure rise seen in the data is attributed to the sample temperature 

increase and the resolution in the gage readings(i.e., operators read the gage to the 

nearest 0.5 psi). Overall,the pressure in this sample container was essentially unchanged, 

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

4.2 GAS ANALYSES 

After each irradiation,gas samples were withdrawn from the containers,and the 

samples were analyzed by FTIR spectroscopy and MS. The FTIR provided an immediate 

identification ofsome ofthe gas constituents,but it could not be used to observe 

homonuclear diatomic molecules,such as Hj,Fj,and O2, For the U02F2*xH20 samples, 

the FTIR analysis showed the presence ofCO2in the gas. A trace ofHF was observed in 

some ofthe FTIR scans for samples loaded in air.., However,it was later,discovered that 
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the fluorination ofthe FTIR gas cell(to passivate the cell before gas sampling)resulted in 

the production ofthe trace HF when the interior ofthe cell came into contact with moist 

air. No HF was seen for samples loaded in helium. TypicalFTIR spectra for the gas 

samples are given in Appendix D. ;■ 

Results of the MS analysis of the gas samples are presented in Tables 4.AA.9. 

Table 4.4 gives the gas composition produced by radiolysis of samples loaded in air and 

irradiated with the ^^Co source (Marshall 1998a and 1998b); Table 4.5 gives the gas 

composition produced from samples loaded in helium and placed in the ^"Co irradiator 

(Marshall 1998b, 1999a, and 1999b); Table 4.6 gives the gas composition produced from 

a sample loaded in helium and placed in HFIR SNF elements (Marshall 1999c); and 

Table 4.7 gives the gas composition produced from converted U3O8 samples loaded in 

helium and placed in either the ®°Co source or HFIR SNF elements (Marshall 1999b and 

1999d). 

The results of the MS analysis for the blanks are shown in Tables 4.8 and 4.9. 

Table 4.8 is for the gas composition produced from the ^°Co irradiation of air ,(Marshall , 

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

air, and that were not irradiated (Marshall 1998b and 1999e). 

Note that in each of the air-loaded samples, the MS analysis indicates the presence 

of some helium. After leak testing and volume measurement of a container, the container 

was backfilled with helium. When samples were loaded into these containers in air, not 

all of the helium was removed. Hence, helium appears in the gas analysis in these 

samples. , 
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Table 4.4. Results of mass spectrometric analysis(vol%)ofgas samples 
from materials loaded in.air and irradiated in the ^"Co source 

S-.l" S-3*
Component 

(UO2F2-LyHjO) (UOjF^.I.7H2O) 

Initial atmosphere Air Air 

' N,' . 57.18 66.3 

He , 20.99 20.7 

•Ha ■5.76, 5.07 , 

CO, 11.32 6.43 

Ar 0.7 0.76 

■2.-83 . - 0.02' '"02 ■ ^ 
HF/Ar^^ <0.01 <0.01 

, F, <0.01 <0.01 

CH4 <0.01' \ , <0.01 

CF4 . : . <0.01 

CO , . <0.01 

NO 

" H,0 ■ . 1.22 ■0.71 

° Marshall 1998a. 
''Marshall 1998b. 
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Table 4.5.Results ofmass spectrometric analysis(vol%)ofgas samplesfrom materials 
loaded in helium and irradiated iii the ™Co source 

, 

Component 

Initial 
atmosphere 

8-4" 

(U02F2'0.4H,0) 

Helium 

S-12''. ' S-13* 
(UOjFj'lAH^qh.-■> (UO2F2.O.4H2O),, 

' ■''7', "Helium '■ Helium 

S-16^ 
(Oj-bumed 

UOjF,) ■ 

Helium , 

N, 

He 

2.39 

87.89 ■ ■ ■ 

; ■ 2.93 , 

■ 89.34 ■ 

7 ; 2.6 ■■ 

83.62 

2.87 

90.14 

0.11 ' : 0.21 ' 0.02 0.03 

CO2 9.31 -:'"Vq ;2.45' 7 ' . 3.36 , 2.17 

Ar 0.02 ' , . ; 0.27 , 0.25 , 0.36 

O2 , 0.09 • 4.73- 10.11 4.25 

HF/Ar"^ 

F2 

<0.01-, ' 

<0.01' 

, 

'■ 

0.03 

0.001 : ■ 

■ , 0.03 

<0.001 

, 0.07 

0.0006 

CH4 0.13 0.01 

CF4 <0.01 0.002, <0.001 

CO <0.01 <0.01 <0.01 <0.01 

NO 0.002' . 0.002 0.001 

HjO 0.05 . 0.007 , 0.01 0.06 

"Marshall 1998b. 
* Marshall 1999a. 
" Marshall 1999b. 
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Table 4.6. Results of mass spectrometric analysis(vol%)ofgas samplesfrom material 
loaded in helium and irradiated in HFIRSNF elements 

Component 
HFIR-l" 

' (U02F2«0.4H,0) 
HFlR-l-Duplicate gas analysis" 

(U02F2'0.4H20) 

Initial atmosphere Helium Helium 

N, 0.01 O.Ol 

He 69.42 70.76 

H2 0.03 0.03 

CO2 29.86 28.54 

Ar 0.57 0.55 

. 0, <0.01 <0.01 

HF/Ar^^ <0.01 <0.01 

F2 <0.01 <0.01 

CH4 <0.001 

CF4 . <0.01 <0.01 

CO ' 0.1 , 0.106 
0 
0 

' NO , . <0.01 0<0.01 

H,0 <0.01 0.01 

' Marshall 1999c. 
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Table 4.7.Results of mass spectrometric analysis(vol%)ofgas samplesfrom 
materials loaded in helium and irradiated in either the'"Co source(S-17)orHFIR 

SNF elements(HFIR-2) 

, s-n"- : HFlR-2' HFlR-2-duplicate 
; Corriponent (Converted UjOs) (Converted UjOg) gas analysis* 

(Converted UjOg) 

Initial atmosphere Helium Helium Helium 

. , 2.18 2-.03 , , , 2.05 

. He \' 96.21 96.11 96.09 

0.02 . 0.004 . 0.004 

. CO2 0.41 1.73 L74 

• , Ar • 0.31 . '0,03 0.03 

' 0.78 0.04 0.04O2 

HF/Ar^^ 0.06 \ .0.005 ' , 0.005 . 

<0.001 0:003 : , 0.003F2 • ' , 
-CH4 ; 0.0003 • <6.001 <0.001 

. CF^ ' <0.001 - ^ <0.001 

CO <0.01 

' NO ' , <0.001 

; Hjp . , ' , . ' 0-02, , ..0.04 .0.03 , 

•' ° Marshall 1999b.' 

Marshall i999d! 
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Table 4.8.Results of mass spectroihetric analysis(vol%)ofa gas sample 
from air irradiated in the ®°Co source" 

S-21
Component , 

, (air) 

Initial atmosphere . , , . .Air 

. Nj jv ^ 73.36. 

- He , . , 7.44. . 

0.03 

CO2 ; V . . 0:19 

Ar . 0.97 

O2 . : ' . 17.11 

HF/Ar"^ <0.001 

F, 

CH4 0.01 

CF4 , 0.008 

CO 

NO 

Hp ^ , 0.46 

° Marshall 1999e. 
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Tal?le4.9. 

syere taken.from inaterial4loade^.m air,or helluin arid that were notirradiated 

,:S-20^oX'.
^ .•;'eoiripohent- : y<U02F2^1:;ZH2Q)'A5(?U02F2'i3H2(X) 2X2-1^^29); 

Initial"atmospliere Air^XiXX: ':. Air •: ;/■> '^Helium,;, ■ 

i. N2. 1,0.53 

'8.26/ .. ./p;2. ,"j;.:: >;{94;3:?/;;V 
''^3^1'^ y'>?: 

;:/0:02\^/v 

Ar.; • . 9p:4i : 
p.00l\ 0:36V' 

V-

.<o.p()r 

'■■"--■F2" • '<aoF";\^\'v 
■■ 'M3:- / ;.,9 :A002 . 0.005 . ' V 

: -''- -cf4. ' .0;02''/. -^ ■<o:ai /. 

^•'C,/'..CO; . - . ' 9'" J 9 \ . 
NO, , .//'• 

V '• '•H2O • ■ 0.5:: ■ , •■ 0.09 .. 0.05 

, " Marshall 1998b. 
* Marshall 1999e. 
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To evaluate the chmge in the atmosphere ofthe air-loaded samples,the standard 

composition.(i.e.,the U.S.standard atmosphere)for air is given in Table 4.10for 

comparison(CRC 1992). 

The gas analysis results for sarriples S-1 and S-3,both ofwhich were 

U02F2«1.7H20 loaded in air and irradiated in,the^°Co source,are shown in Table 4.4. 

These two samples primarily showed the prdduction ofa small amountof and, 

surprisingly,COj. The amountofOjwas depleted as compared to that which would be 

expected in the air-loaded samples(in spite ofthe presence ofhelium). NoHF or F2was 

seen for either sample. The blank experiments,described later in this subsection,were 

Table 4-10.U.S.standard atmosphere" 

Component . V9l%,;. 

N2 , 78.1 

. He " ' , . .0.00052-

; Hz '. :, : r' a00005. 

co^- ' ; , , 0.031 

Ar V ..:-0.93' / ' 

• ^'02 -.' -'zo^' ' 
^ .CH4 ; .T -: ■a0002 ^ ' 
„ "Ne -J:' , .0.0018,;"' 

iyCf. ''Kx 0-00011 
■ ■ Xe 0.000009' 

,"CRc 1992,, ,, " , ■; '; 
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performed to provide more insight into(a)the source ofthe Hjand COjand(b)into the 

depletion ofthe O2. . , ' '' 

To ehminate the complicating effects introduced by an air atmosphere, 

experiments were carried out on samples loaded,in a helium atmosphere.- Several 

different U02F2*xH20 samples were irradiated with the ̂ °Co source,and gas a.nalysis 

results for 8-4,8^12,and 8-13 are given in Table 4.5.- Sarhple 8-2 was also loaded in 

helium;however,because the sample container wasfound to bedeaking during the. 

experiment,the gas analysis results for 8-2 were'not meaningful. In samples 8-4,8-12, ■. 

and 8-13, the majority of gas produced was either CO2 or O2. :For sample 8-4, the gas 

was primarily .CO2, and a trace amount of O2. Samples 8-12 and 8-13 were from a , 

different source of uranyl fluoride (from ETTP) than was, 8-4 (ffom .ORNL). In the case 

of 8-12 and 8-13, most of the gas produced was P2, along with a lesser amount of CO2. 

