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1.1ntroduction

1.1.　Heat　capacny　of　nuorite　stnlctured　compounds

　　　Ruorite　structured　compounds　(CaF2,PbF2,　SrC12,　etc･)provide　one　of　the

simplest　systems　to　study　the　phenomena　of　superionic　transition　[1'3].　As　seen　liom

Rg.　1'1,　those　transition　temperatures　were　almost　O.87)η(7M　:　melting　point　).　An

origin　of　this　transition　was　regarded　to　be　due　to　partial　disorder　of　anion　(cation　fbr

anti°nuorite　structure　)sublattice[7,8].　From　studies　by　neutron　scattering　[91,anion

conductivity[10,11]and　diffusion　coemcient　[12,13],the　phase　transition　was　R)und　to

involve　the　generation　of　anion　interstitial　disorder.　This　phenomenon　was　also　called

as　a　partial　mehing　of　the　anion　sublattice.
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Fi9.　1　-I　Anomaly　in　heat　capacity　(lambda　transition)of　fluorite

and　anti-fluorite　type　of　compounds.
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1.2.　Heat　capacity　of　undoped　U02

　　　The　heat　capacity　of　U02　isoneof　the　most　imponant　properties　of　nuclear　fuel

materials　to　evaluate　thelr　thermal　properties　under　irradiation　in　a　nuclear　reactor.

　　　An　anomalous　increase　in　the　heat　capacity　of　undoped　U02　at　high　temperature

above　1600　K　has　attracted　the　attention　of　many　researchers　and　an　origin　of　this

increase　has　been　the　subject　of　discussions　n)r　many　years.

　　　Some　representative　results[14'20]of　high　temperature　heat　capacity

measurements　of　undoped　UO2　reported　so　far　are　shown　in　Rg.　1'2.　Below　about

1000　K,　the　heat　capacity　data　obtained　by　Gr6nvold　et　al･　[14]by　adiabatic　calorimetry

are　known　as　the　most　renable　ones.　Most　ofthe　heat　capacity　data　above　1000　K　were

obtained　by　drop　calorimetry.　The　drop　calorimetry　is　the　indirect　method;　from　which

enthalpy　data　are　obtained,　then　heat　capacity　is　calculated　by　differentiating　them　with

respect　to　temperature.　ln　Rg.　1-2,　the　data　by　Hein　et　al･　[17]and　Ke�sk　and　Cnfton

[201,both　of　which　were　the　sanle　data　obtained　by　the　drop　calorimetry,　become

different　with　each　other　due　to　use　of　different　equations　R)r　fitting　the　data.　As　seen

from　these　data,　the　heat　capacity　of　U02　rises　remarkably　aboveabout　1600　K｡The

origin　of　this　anomalous　rise　of　heat　capacity　of　U02　has　become　the　subject　of　the

discussions　by　many　investigators.

　　　Szwarc[19]nrst　analyzed　this　excess　heat　capacity　asacontribution　of　R)rmation

of　oxygen　Frenkel　defects　with　the　fbrmation　energy　(∠X/E4)of　3.11　ev.　Kerrisk　and

Cnfton[20]made　a　simnar　analysis　based　on　their　own　data　and　obtained　the　R)rmation

energy　of　3.28　ev.　Although　these　analysis　fitted　weU　to　the　experimental　heat　capacity

curve,　the　values　of　the　∠1/E4　were　not　in　good　agreement　with　the　value　of　about　5　ev

theorcticany　evaluated　by　Harding　et　al･[21]and　Jackson　et　al･　[22]･

2



　　　Catlow[23]and　Thornet　al･　[24]suggested　the　contribution　due　to　electron'hole

pair　formation　in　U02　to　the　cxccss　heat　capacity　at　high　temperatures:

　　　2U“→U5‘゛'+U3゛.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(1)

The　formation　energy　R)r　electron'hole　pairs　was　R)und　from　calculation　by　Harding　et　al.