Because only a very srnall amount of H2.was found in.the gas analysis for the three 

samples, radiblysis of the material does not.appear to.,be a major source of H2. A trace of 

F2 was reported for one sample (8-12), but the amount reported was at the limit pT 

detection for the mass spectrometer/ Trace HF/Ar"^"^ was reported for 8-12 and 8-13. ^ 

However, in a mass spectrometer, argon produces an interference with HF because of 

Ar"^. The ratio of Ar"^ to;Ar is typically about 0.13, but this ratio is instrument- . 

dependent. For samples .8-12 arid'8-13, because of the ratio of the measured HF/Ar^ to 

the irieasured Ar, it is likely that,the reported result is for Ar"^ and not for HF. 

Furthermore, HF .was not observed in the FTIR analysis of these gas samples. . 
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Also given in Table 4.5 are the.results ofthe gas analysis for sample S-16,which 

was irradiated in the ^"Co source; This sample contained UO2F2,which had been burned 

in O2,removing some ofthe carbon from the sample and resulting in anhydrous UO2F2 

(see Sect.4.4). The uranylfluoride useci in this experiment was from the same stock used 

in S-4,so a comparison between S-4 and S-16 is warranted. Recall thatfor S-4 the 

majority ofthe gas produced was CO2,with a lesser amountofO2. Analysis ofgas from 

sample S-16 showed thatthe majority ofthe gas produced was O2,with a lesser amount 

ofCO2. Thus,it appears that the bu'ming ofthe UO2F2*0.4H2O in O2made less carbon 

(which is present as an impurity in the sample)available for interaction with either O2 or 

oxygen radicals released from the UO2F2sample.Trace F2,again at the limit ofdetection, 

was reported for S-16. Trace HF/Ar"^ was also reported for S-16,which again is 

attributed to Ar^because(a)the ratio ofthe measured HF/Ar^to the measured Ar is 

consistent with the calibrated Ar"^ to Ar ratio for the instrument and(b)HF was not 

observed in the FTIR analysis ofthe gas sample. 

Gas analysis results for HFIR-1,which was for UO2F2*0.4H2O loaded in air and 

irradiated in HFIRSNF elements,are.shown in Table 4.6. Two gas samples were taken 

and analyzed for HFIR-1. The material irradiated wasfrom the same stock as that used in 

S-4(Table 4.5). The analysis showed thatthe majority ofgas produced was CO2,with a 

trace ofCO. No O2was reported. These results were consistent with those reported for 

S-4. Neither F2 nor HF was reported for HFIR-1,which was irradiated tmtil a plateau 

pressure was reached. 
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In Table 4.7,the gas malysis results for S-17 and HFIR-2 are showri. Each of 

these samples consisted ofUjOg from operation ofthe MSRE.conversion prototype,and, 

each were loaded in helium. The U3O8 contained 1.4 wt%'fluorine. Sample S-17 was 

irradiated in the ̂ °Co source,.while HFlR-2 was irradiated in HFIR SNF elements. Two 

gas samples were taken and analyzed for HFIR-2. No.significant pressure rise was seen 

during either ofthese irradiations,and only.a small amount ofCO2or O2wasfound in 

each ofthe gas samples. A trace ofF2 was reported for HFlR-2. Trace HF was reported 

also for both S-17 and HFlR-2. However,HF was not observed in the FTIR spectra for 

these two sarnples,and the ratio ofthe HF/Ar^^ value to the Ar value indicates that the 

measured result is actually Ar"^ and notHF. 

Table 4.8 gives the gas analysis results for a blank experiment(S-21),which 

consisted of^"Co-irradiation ofair. The composition is little changed from that expected 

for air. The amount ofH2and CO2are somewhat higher than would be expected in air, 

but did notshow the large increases seen in the irradiation experiments with 

U02F2*xH20. 

In Table 4.9,MS analysis results are given for several blanks ofU02F2*xH20 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,showed that Hjwas produced— a very large 

amountin the case ofsample S-22., The O2is depleted,as compared to what would be 

expected in both samples. The amount ofCO2is elevated,as compared to the expected 

value for air,but again this amount is small as compared to the amount measured in the 

irradiated UO2F2samples. The H2production and O2depletion may have resulted from 
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corrosion ofthe container. Sample S-20, which was loaded in helium,did not exhibitdie-

large H2production seen forS-8 and S-22. A very small amountofO2and CO2 was'also 

reported for S-20. . 

4.3. SOLIDS ANALYSES 

After irradiation,solid samples were taken ftoih the irradiated materials. These 

samples Were observed for physical changes,such as color change. Analyses werealso -

performed on.the samples including valence determination,XRD,and ATR. The sample'; 

containers were inspected for signs ofcorrosion. Metal-sample,coupons were also placed 

in the HFIR-2,.container;these couporis were inspected after completion ofthe HFIR SNF, 

irradiation.. The results ofthese analyses and inspections are described,in . . , , -

''Sects.-4.3.1-4.3.5. ' • ! ^ ' , 

4.3.1 Sample Color 

After irradiation, it was observed that the urahyl fluoride sainples exhibited a „ ' 

color change from yellow to green. This change Was most evidentfor the U02F2*1.7H20-: 

samples,which were initially bright yellow—characteristic ofhydrated uranyl fluoride. 

After irradiation,the samples were green. Because U(IV)fluoride is characteristically 

green,this color suggested a change in the uranium valence fforh VI to'IV,which 

prompted further investigation ofthe uraniurh valence. Although not as strong,a change -

'from yellow to green was observed also for the UQ2F2*14H20.. Very subtle color' 

changes were noticed in the drier uranyl fluoride samples(i.e^, U02F2*0.4H20). 
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4.3.2 Uranium Valence 

The color change observed in some ofthe uranyl fluoride samples after their 

irradiation suggested a possible change in the uranium valence from VIto IV. To explore 

this possibility,two methods were used to determine the uranium valence: Davies-Gray 

titration and XPS. The Davies-Gray titratioh provides a measure ofthe amount ofU(IV) 

in the bulk sample,while XPS provides information on the valence state ofthe uranium 

at the surface ofa sample. 

4.3.2.1 Davies-Gray Titration 

The amountofIJ(IV)in the uranyl fluoride samples was evaluated by Davies-

Gray titration(Jarabek 1984),which was performed by the Materials Characterization . 

Laboratory ofOak Ridge,Tennessee. The results ofthe titrations(Jarabek 1999a,1999b, 

1999c,1999d,and 1999e)are summarized in Table 4.11,which shows the percentage of 

U(IV)before and after irradiation for several samples.Also shown is the ratio ofthe 

amountofU(IV)dn the irradiated sample to that in the unirradiated sample. For each of* 

the samples(except S^l6),it,is clear that the amountofU(IV)has increased after gamma 

irradiation^indicating a reduction ofsome ofthe uranium. An interesting trend evident 

in Table 4.11 is that the drier materials showed a larger increase in percentage ofU(IV)' 

than did the higher hydrates. The exception to this trend is the Oj-bumed UO2F2(S-16). 
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> One ofthe irradiated samples,S-3,was heated to 200°Cjfirst in a,vacuumiand 

then,in air. 

cbhteht,sueeestine a back reaction ot ttie material with air. ^ 

"t -

produced is'given in Table 4.12.The'numher pfmples ofU(IV),produCe^^^ we're estimated 

Additionally,for the samples .- , . 

loaded in helium',themumb i.e., moles Ofafid moles 

CO2)were estiiriatec .6. This estimation , 

was in air,because'ofthe presence ofOj . 

.and GO2at the beginniiig ofthe.irfadiatidns: 

: Table 4.12;Comparison of moles oftJ(iy)and Oj/COjproduced by gammaIrradiation 
f ^y, 'a' \ sam^ . v ; 

' Cdritainef h'v'Material;,. : .Moles,.U(IV). . Moles62+CO2' , Moles O2+CO2/ 
produced ' nioles U(I'y) 

;yy62F2*h.4H2C)::,''^yso'x loA:: f:'5..62 x'lOiv ; ;;0.0769 " 

:vuo2F2''1'.4H29'; ■" -2:71 x,10t ^ . ■ 4.36-x 10-5 

■■■ •S43---T , v-:: - uo2F2*o.4H20 , ' ,2.49 x/.fO":' - . ;;,8'85 X 10:5 ■ , • ' ;0.356 

"k24;><iof: ; k85.x;io-?T^_ . •9,0:395 .'/''O 
■ HflR-1 f J-;■.':uo2F2»q.4H20 9 1.93.x 10^A ' . ;9"' -'->0.237;:>a9--

. ' " ■ ' -'J'' ' ' > t ■ ■.;..,: ".i;93 xT():5 -'9 . .Ct287.:' ' 9'-'9 
=s-l6V:': -62^bumed'.UO2F2 ■V;:. '3;78:X ip-^: -...- y ■;-0,3l2 V_; ' 

■ /v3.7^,x9o:^';A,: 

1 >■ .. 
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Associated with the formation ofU(IV)should be the release ofoxygen(from the 

uranyl group),appearing as,02 or CO2. The ratio,ofmoles O2+C,02 to moles U(IV) 

should be 0.5. Ih all cases,the ratio is less than 0.5—varyingfrom about0.08 up to04 

(Table 4.12). The ratio shows that some ofthe oxygen produced may have been trapped 

inside the uranylfluoride matrix or otherwise scavenged. Note,in the case ofS-16,that 

the moles ofU(lV)produced are negative, becatise this sample experienced a net 

oxidation. 

4.3.2.2 XPS • 

XPS provides an analysis ofthe valence ofthe atoms at the surface ofa material. 

This analysis was performed by the Analytical Services Organization ofthe Y-12Plant in 

Oak Ridge,Tennessee(Thompson 1998a,1998b,1999). . . . 

XPS analyses were performed for samples S-1,2,3,4,12,and 13. Thibaut et al. 

(1982)reported valence-band peak positions for a number ofuranium halides and 

uranium oxyhalides. For U(1V),U(V),and U(VI),many ofthe peak positions are very 

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

UF4and UF5,this peak occurs at 2.8 and 2.7 eV,respectively. By comparison,the"A" 

peak does not exist for UO2F2. A very weak"A"peak was observed for samples S-1,2, 

3,and 4,indicating the presence ofU(IV)or U(V)on the surface ofthe 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 ofthe peak did not allow for the 

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

presence ofU(IV)and U(V). The"A"peak was not observed for samples S-12and 13. 

Because ofthe weakness ofthe peaks that were obtained and the lack of 

quantitative results,XPS analyses were not performed for subsequentsamples. 

4.3.3 XRD 

XRD analyses were performed on UOjFj'xHjO samples both before and after 

irradiations. After the irradiation,there was little, ifany change in the XRD spectra. The 

irradiated material retained its crystalline structure. Additionally,any structural changes 

produced by the irradiation 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 ofUOjFj'xHjO 

samples. The ATR spectra were found to be unchanged after irradiation. 
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4.3.5 Metallographic Examination 

Sample HFIR-2contained converted UjOg and stainless steel metal coupons 

(types 304,304L,316,and 316L),which were examined after they were irradiated in 

HFIR SNF elements. The surfaces ofthese coupons were compared with those of 

unexposed blanks,and no differences were seen.. Sample containers S-3 and S-8 were 

examined also,revealing no differences from the unexposed material. However, . 

examination(at5OCX magnification)ofsample container S-22 did reveal corrosion on ' 

the surface,as shown in Fig.4.11. For.comparison,a photograph ofan unexposed blank 

is shown-in Fig.4;12. The material for this blank was from the same stock asthat used in 

the fabrication ofS-22. The photograph for S-22 indicates that corrosion has occurred;^ 

this finding is consistent with the obseryation ofHjproduction for this sample. 

4.4 BURNING iJOiFj.xHjO IN O2 

Because irradiation ofU02F2*xH20 wasshown to produce both CO2and O2,it 

was desirable to remove as much carbon frorn the UO2F2 as possible to evaluate'ifthe 

carbon imjpurities played a role in the production ofCOj A sample ofUO2F2*0.4H2O 

was burned in Ojusing an apparatus described in Sect. 3.1.4 and schematically,depicted 

in Fig. 3.6.. Uranyl fluoride decomposes to UFg and UjOg at.temperatures above 700°C 

(Ferris and Baird,1960),so the buming'was conducted in the temperature range 

500-550°C. - , ■' ^ . 
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A 10-g sample ofU.02F2*().4H26 was burned in O2at pressures from 450-65,0 

Torr. The off-gas from the burning was.periodically monitored with an FTIR,which 

showed,that CO2was produced. Biiming continued until no"CO2was observed in the 

FTIR spectrum. After the sample cooled,it was removed froiri the silica tube in,an ineit-

-atmosphere glove box to maintain the.inaterial in a dry enviromnent^,An ATR analysis, , 

performed on the 02-bumed UO2F2? indicated that the material was anhydrous.Ud2iF2. A 

more detailed description ofthe ATR,spectrum for,this material is given in Appendix D. 

' . • Davies-Gray analysis ofthe sample following its burning,indicated a srhall 

increase in the amount ofU(ry)(Jarabek i999d). This result was consistent with the" 

observation ofa very small amountoffine black powder specks onthe alumina sample, 

boat(and presumably in the sample itself).after completion ofO2burning. These data 

indicate that even at the lower temperattires(500-550°C)asmall amountofUO2F2 

decomposed to U30g. A second batch of02-bumed UO2F2was prepared by the same 

method,,and Davies-Gray titration(Jarabek 1999e)confirmed the production ofa small 

amount ofU(IV); 
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5. DISCUSSION 

Radiolysis experiments were performed to demonstrate the effects oflarge 

radiation doses on UjOg and halide.impurity components. In this section,the results of 

the experiments are summarized and interpreted with respect to the radiolysis of' 

U02F2*xH20 and residual fluoride compounds in UjOg. U02F2* XH2O is an intermediate 

compound produced during the conversion ofUF^ to U30g,and this compound represents 

the maximum fluoride content that could be present in the stored oxide. Irradiation ofthe 

UjOg provided data on material similar to that which will be placed into storage. 

First,the results for the gas yield,gas composition,and valence change are 

individually discussed. These discussions are then summarized to provide a clearer 

overall picture regarding the radiolysis ofUO2F2and residual fluoride compounds in 

UgOg. 

5.1 GASYIELD 

For all ofthe U02F2*xH20 samples,pressure was seen to increase during gamma 

irradiation by either the ®°Co source or HFIR SNF elements. In all cases,the total 

pressure increase was small, with a maximum increase ofless than 1 atm reached for the 

HFIR SNF element irradiation. G-values were calculated based on the gas yield 

(regardless ofcomposition)and the dose. Note,however,that the G-value is calculated 

from the pressure change in the container and that both chemical and radiolytic reactions 
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may contribute to the gas produced. This idea will be explored further in the discussion 

ofthe gas compositions(Sect. 5.2). 

The calculated G-values were relatively consistent for different types and sources 

ofsamples,atmospheres,and radiation sources—^ranging from 0.01 to 0.03 molecules of 

gas produced per 100eV absorbed in the sample. Although not a conclusive trend,it was 

observed for the ̂ °Co irradiations that the lower hydrates (i.e., UO2F2*0.4H2O)have 

higher G-values than do the higher hydrates (i.e., U02F2*1.4H20 and U02F2*I.7H2O). 

The radiolysis ofthe waters ofhydration on the sample probably plays a role in 

suppressing the radiolytic gas yield from the higher hydrates. For example,the radiolytic 

products ofwater can react with the radiolytic products from the irradiation of 

U02F2*xH20,thereby lowering the overall gas production. The exception to this 

observation is for the ^"Co-irradiation ofthe 02-bumed UO2F2samples. This sample, 

which was anhydrous UO2F2,exhibited a G-value ofabout0.01 molecules ofgas 

produced per 100eV,similar to the yields for the higher hydrates. 

In the case ofthe HFIR SNF irradiation ofUO2F2*0.4H2O,the calculated G-value 

was 0.01 molecules ofgas produced per 100eV,again similar to the yields for the higher 

hydrates ofU02F2*xH20 that were irradiated in the ^"Co source. The G-value for HFIR-1 

was calculated from the linear region ofthe gas yield curve(Fig.4.7)and was based on a 

dose ofabout4.7 x lO'rad(13 W-h/g). By contrast,the G-values for the ®°Co irradiation 

ofthe same material were based on a total dose ofabout 1.7 x 10^ rad(0.47 W-h/g). The 

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

yield as the approach to a plateau(or saturation)begins. This type ofeffect 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 Ghormleyfound that the production rate ofNOj'from electron-

irradiated Ba(N03)2 crystals decreased with increasing dose. Similarly,Henning,Lees, 

and Matheson(1953)reported that the G-values for the production ofOjfrom nuclear 

reactor irradiation ofNaNOjdecreased with higher total doses. 

- The ^°Co irradiations provide insight into the early,low integrated dose behavior 

ofU02F2*xH20 under 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 SNF irradiations were 

recorded about every 12 h and that,,during a 12h period,the dose to the sample by a 

HFIRSNF element would be greater than the dose achieved in a40-50-d irradiation in 

the ORNL^°Co source.) 

The irradiation ofU02F2*xH20 samples with the ®®Co source showed a steady 

pressure increase and no sign ofa plateau being approached. To evaluate ifsuch a 

plateau could be reached,higher total doses were needed;hence,HFIRSNF elements 

were used. These elements produced dose rates up to 1,000 times those in the ̂ °Co 

source(depending on the time since discharge ofthe element from the reactor). The total 

dose in the HFIR SNF elements was about 360times higher than that which was achieved 

in the ̂ °Co source. Indeed,by using the higher dose rate and higher total dose,a pressure 

(or,equivalently,a gas yield)plateau for a UO2F2*0.4H2O sample was observed 

(Fig.4.7). After the sample was inserted into the first fuel element,it was moved to a 
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fresher element o'nfwo pecasions. Whenthe sample was inserted into the second 

element,'the gas yield began to approach aplateau. After inserting the sample into the 

third element,the;yield,rose;shghtly tp a new plateau; This;rise is the result ofthe higher 

dose rate arid'hehp'e,ahigher radiolytic production rate: The pressure then rises as a new 

yhmiting value is feached. /' - , 

•; '' ; After the plateau,is reached,the systern is at steady state for that dose rate. 

During,irradiation^ some oithe radioljhic products recombine with the darnaged sites in 

the sample:"At steady state, the radiolyticproduction,rate equals the.recombination rate. 

Upon insertion;bfthe sample into a higher dose rate field,the radiolytic production 

.increases, with the net result being'that more gas is released from the sample as a higher 

steady state is established. ' ' • , 

, ; The pressure plateau is a meUsureofthe limiting matrix damage to the 

.U02F2*xH20. This,value is estimated to be about7to9% based on the Davies-Gray 

titrations performed after the iiradiation(Table 4.11); In contrast,the damage limit for' 

the LiF-BeF2 salt measured by Toth and Felker(1990)was about2% at the same dose 

rate., Thelarger ainount ofdamage,at saturation,in the U02F2*xH20 indicates that the 

covalently bonded uranyl group is more,susceptible,to radiation damage than is the. ' 

ionically bonded fluorine. - . ... . . , 

■Unlike the results reported for irradiated MSRE-type fuel salts (Sect. 2.3.2), an 

induction period Was not observed for either the ®°Co or HFIR SNF irradiation of 

U02F2*xH20. The production of,gas was observed to occur immediately upon inserting 

the samples into the radiation source. The induction period has.been interpreted as,gas ■ 
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being trapped in the crystal matrix before diffusing out to the gas space. Induction,then 

is a diffusion-related phenomenon and,therefore,is particle-size dependent. For the. 

U02F2*xH20,it appears that the gas is immediately released with little, ifany 

concentration buildup before release. . • 

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

initial decrease in the pressure,followed by'a pressure increase(see Figs.4.1 and.4.2),. . 

Such a pressure decrease has been observed for other materials that were irradiated,in a . 

closed, air-filled container— namely,gammaradiolysis ofuranium oxide samples that 

had sorbed water on them(Icenhour,Toth,and Luo 2000)and alpha radiolysis ofsorbed 

water on plutonium oxides(Mason etaL-1.999). The pressure decrease.can be attributed 

to the radiolysis-ofmoist air(see Sect.2.4.2.1.2), which produces nitrogen oxides(Mason 

et,al. l999 andLivingston 1999)that are subsequently sorbed onto the U02F2-

Alternatively,the pressure decrease niay result from O2depletion during localized 

corrosion ofthe sarhple container. .Eyeritually,the gas.production mechanisin from the 

radiolysis ofthe U02F2*xH20 dominates.the Oj-depletion.reaction,and the steady . 

increase in pressure is observed; - ," ,,y„' , 

Coriyerted U3.O8 samples were irradiated with,gamma rays to directly study the 

types of.materials that.w;ill be placed into long-term storage. Unlike the gamma-r,; 

irradiated UOjFj'^HzO samples,the irradiation ofthe converted UjOg,which had a 

fluorine confeiitAfabout 1.4wt%,did not.show a pressure increase. Each ofthe UjOg 

samples(after irradiation up to 2.2 x .10^ rad for'the ̂ °Co source and 3;0 x 10'"rad for the 
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HFIR SNF elements,respectively)were assigned G-values ofzero molecules ofgas 

produced per 100 eV. 

5.2 GASCOMPOSITION 

The gas analysis results from the irradiated UOjFj'xHjO samples showed that O2 

and CO2were produced. Additionally,for the'air-loaded samples,a significant amount of 

H2was measured. Prior to these irradiation experiments,programmatic concerns were 

that,either F2 or HF would be produced during gamma irradiation. However,the gas 

analyses clearly reveal that F2and HF are not produced. 