[21]to　be　about　1.7　ev.　Browning　[25]rcanalyzed　the　heat　capacity　data　of　Szwarc

[19]and　Kerrisk　and　Cnfton　[20]and　obtained　the　formation　energy　R)r　electron-hole

pairs　of　about　1.71　ev,　which　is　in　good　agreement　with　the　theoretically　evaluated　value

of　about　1.7ev[211.He　concluded　that　the　excess　heat　capacity　of　U02　at　high

temperatures　is　the　contribution　due　to　the　electron-hole　pair　R)rmation.　However,

there　are　some　confusions　in　the　dennition　of　the　formation　energy　of　defects　in　his　paper,

and　the　experimental　value　he　obtained,　1.71　ev,　should　be　doubled　for　comparing　with

the　calculated　value.

　　　From　the　different　analysis　of　the　enthalpy　data　by　Kerrisk　and　CHfton　[201,Bredig

[26]nrst　pointed　out　the　existence　of　a　lambda　type　order-disorder　transition　of　oxygen

sublattice　in　the　heat　capacity　of　U02　at　2670　K　(he　caHed　as　“Bredig　transition"　),

which　was　regarded　as　the　same　origin　as　that　R)r　hande　with　nuorite　structure　i.e.　the

partial　melting　of　oxygen　sublattice.　The　existence　of　Bredig　transition　has　been

discussed　since　then,　but　the　appearanceof　the　lambda　type　change　in　the　heat　capacity

curve　is　very　dependent　on　how　to　differentiate　the　enthalpy　data　with　temperature.

Recently,　Ralph　and　Hyland　[27]appHed　the　quasi-local　Hnear　regression　(QLLR)

method,　more　acceptable　method　n)r　the　differentiation　of　the　enthalpy　data,　to　the

enthalpy　data　by　Hein　et　al･　[17],and　the　results　are　also　shown　in　Rg.　1-2　(shown　with

error　bars　).　A　pronounced　heat　capacity　peak　at　2610　K　was　revealed　by　this　method

as　predicted　by　Bredig,　and　also　a　nearly　constant　heat　capacity　after　the　transition　was

3



characterized　as　seen　from　Rg.　1'2.

　　　1n　addition　to　these　heat　capacity　measurements　or　analysis,　Hutchings　et　al.

[28,291　reported　the　occurrence　of　appreciabk　oxygen　Frenkel　disorder　above　2000　K

by　neutron　diffraction　and　diffuse　scattering,　which　is　thought　to　be　the　nrst　direct

evidence　of　the　thermal　excitation　of　Frenkel　defects　in　the　oxygen　sublattice　in　U02･

These　facts　support　the　existence　of　Frenkel　disorder　at　high　temperatures　and　the

occurrencc　of　Bredig　transition　below　thc　melting　point　of　U02･

　　　Several　microscopic　models　[30-35]were　proposed　to　dcscribe　theoreticany　the

structural　transition　to　the　superionic　state　of　fluorites,　and　were　later　generaHzed　R)r　the

description　of　the　oxides　with　the　same　atomic　structure　[36].　These　models　describe

the　distribution　of　the　Frenkel　defects　in　both　sublattices　accounting　fbr　their　far　distance

interaction.
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1.3.　Purpose　of　this　study

　　　lt　is　the　aim　of　this　study　to　investigate　whether　there　is　an　anomalous　heat

capacity　originated　from　oxygen　Frenkel　defects　in　undoped　U02　,　0f　which　transition

(onset)temperature　is　so　high　that　direct　methods　of　heat　capacity　measurement　are　not

appkable.　Therefore,　in　this　study,　the　heat　capacity　of　doped　UO2　were　measured.

By　doping　the　anovalent　cation,　the　concentration　of　oxygen　Frenkel　defect　wⅢincrease

to　keep　the　electroneutranty　and　thus　the　onset　temperature　of　excess　heat　capacity　was

considered　to　become　lower　than　that　of　undoped　U02.　Furthermore,　we　improved　a

calorimeter　to　expand　the　upper　Hmit　of　temperature　for　heat　capacity　measurement.　ln

addition　to　the　heat　capacity　measurement,　EXAFS　(Extended　x'ray　Absorption　Rne

Structure)measurement　was　also　perR)rmed　to　clarify　microstructural　change　of　anion

(oxygen)sublattice.

　　　ln　nuclear　engineering,　the　heat　capacities　and　other　thermal　functions　are　the

important　properties　to　evaluate　thermal　properties　of　advanced　nuclear　fuel　or　irradiated

nuclear　fuel　in　nuclear　reactor.
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2.　1mprovement　of　DHPC　(Direct　Heating　Pulse　Calorimeter　)

2.1.1ntroduction

　　　Measurements　of　the　high“temperature　heat　capacity　of　non'metamc　materials

have　been　carried　out　mostly　by　the　drop　method.　ln　this　method,　the　enthalpy　is

directly　measured　and　the　heat　capacity　is　calculated　by　differentiating　the　enthalpy　with

respect　to　temperature;　a　somewhat　large　error　may　arise　when　the　sample　has　a　phase

transition　since　the　high-temperature　phase　is　apt　to　be　quenched　and　the　temperature

dependence　for　the　enthalpy　data　around　phase　transition　is　not　precisely　determined.

For　the　direct　determination　of　heat　capacity　C｡,measurement　of　the　thermal　energy　Q

given　to　the　sample　and　the　temperature　rise　∠17i　of　the　sample　are　required　:

C｡=

δ=

Q

Ar･43

(1)

(3)

8

″A7i

　　　At　high　temperatures　it　can　be　assumed　that　the　heat　leak　9　from　the　sample　to　its

surroundings　is　mainly　due　to　radiation,　and　that　∠17i　is　much　smaUer　than　the　sample

temperature,　4　,　then　:

£

Q

　S　A77
α:m‾‾z?1

　G　A7i

For　an　adiabatic　calorimeter　∠1z　becomes　large　because　of　slow　transmission　of　heat

from　heater　to　sample,　so　it　is　necessary　to　keep　∠X　7;,,/∠X　7s　as　sman　as　possible　by



precise　adiabatic　control　to　reduce　the　relative　error.　However,δbecomes　larger　in

proportion　to　7y　at　higher　temperatures,　because∠X4　is　obtajned　as　a　umiting　value　as

a　result　of　the　adiabatic　control.　The　measurement　of　heat　capacity　fbr　non'metaHic

samples　using　the　adiabatic　calorimeter　has　been　reported　at　temperatures　up　to　about

1000　or　1100　K[1,2],which　is　considered　to　be　the　Hmiting　temperature　withuseofthis

type　of　calorimeter　fbr　non'metaⅢc　samples.

　　　For　the　measurement　above　1000　K｡　lt　is　required　to　reduce　∠1£.Two　high-

speed　heating　methods,　the　laser　flash　method　and　the　direct　heating　pulse　method,　are

known.　ln　the　fbrmer　method　[3,41,a　pulse　of　laser　radiation　impinges　on　the　front

surface　of　the　sample　in　the　n)rm　of　a　disc　peHet,　and　it　takes　some　time　untn　a

temperature　distribution　becomes　uniform　over　the　whole　sample.　lf　the　thermal

diffusivity　of　the　sample　is　smaH,　∠1z　is　liequently　over　10　s.　Although　thin　sample　is

desirable　in　order　to　reduce　∠X4　j`cannot　always　be　reduced　since　S/C｡　increases.　ln

the　latter　method,　although　the　sample　is　Hmited　to　electricany　conducting　materials　of

uniform　rod　shape,　the　sample　is　heated　uni11)rmly　and　∠1r　can　be　sumciently　reduced

within　the　response　time　of　the　thermometer.　As　the　direct　heating　pulse　calorimetry,

two　methods,　the　continuous　heating　method　and　the　intermittent　heating　method,　are