The results ofthe gas analyses are discussed in the following subsections. The 

discussion is divided into two parts,based on the initial sample atmosphere. Results from 

samples loaded in air are discussed in Sect. 5.2.1, while results from samples loaded in 

helium are discussed in Sect. 5.2.2. -

5.2.1 Samples Loaded in Air 

, Gas analyses ofthe irradiated U02F2*xH2b samples loaded in air showed that H2 

and CO2were produced. The initial presence ofair in the sample gas complicates the 

evaluation ofwhich gases were produced by radiolysis. Additionally,corrosion may 

have been responsible for the H2 generation. However,some insight into the evaluation 

ofwhich gases were produced by radiolysis can be gained by comparing the final gas. : 

composition to an inert componentofthe air, namely argon that acts as an internal ' 

standard. In Table 5.1 the ratios ofthe volume percent ofthe gases O2,COj,N2,and H2 

- ; ' r'b ' ' ''' , 143" \ ^ . 



 

 

 

 
 

Table 5.1. 

' > coiniiQsitibn^ nonirradiated blanks,and irradiated samples 

Ratio. 
... Standard air;'~ 
corripositipn'! •; V:s-C:..; Air blankX ;;'S-r • s-3 : 

, (S-21)X . 

'' •■■;X22:47 A-v ^0.005 X/ i7.64X-X ;; -4;o4 . . 0.03 

X-Xv''o!bT-:rXX '0.51. ';,. (|;XCb;20'; , ' : 0.20,;■ { 16;17X 8.46' 

X' '^^83:9S;-.'XX X 82-65 ■ "7X53-X.X ki.69* 87i24. .■ 

-XpSoOsX; ^8.43 . ■ 0.03 . .. 8.23■ ' 6:67' ' 

reiatiye-:t'6 the;v6,lume percent of for a standard air composition, the;, j.l' ; 

... 

;;,;'.In Table 5^ composition with that for the - ; , 

hradiated air bianfeXS-ilXshows-^ pf the 0, md a slight elevation of CQ^, 
Wii'Hjdeyelsi iHoweyefthere%pre;n^^ changes caused By^irradiation.. On ■ ' 

'.the .other handv; for thc nohiiradiated hlams, S-S ahd'S-S^,^and for thb imadiated's^ples; ■ 

S-l S-3,ThPamoimt p The GOj in the.iionirradiated bl^s;is 

'Shghtly^^mcreasedjiwhiiethe.COjTev increased in the irradiated sainples; 

'S-T':and;S-3.v Finally^ amount of H2 in both the nonirradiated blanks and the irradiated 

S^pie's (except for- S-21, 'the air blahk) 'shpws^^ increase over the expected, , 

Valued :in each of the s^ples, the arriourit of Nj i? close to the expected value. . v,. ., . ; . 

-v. T44'. 
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From examination ofTable 5.1,it appears that the COjproduction is a result of 

irradiation ofthe U02F2*tH20samples. It is proposed that the ganuna irradiation ofthe 

UO2F2releases0radicals, which mayform P2or which may react with carbon impurities 

.,to form CO2. This mechanism is discussed ftirther with respect to the irradiated samples 

that were loaded in helium(Sect. 5.2.2)., v , 

Hydrogen production -is comihon to both the nonirradiated and the irradiated 

samples(exceptfor the irradiated air'blank). Therefore,the hydrogen may have resulted 

from a chemical,rather than a radiolytic,reaction. The likely reaction resulting in 

hydrogen production is corfosion.,' > 

Uranyl fluoride solutions are acidic and have been shown to corrode metals(Lane, 

MacPherson,and Maslan 1958). The corrosion rates ofseveral alloys,including type 

304L stainless steel, were measured by Lane,MacPherson,and Maslan(1958). The 

alloys were exposed to 0.17 MUO2F2at 250°C in both static and flowing systems. Myers 

(1990)reports that the solubility ofUO2F2in water is about5.2 Mat25°C. For the 

' corrosion tests with the UO2F2solution at the elevated temperature,corrosion rates of0.1 

to 0.33 mm(4to 13 mil)/year were reported, It was found in these experiments for static 

systems that, after about 100 h ofexposure,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,ifthe 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 sweptaway in the flow. 
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The blank,nonirradiated samples ofU02F2*xH20 consisted ofU02F2*1.THjO 

loaded in air(S-8),U02F2*2.3H20 loaded in air(S-22),and U02F2*1.4H20 loaded in 

helium(S-20). For the samples loaded in air, gas analysis showed that H2was produced 

and that O2 was depleted. For the helium-loaded sample,a small amount ofH2was 

found. The H2production is the result ofcorrosion ofthe stainless steel container. 

Additionally,similar to other corrosion phenomena,the presence ofO2in the sample 

atmosphere may enhance the corrosion rate(Flinn and Trojan 1981). The corrosion of 

the sample container S-22 is clearly evident from examination ofFig.4.11. The 

corrosion seen on the container wall is consistent with the fact that a large amountofH2 

was produced inside this container. Metallographic examination ofcontainer S-8 did not 

show significant changes from the unexposed material. However,a much smaller amount 

ofHjwas produced inside this container. 

Both ofthe air-loaded samples were prepared in a humid environmentto 

maximize the water-loading ofthe sample. It is possible that very small amounts of 

condensed water could form on the sample,resulting in locally high concentrations of 

acidic UO2F2solution in contact with the container walls. Corrosion ofthe walls would 

result in H2 production. Forsample S-22,based on the container pressure, it is estimated 

that about7x10"^ moles ofH2were formed. Only a small amount ofcorrosion would be 

required to produce this srhall voluine ofgas. (Pressure data were not available for 

sample S-8.) The rate ofpressure increase for S-22 was notseen to plateau,as would be 

expected based on the uranyl fluoride solution experiments. The amount ofcorrosion 

may have been so small relative to the available surface area that a passive layer. 
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adequate to noticeably retard the corrosion rate, was notformed. Finally,the lower 

hydrate sample(S-8)exhibited a lower total production ofHjthan did the higher hydrate 

(S-22). In this case,there is less acidic liquid phase in contact with the container walls 

and,hence,lower H2 production. 

The reduced Ojcontent in both the blanks and the irradiated samples may have 

resulted from corrosion. However,in the case ofthe irradiated samples,another 

mechanism may have contributed to the O2 depletion. The radiolysis ofmoist'air 

produces nitrogen oxides(see Sect. 2.4.2.1.2)that may sorb onto solid surfaces. Recent 

work atORNL with gamma-irradiation ofuranium oxides loaded in air(Icenhour,Toth, 

and Luo 2000)and at Los Alamos National Laboratory(LANL)for alpha-irradiation of 

plutonium oxides loaded in air(Mason et al. 1999)have shown a pressure decrease 

during irradiation. This decrease has been'attributed to the radiolytic production of 

nitrogen oxides,which sorb onto.the uranium or plutonium oxide(Livingston 1999, 

Mason et al. 1999). Neither uranium oxide nor plutonium oxide form acidic solutions, 

such as those described for UO2F2..Therefore,in those systems,it is not likely that the O2 

was consumed in corrosion. On the other hand,the N2:Ar ratios in each ofthe samples in 

Table 5.1 are consistent with those,expected from the standard air composition. It is not 

clear whether any Njhas been depleted;therefore,there is no conclusive evidence for the 

nitrogen-oxide-production mechanism. In any event;the exact fate ofthe O2in the 

irradiated samples is notknown. The O2may haye been consumed during corrosion, • 

during NO^production,or by soine combination ofboth ofthese mechanisms. 

Furthermore,it is proposed that the radiolysis ofUO2F2results in the release of 
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O radicals,forming either O2or COj. This radiolytic source ofO2 may have also been 

depleted by the proposed rnechanisms—corrosion and/of production ofnitrogen-oxides. 

Finally,because it appears that;the produced in samples S-1 and S-3 is only 

from corrosion and not fforn some radiolytic reaction,the'G(gas)-values calculated for 

these experiments may be too high. Recalling thatthe G(gas)rvalue was based on,the 

total pressure,iricrease for a sample,it is necessary to remove the Hjcomponeiit from the 

calculation to obtain a better estimate ofthe G(gas)-value resulting from radiolytic 

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

true G(gas)-value is about60-70% ofthe value given in Sect.3—hence,G(gas)~0.007 

molecules gas per 100eV for S-1 and G(gas)-.0.012 molecules gas per 100eV for S-3. 

5.2.2 Samples Loaded in Helium 

To remove the complication ofthe initial presence ofOjin the cover gas,similar 

runs were made with samples loaded in helium. For the gammairradiation ofthese 

U02F2*xH20 samples,the gases produced were,either O2 or CO2. A trace ofH2was 

reported for each ofthese samples. However,the amountofHjis close to that for the 

nonirradiated blank ofU02F2*1.4H20,which was loaded in helium. Thus,the H2may 

have resulted from an extremely small amountofcorrosion ofthe sample container by the 

U02F2*xH20. 

It appears that O2 is released during the irradiation ofthe U02F2*xH20samples 

and thatsome ofthe O2reacts with carbon impurities in the samples to produce CO2. The 

observation regarding the O2release is consistent with the experimental results for the 

148 



mixed-bonding crystals,as described in Sect. 2.3.3. In those crystals, the covalent 

portion ofthe crystal was damaged(releasing O2 or N2). A similar effect is seen in 

gamma-irradiated U02F2*xH2di 

To confirm the hypothesis regarding the carbon,a sample ofUO2F2*0.4H2O was 

bumed in O2to remove some ofthe carbon, FTIR analysis ofthe off-gas during buming 

revealed that CO2 was produced. ATR analysis ofthe sample after buming showed that 

the material was anhydrous UO2F2. Irradiation ofthe unburned\30-^2'^-^^2'^(both by' 

the ^°Co source and HFIR SNF elements)resulted in the production ofCO2and a small 

amountofO2. By comparison,after the ^"Cb irradiation ofthe O^-burned UO2F2,the gas 

composition was primarily O2and a lesser amountofCO2. Removal ofsome ofthe 

carbon from the UO2F2sample by buming in oxygen resulted in less carbon being 

available for reaction and,therefore, more O2being produced. Hence,it is clear that O2is 

the primary gas released by gamma irradiation ofU02F2*jcH20 and thatsome ofthe O2 

(or O radicals)reacts with carbon impurities to form CO2. 

The irradiation ofthe converted U3O8 samples,which were loaded in helium,did 

notshow a pressure rise. The gas analyses for these samples revealed that only a very 

small amountofCO2and O2 were present. These gases may have been produced from 

the samples,but the amount was so small that it did not contribute to any discemable 

pressure increase. Because ofthe high dose given to the UjOg sample in the HFIRSNF 

elements, it is clear thatlarge amounts ofgas will not beproduced bygamma radiolysis 

ofthis material. 
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5.3 VALEN.CE CHANGE 

The color change ofthe U02F2*xH20from yellow to green,especially evident in 

the higher hydrates,indicated that some ofthe.uratiitim may have been reduced from 

U(VI)to U(IV). This observation was confirmed by the Davies-Gray analysis ofsamples 

before and after irradiation. The analysis presented herein assumes.that the uranium is 

present as U(IV)and not U(V)even thoughin the dissolution ofthe uranium sample for 

the Davies-Gray titration, any U(V)that is present will disproportionate to U(IV)and 

U(VI). This assumption is consistent with the observed color change ofthe U02F2*xH20 

from yellow to green^— typical ofU.(iy). 

In generaT(exceptfor sample S-16),after irradiation,the amountofU(IV)in each 

ofthe U02F2*xH20samples was found-to increase(Table 4.11). This increase indicates a 

reduction ofsome ofthe U(VI)to U(IV),which could be accomplished by the release of 

oxygen from the UO2F2,as indicated by 

UO2F2 4"h V—^U0F2 "I"0 . (5-1) 

The results ofthe Davies-Gray analyses(Table 4.11)showed an interesting trend. 

The lower hydrates (i.e.,x~0.4)had a larger increase in percentage ofU(IV)than did the 

higher hydrates. The exceptionfp this trend, which is discussed later in this subsection,is 

sample S-16(the Oj-bumed UO2F2). It appears that the oxidizing species, produced by 

the radiolysis ofthe water ofhydration or moist air, oxidize-the uranium,thereby limiting 

the U(IV)production. Such reactions.are indicated by: 

UOF2-hOH ̂ U02F2-t-H and- (5.2) 
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� UOF,+N0,-^,UQ2F2+N0,_, , (5.3) ' 

- This observation,regarding the amount ofU(IV)production,relative to the degree of 

hydration ofthe UP2F2,is Consistent with the experimental evidence described in. 

Sects.2.4.2.1.1 and 2.4.2.1.2. In these sections,the oxidation ofUO2by oxidizing , 

species(e.g.,OH and NOJ produced by the radiolysis ofsorbed water or moist air was . 

discussed.. Similar mechanisms may be occurring for the,irradiation oftJ02F2*xH20. ' • 

One ofthe irradiated samples,S-3,was hea:ted to 200°C,first in vacuiirh and then ,, ' 

in air. Subsequent chemical analysis ofthis material revealed a decrease in the U(IV) 

content,suggesting a back reaction ofthe reduced uranium with oxygen during the air- ', 

heating phase. , „ 

With respect to valence change,sample S-16 did not exhibit the same behavior as 

did the other irradiated U02F2*xH20 samples. S-16 was prepared by heating 

U02F2*0.4H20 in an O2atmosphere at 500-55p°C. Davies-Gray analysis ofthe heated 

sample revealed that a small amount ofU(IV)had been produced. This observation is 

consistent with the fact that UO2F2 disproportionates to UF^ and UjOg upon heating. 

Ferris and Baird(1960)reported that UO2F2 was stable in a dry atmosphere below 700°C. , 

However,because a hydrate ofUO2F2 was heated in a closed system,there was moisture 

in the system.. Indeed,moisture was observed to condense at the cool ends ofthe,silica 

tube during the heat treatment. .Additionally, after treatment,black specks were observed 

on the sample container. These specks were likely UjOg and,hence,it appears that a 

small amount ofUO2F2 disproportionated to U3Cig and UFg. 
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Most ofthe UOjFj'xHjO exhibited an increase in the amountofU(IV)after 

irradiation. However,sample S-16 showed that the tJ(IV.)content decreased,indicating a 

net oxidation in thesample. Similar to the U02F2*xH20 samples,this sample also 

released O2and CO2upon irradiation. Irradiation ofthe UO2F2releases O2from the 

sample,resulting in a reduction ofthe uranium fi-om U(VI)to U(IV). However, 

subsequent oxidation ofuranium by this source ofoxygen would hot explain the net 

oxidation ofthe sample. Another source ofoxygen mustbe available,and it appears that 

the source may be in the 1)308 produced by the 02-buming ofthe UO2F2*0.4H2O. 

Kraus(1944)and Katzand Rabinqwitch(1951)reported that superoxides of 

uranium(i.e.,0:U molar ratio> 3).are formed when uranium oxides are heated in Oj. 

Kraus thermally decomposed(NH4)2U2O7in O2at terhperatures from 350 to 550°C. 

During the heating ofthe sample,NH3and H2Q evolved in the temperature range of250 

to 350°C. Above 350°C,Kraus reported that little or no NH3evolved. Analysis-ofthe 

samples showed that a superoxide had been formed,with 0:U ratios ranging from 3.14 to 

3.38,depending on the heating time and temperature. When the sample was dissolved in 

water,oxygen was released. ' 

The heat treatment ofthe UO2F2*0.4H2O is similar to that performed by Kraus 

(1944). The U02F2*xH20 was heated to 550°C.in an O2atmosphere. Thermal 

decomposition ofthe.sample appears to have formed a small amotmtofU30g. Under 

these conditions,the U3O8can take additional oxygen into the crystalline lattice, which 

would be released during dissolution ofthe sample for Davies-Qray titration. 
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It is proposed then,that the b2-bumed U02F2sample,(S-16)contained a.mixture 

ofU02F2.and a small amount ofa superoxide ofuranium(namely,UjOg with excess O2 

in the matrix). Upon,irradiation ofthis material,the UO2F2is fadiolyzed,releasing O2. : 

Radiation also.causes a release ofoxygen from the,uranium superoxide; This"excess" 

oxygen is also available to oxidize uranium. Hence,oxygen(or CO2)is released from the 

sample(a uranium reduction),but uranium is also,oxidized by some ofthe released 

oxygen—the net effect being a slight.oxidation ofthe sample. . v 

In Sect.4.3.2.1,a comparison was made ofthe number ofmoles ofU(IV) 

produced and the number ofmoles ofO2(either as Ojor CO2)produced (Table 4.12). If 

all the U(IV)production resulted in O2(or CP2),.then for every mole oftj(IV),there 

would be 0.5 molofO2. the ratio ofmoles ofO2and CO2to the moles ofU(IV)varied , 

from 0,08 to 0.4. These ratios indicate that soiiie ofthe O2produced was either trapped in 

the UO2F2 matrix or Otherwise scavenged(i.e., through corrosion or other reactions). 

However,irisufficient evidence exists to firmly establish the fate ofthe oxygen that is not 

manifested in the gas as either O2 or CO2. ' 

Finally,the U(IV)production in the irradiated U02F2*xH20samples provides a 

measure ofthe radiation damage,to.fhe UO2F2 niatrix. Damage,in this case,is defined as 

the percentage ofU(IV)produced: Based on the change in the percentage ofU(IV)in the 

samples(Table 4.11),the ̂ "Co irradiatioris produced damages ranging from 0.3 to 1.5%. 

However,the quantity ofmost interestis the maximurn damage limit to the U02F2*xH20. 

This quantity was measured by performance ofthe HFIR SNF irradiatiphSj which reached 

a limiting pressure plateau. The Davies-Gray analysis,for this material revealed a damage 
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ofabout..7-9%. Because a limiting pressure(or steady state) was reached,this U(IV) 

production corresponds to.the damage limit for the U02F2*xH20 at the maximum SNF 

element dose rate(~10^ rad/h).. 

5.4 SUMMARY 

; - The results ofthe observed pressure increases,gas compositions,and valence 

changes,when considered in total, give a clear picture ofthe radiolytic effects on the. 

U02F2*xH20. The results ofthe gainma irradiation experiments have shown that ganima 

radiation interacts with the uranyl(UO2^0 groupofthe UO2F2,releasing.O radicals and . 

resulting in uranium reduction to U(IV). . . . ' ' 

Intuitively, it might be expected that F2(or HF in the presence ofH2O)would be : 

released by the irradiation ofUO2F2. Because the uraniiim-oxygen bond energies(in the 

U.02^'^).are greater than those ofmetal fluorides,(Denning 1992,Cottrell 1958),one mights 

expect that the fluorine bonds would be more easily broken than,the oxygen bonds. 

'Additionally,'this'intuitive expectation'porries from the experience with the.radiolysis of 

the MSRE fluoride salts. In these ionic materials,.fluorine was releas'ed'upoh ganoina-

■iiradiatidn. On the other hand, U02F2.is;better characterized as a crystal with rnixed 

bonding, because, it, consists of uranyl and fluorine ions, but at the same time, contains the. 

covalently bonded uranyl group. Therefore, expectations of radiation effects on UO2F2 

would be better .based on crystals that have mixed bonding. In Sect. 2.3.3 j the effects of 

radiation on crystals'with mixed bonding .were, .described. In the case of irradiated 

Bd(N03)2, NaN63, KNO3, and KCIO3, it was reported that 62 was released from these ' 
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crystals(usually during heating or dissolution ofthe crystal). The irradiation ofNaN3 

resulted in the production ofN2. The authors ofthese experiments attributed the 

production ofO2 or N2to an ionization-exCitation mechanisrri in which0or N radicals 

are formed. For these experiments,it is not believed that either the oxygen or the 

nitrogen were directly displaced from the matrix by the incident radiation. 

Similarly,for the gamma-inradiated UO2F2,the group maiy be excited or 

ionized by the incident radiation,resulting in the release ofan O radical., Altematively, 

electrons,produced in ionizatiqn, may cause displacement ofoxygen from the matrix,or, 

possibly,the gamma radiation does directly displace oxygen frorn the matrix. Ofcourse, 

other potential mechanisms involving complicated radiochemical rea.ctibns may explain 

the production ofthe oxygen. More detailed,solid-state radiation experiments would be 

required to unravel the exact mechanism or mechanisms resulting in O2production. 

Regardless ofthe underlying mechanism,however,ifis clear that the gamma irradiation 

ofUO2F2produces O2.. This observation is consistent with the experimerital results found 

for Other crystals thathave mixed bonding. The fluorine component ofthe UO2F2has 

been shown-to be insensitive to gamma irradiation. The ionic nature ofthe fluorine in the 

crystal may enhance.its ability to withstand radiation damage,whereas the covalently 

bonded oxygen is released during irradiation. Additionally,this observation is consistent 

with the generalization provided by Billington and Crawford(1961)—"structural 

alterations are less pronounced the greater the ionic character ofthe bonding"(Sect. 

2.3.1). ^ ^ 
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The radidlytic effects ofgamma irradiation ofU02F2*xH20 are summarized in the 

following paragraphs. Gamma radiation interacts with the,U02F2,releasing O radicals 

and reducing the ura.nmm to U(IV);as indicated in the folio,wing equation:' • , ' 

" ^ U0;2'F^;+W'^U0F2-^0:f '(5.4)' 

The O radicals react with each other-to produce O2 or react with carbon impurities in the 

samplefo produce CO2: ' , 

; V;, ;p;+0^p2 , -.■ ■p. ' : . " • ' • (5.5), 

- . 0 +C —>CP , and , ' , (5.6) 

V t; , / ; CO ■+b ^ p' . (5.7):-

Sorne of the O2 may be trapped in the y02F2' matrix, or otherwise 'consumed. The UO2F2 

consists of stacked layers, with UOy?uons honnai td each layer (with a double-bonded 

oxygen above. and below each plane) and fluorine atorhs .surroiuiding the^pranium in its, 

equatorial plane. This relatively open structure, alldws for the oxygen to be readily - ■ 

released froih the rnatrix and explains the lack'df an induction period-seen in other 

rnaterials. The released O2 (or 02,in the form of CO2) causes,a pressure increase in the 

irradiation container; This increase can" be used to estimate the gas yield. Hence, the' 

G(gas) values reported in Sect 4.1- (and"modified in Sect. 5.2.1 to account for H2 ■ 

production by corrosion) are actually Gr(02)-values^ The'G(02)walues for the gamina , 

irradiation,ofU02F2»xH20 varied from 0.007, up to 0.03 inolecules of 02,per 100 eV, 

depending on the amount of hydration and the atrnosphere over the sample. The amount 
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ofreduction in a given sample may be related to the amountofhydration ofthe sample. 