known.The　continuousheating　method　at　a　high　heating　rate　of　102　'　107　K　s'1　has

been　used　R)r　metamc　samples　[5'10].　For　semiconducting　samples　a　wire　heating

method　has　been　used　by　Affortit　and　co-workers　[11-131,who　measured　heat　capacities

of　U02,　UC,　UN　and　U1.XPux02　.　However,　there　are　some　difficulties　in　the　use　of　the

continuous　heating　method　in　the　measurcment　of　semiconducting　samples.　The　first

difficulty　is　to　obtajn　a　high　heating　rate,　because　the　heating　of　less　conductive　materials

with　a　high　heating　rate　necds　a　high'voltagc　power　supply.　The　second　is　the　difficulty

9



of　estabnshing　a　unif1)rm　temperature　distribution　in　the　radial　direction　of　the　sample7

which　causes　a　large　temperature　gradient　in　this　dlrection　by　heat　now　fi°om　the　surface

of　the　sample　to　the　surroundings.

　　　lntermittent(pulse)heating　method　developed　much　earner　[14,15]has　been　used

to　measure　the　heat　capacity　of　metanic　samples　at　low　heating　rate.　The　calorimeter

reported　by　Pamster　[15]was　used　to　measure　the　heat　capacity　of　iron　up　to　1520　K

with　an　inaccuracy　of　within　2%.　ln　his　apparatus,　a　semi'adiabatic　shield　enclosing　the

sample　was　provided　R)r　reducing　the　heat　leak.　The　shield　consisted　of　the　same

material　and　had　the　same　cross-section　as　the　sample.

　　　Naito　et　al･[16]developed　a　intermittent　(pulse)heating　method　with　an　adiabatic

shield　to　measure　the　heat　capacity　of　semiconducting　materials　up　to　1500　K,　and　they

caned　their　instrument　as　a　“　dircct　heating　pulse　calorimeter　".

2.2.　Direct　heating　pulse　calorimeter

　　　A　direct　heating　pulse　calorimeter　(DHPC)was　designed　and　constructed　R)｢

measuring　the　heat　capacity　of　semiconducting　materials　at　high　temperatures　[16]･

This　method　is　one　of　the　pulse　heating　calorimetry.　ln　this　calorimeter　a　sample　was

heated　directly　by　pulse　current.　Rgures　2-1　and　2-2　show　a　block　diagram　and　the

central　part　of　thc　apparatus,　respectively.　ln　this　calorimcter　a　cyHndrical　sample　rod　is

connected　to　the　stainless　steel　electrodes　with　the　molybdenum　holders.　Platinum　mm

is　placed　between　sample　and　holder　to　reduce　the　contact　resistance.　Double

cynndrical　molybdenum　plate　was　used　as　an　adiabatic　shield　enclosing　a　sample.　At

nrst　the　sample　is　maintained　at　an　equmbrium　constant　tempcrature　by　an　extemal

heater.　Electrical　energy　is　then　suppHcd　simuhaneously　to　the　sample　and　shicld　by

10



pulse　heating.　The　power　supply　is　variable　to　control　the　temperature　rise　(∠X7i)of

the　sample.　The　power　R)r　the　shield　is　adjusted　to　produce　the　same　temperature　rise

(∠X41)asR)r　the　sample.　The　duration　of　pulse　heating　is　controUed　from　O.25　to　2.0

s　by　a　circuit　using　a　smcon-controned　rectifier　switch　for　low　voltages　and　a　high　speed

relay　for　high　voltages.　The　temperature　rises　∠X7i　and　∠141　areusuaUy　chosen　to　be

between　l　and　4　K｡

　　　The　temperature　rise　of　the　sample　is　measured　by　a　R-type　(Pt/Pt13%Rh)

thermocouple　of　O.　15　mm　diameter,　which　is　contacted　on　thc　surface　of　the　sample　with

zirconia　cement　in　order　to　obtain　a　good　thermal　contact　and　a　sumcient　electrical

insulation　between　the　sample　and　the　thermocouple.　The　temperature　rise　of　the　shield

is　also　measured　by　a　R-type　thennocouple　of　O.2　nlm　diameter　welded　on　the

molybdenum　shield.　The　vohage　drop　in　the　sample　is　measured　by　two　wires　of
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Rg.　2'1　Block　diagram　of　the　apparatus.
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Thermocouple

Rg.　2-2　The　central　part　of　the　apparatus.