Back reactions with oxidizing species produced from the radiolysis ofwater or moist air 

may lower,the reduction rate ofuranium [e.g., Eqs.,(5.2)and(5.3)]. 

During irradiation,back reactions may occur,such as 

UOFj+0-^UOjFj or (5.8) 

UOF2+I/2O2 ^U02F2. (5.9) 

Atsome point,a steady state is reached for a given dose rate in which the forward 

reaction[Eq.(5.4)]rate equals the back reaction[Eqs.(5.8)or(5.9)]rate. A change in 

the dose rate would result in a change in the steady-state level(as demonstrated for the 

HEIR SNF irradiations). At this steady,state,the maximum damage limit to the UOjFj 

matrix.is realized; this limit is about of7,to 9%ofU(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 crystalline solids described in Sect. 2. Additionally, the 

damage limit to the ionic LiF-BeF2 crystals has been shown to be about 2% at the same 

dose rate as that used for the UO2F2*0.4H2O sample. The higher limit for the UO2F2 is 

further evidence that the covalently bonded group is more susceptible to radiation 

damage than is the ionically bonded fluorine. 
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6. CONCLUSIONS ANDRECOMMENDATIONS 

Conclusions from this dissertation are discussed in Sect.6.1,while 

recommendations for further work are outlined in Sect. 6.2. 

6.1 CONCLUSIONS 

The objective ofthis effort was to evaluate radiolytic effects on residual fluoride 

impurities in uranium oxides and on the oxide,itself. This objective.was approached 

through study ofrelevant literature and through performance ofradiolysis experiments to 

demonstrate radiolytic effects on UjOg and fluoride impurities. Background information 

concerning the interaction ofradiation with crystalline solids was provided. This • -

background discussion was focused on radiolytic effects based on the type of 

bonding—covalent,ionic,and mixed-bonding crystals. The mixed-bonding crystals, 

containing both covalent and ionic components,proved to be the best modelforthe 

impurities(i.e., the U02F2*xH20)studied in the radiolysis experiments. The effects of 

radiation on uranium oxides was also reviewed. This review was divided into two major 

areas—chemical(i.e., oxidation)and structural changes. 

The radiolysis experiments were focused primarily on the gamma irradiation of 

U02F2*xH20 because(a)it is an intermediate compound formed during the conversion of 

UFg to U30g,(b)it is the most probable form ofthe residual fluoride in the U30g,and 

(c)it represents the maximum fluoride content ofa material that could be placed into 

storage (i.e., resulting from the partial conversion ofUFg to UgOg). 
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Gamma irradiation ofvarious UOjFj'xHjO compounds that were loaded in 

different atmospheres(either air or helium)resulted in the production ofOjor COj. 

Some was produced also(particularly in the samples loaded in air),but the H2was 

found to be the result ofcorrosion and not radiolytic reactions. Neither Fjnor HF was 

produced by the irradiations. 

The pressure in the sample containers was shown to rise very slowly during 

irradiations in the ®°Co source. Irradiation at higher dose rates and to higher total doses, 

using HFIR SNF elements,showed thata limiting-pressure plateau was reached. The 

total pressure rise in the HFIR SNF irradiations,like all ofthe experiments performed 

with the ®°Co source,was less;than I,atm. " 

Analysis ofsolid samples following irradiation showed thatsome ofthe uranium 

had been reduced from U(VI)to U(IV). This result,combined with the Ojand COj 

release from the samples^ led to the conclusion that O2 was released from the UO2F2 by 

gammairradiation. It was demonstrated that the CO2was produced by interaction ofthe 

released oxygen with carbon impurities in the sample. 

The pressure rise in the sample Containers,as afunction ofdose to the sample, 

was used to estimate the maximum G(02)-values for the gamma irradiation of 

UOjFj'xHjO. The G-value goes to zero as a plateau(i.e., saturation)is approached. The 

maximum G(02)-vaIues ranged from,0.007 to 0.03 molecules ofO2produced per 100 eV. 

Apparently,there is some dependence ofthe G(02)-vaIues on the degree ofhydration of 

the UO2F,and on the initial atmosphere over,the sample.. The radiolysis ofeither the . 
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waters ofhydration or moist air may produce oxidizing species that limit the amount of 

uraniurn reduction., ■: 

A saturation damage limit Tor thfe .U02F2*xH20. was demonstrated using the HFIR 

SNF elements. At saturation, the.rate of radidlytic production (i.e., the uranium 

reduction) equals the recombination rate (i.e., the uranium oxidation). Damage was 

measured in terms of the percentage of U(iV) production arid was found to be about 

7-9% in U02F2*xH26. This lirriit is.for the-highest dose rate available.in the HFIR SNF 

elements (-10® rad/h) and should be a bounding value. In contrast, the damage limit to 

the ionic LiF-BeF2 salt has been demonstrated by Toth and Felker (1990) to be about 

2%. Hence, under the same ganuna dose rate, the covalently bonded oxygen is more 

susceptible to radiation damage than is the ionically bonded fluorine. 

A comparison of the arriount of U(IV) produced with the amounts of O2 and CO2 

produced demonstrated that not all of the oxygen was released as gas. Some of the 

oxygen may have remained trapped in the crystal stmcture of the U02F2*xH20 or may 

have been otherwise scavenged. . ■ 

Samples of UjOg, which were produced in the ORNL conversion prototype and 

that contained about 1.4 wt.% fluorine, were irradiated in the ^°Co source and in HFIR 

SNF elements. These samples showed no pressxire rise, and neither F2 nor HF was 

produced. This material is representative of that which may be placed into long-term 

storage. 

Based on this work, the following conclusions can be made about uranium oxides 

that are converted from UFg. Recall that for long-term storage of converted uranium 
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oxides,-the productipn ofcorrosive gases or oyerpressurizatioh ofstorage containers are 

ofconcern. However,for gamma radiolysis,the residual fluoride content is not limiting. 

.As demonstrated by the experiments,radiolysis ofU02F2*xH20 produces only O2and 

CO2—notF2 nor HF. Also, it has been demonstrated thata limiting pressure, which is 

less than 1 atm,is reached by the gammaradiolysis ofU02F2*xH20. Therefore, with 

respect to gamma radiolysis,even U02F2*xH20 would not presenta long-term storage • 

problem. Ofcourse,because U02F2*xH20 is highly soluble and because it can cause 

corrosion,this material itselfwould notbe suitable for long-term storage. Based on this 

experimental evidence,gamma radiolysis ofconverted U3O8 that,contains residual 

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 ofthis work,a number ofareas for further investigation were 

identified. These areas are briefly outlined in this subsection., 

6.2.1 Alpha Radiolysis Experiments 

The radiolysis experiments conducted for this work demonstrated the effects of 

gammaradiation on U02F2*xH20. Uranium-233 and 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 that alpha radiolysis experiments performed by Toth(1990)on , 

MSRE-type salts showed no pressure rise after 18 months,while gamma irradiation of 

the same type ofmaterial resulted in production ofFj(Toth and Felker 1990,Williams, 

Del Cul,and Toth 1996). On the other hand,alpha radiolysis experiments on water 

sorbed on plutonium oxides loaded in air(Mason et al. 1999,Livingston 1999)have 

shown results similar to those from experiments conducted with gammaradiolysis of 

water sorbed on uranium oxides loaded in air(Icenhour,Toth,and Luo 2000). Therefore, 

alpha radiolysis experiments will be needed to help complete the understanding ofthe 

radiolysis ofUO2F2and associated fluoride impurities in U3O8. Such experiments could 

be conducted by doping UO2F2samples with high specific activity alpha emitters,such as 

^^^Pu or ^'*'^Cm. Similar to the gammaradiolysis experiments,pressure could be 

monitored and gas samples periodically taken to understand the radiolytic yield. 

6.2.2 Underlying OjProduction Mechanism 

The radiolysis experiments for U02F2*xH20 identified that O2was produced and 

that,some ofthe uranium was reducedfrom U(VI)to U(IV). However,more detailed 

solid-state radiolysis experiments,using sophisticated,surface-analysis techniques,are 

required to increase our understanding ofthe underlying mechanism for oxygen 

production and migration. Such afundamental understanding could be used in the 

development ofa modelfor the irradiation ofU02F2'xH20. Irradiation experiments, 

coupled with techniques such as electron spin resonance,may help to identify the species 

ofoxygen produced by the interaction ofthe radiation with the U02F2*xH20. Such 
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understanding may also help to understand the fate ofthe oxygen that is not rnanifested as 

O2 in the gas space. Such oxygen may remain trapped in the crystal matrix or is 

otherwise consumed.. . . ' 

Insight into the fate ofthe Qjmight also be,gained by correlating the O2 yield 

with powder size. Additional evidence oftrapped O2mightbe provided ifit is found that 

the higher surface area powders have a larger O2 yield than do the lower surface area 

powders. 

6.2.3 Higher Resolution Pressure Data in HFIRSNFIrradiations 

The use ofan analogue pressure gage(read only twice daily)limited the 

resolution ofthe data available during the HFIR SNF irradiatiori. However,it was the 

simplicity ofthe design that allowed its installatiori into HFIR SNF elements. Higher-

resolution data could be obtained by the use ofa pressure transducer,which would allow 

continuous data logging. 

6.2.4 Radiolysis ofother Fluorides and Oxyfluorides 

To broaden the understanding ofthe radiolysis offluorides and oxyfluorides, 

studies could be performed on other materials(e.'g.,'plutonium oxyfluorides,zirconium 

oxyfluorides,and.uranium tetrafluoride). These studies could provide information on the 

influence ofthe bonding characteristics and other factors on radiolytic effects. 
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6.2.5 OjDepletion in Air-Loaded Samples 

Gas samples from containers loaded with U02F2»xH20 in air, both irradiated and 

unirradiated,showed that O2 was depleted. In the case ofthe unirradiated sarhples, O2 

was likely depleted by corrosion. However,in the case ofthe irradiated samples,O2rnay 

have been depleted by an additional mechanism—namely,radiolysis ofmoist air forming, 

nitrogen oxides that sorb onto the surface ofthe U02F2*xH20. This mechanism has been 

used to explain pressure decreases that were observed in radiolysis experiments for other 

types ofmaterials(Mason et al. 1999,Livingston-1999). Further experimentation would 

be required to corifirra this mechanism in the case ofthe.UG2F2*xH20. Analysis of 

saniple surfaces for nitrogen oxides might reveal their presence. 

6.2.6 Effect ofRadiation on HjProdtiction 

It was found that H2 was produced by localized corrosion ofthe stainless steel , 

container by the U02F2.*xH20. What is not clear, however,is what role that radiation 

may play in retarding the H2 production. It is possible that radiolytically produced 

species rnay react with the corrosion-produced,H2and limitthe total arnount ofH2 

produced. It is not clear from the experiments performed on the U02F2*xH20 whether 

radiation resulted in.more or less H2production.Experiments could Idc performed that 

explore the relationship ofthe H2 production and radiation.'- " 
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Appendix A:DESCRIPTION OFTHE MSREPROJECT 

The MSRE was operated at ORNLfrom 1965 to 1969 to test the concept ofa 

high-temperature,homogeneous,fluid-fueled reactor. An overview ofthe MSRE system 

is shown'in Fig. A.l. The reactor was fueled with a molten salt mixture of 

LiF-BeF2-ZrF4-UF4,(with a composition of64.5-30.4-4.9-0.14 mol%for a^"U-fueled 

reactor and 64.1-30.0-5.0-0.81 mol%for a^^^U-fueled reactor), which melts at about 

450°C and which served as both the fuel and the primary coolant(Compere et al. 1975). 

This fluid was circulated by a large impeller pump between the reactor core and the 

primary heat exchanger. A secondary coolant ofLiF-BeFj(66-34 mol%),circulated by 

a similar impeller purhp,transfeired heatfrom the primary heat,exchanger to an air-

cooled radiator. About4,350kg(~2 m^)offuel salt constituted the fuel charge 

circiilating in the fuel salt,circuit. Originally,the MSRE was fueled with ^^^UF4; 

however,after successful operation with this isotope,the wasremoved by 

fluorinatioh ofthe tetrafluoride.to the volatile,hexafluoride,UFg. Afterward,the fuelwas 

reconstituted with ^^•UF4(containing 220ppm an impurity isotope)to demonstrate 

thatthe system could function equally well on the product ofa^^^Th thermal breeding 

cycle. After the successful.completion ofthis campaign,reactor operation was 

terminated December 12, 1969,when the fuel salt was drained from the reactor circuit 

and solidified in two drain tanks at a lower level ofthe facility. The fuel salt has 

remained in these tanks for the past30 years. . . 
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During the MSRE operation,no radiolysis ofthe fuel salt was ever observed. 

However,radiolysis ofthe fuel salt was recognized as a problem ifthe salt were solidified 

and held below 100°C,with the net effect that F2 would be liberated from the frozen salt 

mixture,and cause corrosion or overpressurization ofthe drain-tank containmentsystem. 

The relevant radiolysis reactions are(Williams,Del Cul,and Toth 1996;Toth and Felker 

1990): 

LlF-t-hv^Li-fF ' . (A.l) 

and 

BeFj+hv-^Be+2F. (A.2) 

To preventthe accumulation ofFj,the frozen salt(which was normally at about 

40°C because ofthe self-heating by fission product decay)was heated to 200°C annually. 

This frequency was selected because ofthe experimentally observed induction period 

before release ofF2from the salt rnatfix(Savage,Compere,and Baker 1964). Hence,it 

was believed that any generated F2 would be trapped in the matruc and that heating would 

lead to the recombination ofthe F2 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 ofthis annual procedure was never established. 

In the late 1980s,an increase in radioactivity in one ofthe gas-line protrusions 

into the North Electrical Services Area,aroom 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 protmsion 

into the North Electrical Services Area,the annual annealing operation was postponed 
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until a better understanding ofthe fuel-salt underlong-term storage conditions was 

obtained. * . 

In early 1994,two 1,000-mL gas samples were withdrawn(from a gas line in the 

Vent House connected to the drain tanks)and analyzed., Surprisingly,350 Torr ofFj, 

70 Torr ofUFg,and smaller amounts ofother gases were found in both ofthe samples, 

confirming that the annual annealing operations had not been successful in recombining 

the fluorine with the fuel salt and,more importantly,that the temperature gradient created 

during the annealing operation had definitely(as was later shown-Williams,Del Cul, 

and Toth 1996)contributed to the formation and displacement ofUFg from the fuel salt. 

The UFg wasformed by the following reaction(Williams 1999): 

UF4-t-F2-^UFg (A.3) 

Upon further investigation, it wasfound that the gas line from the drain tank also 

ran to large charcoal beds(U-tubes of6-in. diam and 24-ft length),which could not be 

isolated because a shutoffvalve had failed in the open position. Gammascans and 

thermal analyses indicated that about2.6 kg ofthe uranium from the drain tanks had been 

deposited at the charcoal-bed inlet. Because Fjwas also present with the UFg,it was 

believed that the charcoal bed containing both carbon-fluorine reaction products(C^) 

and uranium presented both chemical and radiological hazards. The CJF was an 

explosive compound that could result in major dispersion ofthe contained in the 

charcoal bed. On November 20,1995,the shutoffvalve was closed to prevent the further 

movement ofuranium and fluorine onto the charcoal bed. Steps were taken to minimize 
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(and ultimately eliminate)the possibility ofexplosive decomposition ofthe C^F in the 

charcoal beds. 

The ongoing remediation activities at the MSREinclude the removal ofthe UFg 

from the off-gas system,the rernoval ofthe uranium-laden charcoalfrom the charcoal 

bed,and the removal ofthe remaining in the fuel and flush salts. The UF^ from the 

off-gas system has been chemisorbed onto sodium fluoride(NaF)traps,forming a 

complex(2NaF*UFg),which can be revolatilized at higher temperatures. The uranium-, 

laden charcoal has been pretreated with ammonia to prevent deflagration ofCJF 

compounds,which coiild occur ifthere were localized heating during the charcoal 

removal process. The uranium-laden portion ofthe.charcoal bed will be removed into 

storage containers that can be used forfurther-processing. The fuel salt in the drain tanks 

will be melted,and the.^^^U will be femoyed by-fluorination to UFg. Sirnilar to the 

approach taken for the off-gas system,the UF^ ultimately will be trapped on NaF pellets. 

Because the products ofthese remediation actions (i.e.,2NaF*UFg and a uranium fluoride 

or oxyfluoride on charcoal)dre not suitable for long-term storage,these materials must be 

converted to a more.stable form(i.ei^UjOg); Residual fluoride compounds(e.g.,UOjFj) 

may be present(at some,small concentration),in'the converted urariiuin oxide. Based on 

the experience with radiolysis in the'MSRE,it is then important to understand the 

radiolytic behavior ofthese residual compounds for the purposes oflong-terai storage of 

the uranium oxides.;,, 
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Appendix B:DESCRIPTION OFTHE CONVERSION PROCESS 

A process,which is being developed at ORNL,will be used to remove the 

uranium from either the NaF traps or the ch^coal as UFg. The UFg is then converted to 

U3O8(Del Cul,Icenhour,and'Toth 1997). Because there is a large radiation field caused 

by the (an impurity isotope in the"^U),the material must be remotely processed in a 

hot cell. The major design consideration^ for this process were: 

• minimization ofuranium losses . 

• minirnization of secondary wastes and contamination 

• simplicity and adaptability tosmall-scale hot-cell operation . 

• no moving parts for stirring, mixing,or,transfers between vessels 

•-ability to meet minimal product purity requirements 

• adaptability to a variety offeed rnaterials(e.g.,INaF'UFg,complex,uranium-

laden charcoal,and miscellaneous rnaterials such-as uranium deposits in metal' 

pipes) ' 'i T'.,;;., ^ /,. " 

Laboratory tests ofthe process at^one-fifth scale were successfully completed. 

Follow-on testing at full scale was cbrhpleted using a'prototype system,which was also 

used to develop operational procedures and to train"personnel. A briefdescription ofthe 

conversion process is presented in the following paragraphs. 
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To remove the uranium from a NaF trap, the trap is heated to about400°C,arid the 

UFg is desorbed from the NaF pellets in a subatmospheric,closed-loop system(Fig.B.l) 

, and condensed in a-liquid-nitrogen-cooled vessel,(i.e.,the conversion vessel)..A'small 

volume offluorine gas is continuously recirculated to act as(1)a carrier gas and(2)a 

fluorination agent to react with any oxyfluOrides or lower fluorides that could be present 

in the NaF trap. Fourier Transform Infrared(FTIR)spectrometers that have in-line gas, 

cells,located before and after the UFg conversion vessel,are used to monitor the uranium 

recovery. The recovery is complete when UF^ is no longer detected by the FTIR. 

The uranium-laderi charcoal process is still being developed,but a conceptual 

flowsheet is shown in Fig. B,2.To rernoye the uranium from the charcoal,the charcoal 

container is first helium purged arid heated to rernove the NH4F produced by the • 

treatment ofthe C_^F with afnmoriia.. Qnce the charcoal reaches approximately 600°C,the 

helium purge is replaced with Fjto produce Yolatile C-F products. Above,500°C, 

charcoal completely bums with the Fj,producing UFg,CF4,and a small fraction ofCjF^ 

and higher fluorocarbons. All,the carbon is totally oxidized at this temperatiire;thus no 

fluorinated charcoal(i.e., C;F)is fonried. The UFs'that is produced by the biiming will 

be trapped on NaF pellets. The progress ofthe reaction can be monitored by FTIR gas 

analysis. As an altemative,the charcoal can be initially burned in oxygen,producing CO2 

and nonvolatile uranium oxide residue. The residue would then be fluorinated to remove 

the as UFg onto NaF,pellets. Either process (i.e., F2 or O2burning ofthe charcoal) 

results in'the trapping ofUFg on'a NaF trap. The UFg can then be removed 
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from the trap and condensed as afrozen solid in a conversion vessel,as previously 

described. 

The conversion ofthe frozen UFg into UjOg(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 ofwater vapor is condensed as ice on the 

top ofthe frozen UF^.The vessel is allowed to warm,resulting in the formation of 

U02F2*xH20 and HF. The resulting solid cake ofmaterial 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 U3O8. The HF and 

steam then are transported to and absorbed by a solid HF-trapping material(neutralizing 

the HF)at the completion ofeach step. When the temperature reaches 800°C,air is 

introduced,and the vessel is heated to about950°C to complete the reaction to produce 

U30g.Atthe end ofthe process,the conversion vessel is cooled to ambienttemperature, 

lines are evacuated and filled with an inert gas,and the vessel is then disconnected, 

capped,overpacked,and removed from the hot cell and placed in storage. 
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Appendix C:ESTIMATION OF ABSORBED DOSEFROMEXPOSURE 

The exposure rate is reported for both the ̂ "Co source and the HEIR SNF elements 

that were used in the irradiation exjperiments. Exposure is a measure ofthe amount of 

charge produced in air per unit mass ofair. However,in the case,ofradiolytic 

"experiments,the quantity ofinterest is the absorbed dose,which is the energy absorbed 

by a material per unit mass. To compute the absorbed dose,the method presented in 

ASTM E66-91 is used(ASTM E666-91 1991), The following formula is used to convert 

exposure rate to dose rate; 

r 

Pen 

-3 K P (C.l)
A, =8.69x10 ■X exp

f 
Pen \ P Jy 
I P 

where 

Ay = dose rate in material y at depth x (Gy/h),
y 

f^en = mass energy 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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(C.2)

Dy,=%.69 xlO-^y-^ .■X 
}J-e, 

V P Jair 

For samples that consist of mixturehof elements, the mass energy absorption coefficient 

is calculated by (Hubbell 1982) ' 

enJ^en _= EW; 
P (C.3) 

\ J-

where 

W; = the proportion' by weight of the rth element (dimensionless), and 

mass energy absorption coefficient for the rth element (mVkg). 

Selected values of for several elements and energies are presented in Table C. 1. 
P . , „ ' 

These values were taken from Hubbell. (1982). . ■ 
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Table C.l Selected mass energy absorption coefficients'' 

Energy l^en/P (10^ m^/kg) 
(MeV) 

. U O 
^ 

F HjO air 

0.93 4.978 2.824 . 2.675 3.137 2.820 

1 4.473 2.791 2.643 3.100 2.787 

1.25 3.748 2.669 2.528 2.966 2.666 

2 2.612 2.346 2.223 2.604 2.342 

"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 ofthe photon flux by the irradiation containers,the 

computed dose rate was multiplied by the attenuation factor e"^^, where is the 

attenuation coefficient(cm"')and x is the wall thickness ofthe container. For the ^^Co 

irradiations,the attenuation factors were calculated based on the average energy ofthe 

two emitted gammas(i.e., 1.25 MeV),while for the HFIR SNF irradiations,the 

attenuation factor was based on the average energy of0.93 MeV. Selected attenuation 

coefficients are presented in Table C.2. For the ®°Co source,the dose rate,as afunction 

oftime after insertion ofthe sample into the source,is 

• 1, (C.4) 
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where 

D(t) = dose rate at time t(Gy/h), 

• 

D, - initial dose rate(Gy/h), 

X - decay constant=In2/half-life(year and 

t - time since insertion(year). 

Table C.2 Selected attenuation coefficients for 

materials used in irradiation containers 

fi(cm"') 

(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!I. Israel, 1970.NuclearData Tables, A7, 
565. 

''Hubbell,J. H., 1982. "Photon Mass Attenuation and Energy-
absorption Coefficientsfrom 1 keV to 20MeV,"Int. J. Appl. 
Radiat.Isot.,33, 1269-1290. 

The integrated dose at time t is given by integration ofEq.(C.4),resulting in 

(C.5) 
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where ' . ' , ' - " 

. D(t)=integrated dose at tinie t(Gy). 

For the HFIR SNF elemeiit'irradiations, exposure rate data,as a function oftime, 

were provided. These data were fit to curves(e.g.,Fig. C.l),which were integrated to 

determine the total exposure,during,an irradiation. This exposure was then converted to 

dose by using Eqs.(C.2)and(G;3); The a.ttenuation ofthe gammafield by the walls of 

the sample container was accourited for-by multiplying the computed dose by the 

attenuation factor, e"'"'; ' • 

The HFIR SNF element ernits a spectriirn ofgamma-ray energies. Based on-

Williams,Del Cul,> and Toth(1996),the average garrima energy(one day after SNF 

discharge from the reactor)is 0.93 MeV(see Table 3.2),and attenuation factors(and" 

hence,dose)are calculated based on this energy; Additional calculations were performed 

using different energies for the gammarays: 1 and 2,MeV. In each case,the computed 

G-value for the gas yield was the same;hence,the G-value computation was relatively 

insensitive to the gamma energy for the HEIR SNF irradiations. ' 
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Appendix D:INFRARED ANALYSES 

Two types ofinfrared analyses were performed on samples for the radiolysis 

experiments. After iiradiatipn experiments,gas samples were analyzed by FTIR 

spectroscopy. Solid samples ofUOjFj^xHjO were analyzed both before and after 

irradiations by ATR.The principles ofthese techniques,FTIR spectroscopy and ATR,are 

described in Sects. 3.3.2.2 and 3.3.3.4,respectively. An analysis performed by either of 

these techniques results in an infrared absorption spectrum ofthe material, which can be 

used to identify the chemical compounds in the material,and to provide information on 

their structure. A ■' 

In this appendix, the results of selected FTIR and ATR analyses are described. 

Results of FTIR analyses are given in Sect. D. 1, while results of ATR analyses are given 

in Sect. D.2. 

D.l FTIR ANALYSES 

FTIR spectra for gas samples taken from S-3 (UOjFz* I .yHjO loaded in air) and 

8-4 (U02F2*p.4H20 loaded in helium) are shown in Figs. D.l and D.2, respectively. 

. These spectra demonstrate the. features that were typical of those seen in the FTIR 

analyses. ' ■ ■ V 
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The spectrum for sample S-3(Fig.D.l)reveals the presence ofHjO,COj,and a 

trace ofHP., The presence ofthe HjO is not surprising because the sample was loaded in 

air. The COjpeaks iiidicate that a large amount ofCO2was present,as was confirmed by 

MS analysis. Finally,regarding the trace HF,it was discovered that exposure ofthe 

FTIR gas cell to moist air after passivation with F2resulted in the production ofHF. No 

HF was seen in the MS analysis for this sample;hence,the trace HF seen in Fig D.1 was 

notfrom the U02F2*1.7H20. 

The spectrum for sample S-4(Fig.D.2)shows the presence ofCO2,CO,and a 

trace ofCH4. (Note that in Fig. D.l,the CO2peaks at 3598, 3626, 3703,and 3730 cm"' 

were obscured by the water peaks.) ThesmaU'amountofCO was likely the result of 

reactions between carbon and oxygen radicals produced from radiolysis ofthe UO2F2. 

The trace CH4may have been an impurity in the sampling system. 

Selected infrared frequency assignments for CO2and H2O are shown in Table D.l 

(Shimanouchi, 1972). 

D.2 ATR ANALYSES 

The fundamental infrared frequencies ofthe U02^'^ group ofU02F2»xH20 are 

given in Table D.2(Nyquist and Kagel 1997,Barr and Horton 1952,Armstrong et al., 

1991). The asymmetric stretching frequency,V3,varies from about925-1020 cm"', 

depending on the amountofhydration ofthe UO2F2. Nyquist and Kagel(1997)reported 

V3 bands at925,960,and 1010cm"'for"U02F2*xH20." However,they did notreport the 

value ofX,so the amountofhydration is not known. Armstrong et al.(1991)state that V3 
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Table D.l. Assignirient.ofselected infrared frequencies for CO,and HjO" 

Assignment : .-Deiscr^^^ , , . Wavemumber(cm" 

eOj 

V,' Symmetric:stretching; o.'/ .'"inactive 

Vj " Bending- ' ■' v; - 66.7r 

.Vj - ; - • ■ Asymmetric'stre^^ / ,,- . :2349„ 
H2O 

V, Symmetric stretching vf'- . : ' 3.657 

Bending, , ■ ; T'; " IS^S, 

Asymnielric stretching. ■ , ■ ' • ' 3,756 

"Shimanouchi, T.,-\912: Tables ofMolecularVibratiohal Frequencies, 
Consolidated Volume 39; U.S. Department of Commerce, 
National Bureau of Standards, "Washington, D.C. ■ : , , - - ■ 

Table D.2. Assignment of infrared frequencies for the uranyl (UO2^0 ion° 

Assignment ■ ;• ; , Description : ■Wave nurhber? , 
7 ' (cm''), i 

Symmetric Stretching', , ' '860. 7 W 
- Bending , " ' ' ; ■ : 216 

■,.V3- - ■; . Asyminetric stretching 925-10207; ;. 

"Sources: Nyquist, R.'A., ahd R. O. K^'gel, il997. The Handbook ofInfrared _ 
and Rarrian Spectra ofInorganic Compounds and Organic Salts, Volume 4,[ - , 
Infrared Spectra ofInorganic Compounds, -Academic Press, Inc., New York! 
Barr; J. T., and Hprton,'C. A., 1952.- "Some New, Uranimn Complexes," J. 
Amer. Chem. Soc. 74, 4430-4435 (1952). Armstrong D. P., et al., 1991.- "Ah ' 
FT-IR Study of the Atmospheric Hydrolysis of Uranium Hexafluoride," Applied 
SpectroscopyA?){6), {199\). . 
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occurs at 1020cm'for anhydrous UO2F2. Barr and Horton(1952)analyzed 

"anhydrous"UO2F2,and their spectrum shows V3 peaks at about925,962,and 1010cm 

This spectrum indicates that the sample was actually a mixture ofanhydrous and hydrated 

material. A weak combination band at v,+V3,ranging from 1785-1880 cm"',is 

sometimes seen in the UO2F2spectrum. 

Armstrong et al.(1991)also described a band at 1620 cm"',which they attributed 

to a U02F2*xH20«yHF complex. This peak is also seen at 1620 cm"'in the spectrum by 

Nyquist and Kagel(1997). The spectrum for"anhydrous"UO2F2by 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 UO2F2*0.4H2O,which was one ofthe materials used 

in the radiolysis experiments,is shown in Fig,D.3. Similar spectra were obtained for the 

other materials used. This spectrum demonstrates the features typical ofthe hydrated 

UO2F2. Peaks for the asymmetric vibration, V3,are evident at both 1004 and 960 cm"', 

indicating that this material has a mixture ofboth anhydrous and hydrated components. 

The peak at870 cm"'is visible as a shoulder. At 1617.cm"',the band associated with the 

U02F2«xH20«yHF complex is seen. The Vj+V3 peak is found at 1872 cm"'. In the range 

2600-3700 cm"',there is a broad band associated with OH stretching vibration. Finally, , 

the two small peaks at2333 and 2360cm"'are CO2,indicating a small amountofCO2 

contamination in the analysis chamber. 

Material from the same stock as that used in Fig.D.3 was burned in O2at 

500-550°C to remove carbon inipurities. The results ofan ATR analysis ofthe 
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�

Oj-bumed UO2F2are shown in Fig.DM. Interestingly,in comparison with Fig..D.3,the 

V3 peak has shifted toward,the anhydrous peak at 1000 cm"'. A peak at 862cm"'has 

become more prominent. Additionally,the peak at 1617cm"'and the OH.stretching 

region have disappeared,indicating aremoval ofwaterfrom the sample. The v,+ V3 

band is still seen at 1872cm"'. . ' 
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