Sample

Pt13%Rh　inserted　into　the　sample　at　an　interval　of　about　30　mm.　The　sample,　the

shield,　the　extemal　heater　and　an　alumina　fumace　are　placed　in　an　evacuated　stainless

steel　bentjar.

2.3.　Samples

　　　The　samples　whose　dimensions　are　5'10　mm　in　diamcter　and　50'80mm　in　length

were　used　for　DHPC　in　this　study.　ln　the　calorimeter　the　sample　was　connected　to

stainless　steel　tube　electrodes　with　a　molybdenum　holder.

2.4.Procedure

　　　　The　calorimeter　is　maintained　at　a　constant　equiHbrium　temperature　by　an　extema1

heater,　then　electrical　energy　is　suppHed　to　a　sample　and　the　two　shields　simultaneously

by　pulse　currents.　The　heat　capacity　of　the　sample　is　calculated　from　eq･(4):
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where　s=(//4)4yandQ=(yjy2/R)∠xr.M　represents　the　molecular　weight　of　the

sample,M　the　effective　nlass　of　the　sample,　s,the　total　mass　of　the　sample,　/　the

eactive　length　of　the　sample　(the　distance　between　voltage　probes　),4　the　total　length

of　the　sample,　yz　the　voltage　drop　between　voltage　probes,　y2　the　voltage　drop　of　a

standard　resistance,　j?　the　standard　resistance,∠n　the　heating　p�od　and　y　the

correction　factor　R)r　unifbrmity　of　the　sample.

2.5.　Detans　of　the　improvement

　　　ln　the　case　of　the　heat　capacitynleasurenlents　of　doped　U02　by　DHPC　there　were

some　Hmitations:　①a　maximum　temperature　for　the　heat　capacity　measurements　was

about　1300　K,　②a　capacity　of　poMrer　supply　was　too　sman　to　load　a　sumcient　current

into　the　high　resistant　sample　and③a　pulse　controner　composed　of　complex　electric

circuit　did　not　produce　a　reproducible　pulse　duration　time　and　its　repair　was　rather

troublesome.　lmprovements　fbr　eHmination　of　these　Hmitation　made　in　this　study　R)｢

reHable　heat　capacity　measurements　are　shown　in　fonowing　sections.

2.5.1.　Expansion　of　measurable　temperature　range

　　Since　an　onset　temperature　at　which　heat　capacity　increases　anomalously　is

regarded　to　be　above　1600　K,　it　is　desirable　to　expand　the　measurable　temperature

range　up　to　1600　KL　The　Hmitation　was　mainly　caused　by　the　snapping　of　a　heating

wire.　The　reasons　of　the　snapping　were　a　reaction　between　Pt30%Rh　wire　and　Si

which　is　included　as　an　impurity　in　the　alumina　insulator,　a　thinning　of　the　wire　by



vaporization　and　a　partial　overheat　by　a　recrystamzation　of　the　Pt30%Rh　anoy･

　　At　nrst,　wc　tried　to　use　a　tungsten　wire　as　a　heater　because　of　its　high　melting

point(3673　K),however,　the　tungsten　wire　had　snapped　soon.　Since　an　oxygen

partial　pressure　ina　vacuunlvessel　was　about　10'1　Pa,　the　tungsten　can　be　easny

oxidized.　lt　was　difficult　and　expensive　to　decrease　the　oxygen　partial　pressure　in　the

vessel.　Thus　we　gave　up　this　idea.

　　Next,　to　decrease　thc　effects　of　vaporization　and　recrystaHization　a　diameter　of　the

heating　wire　was　made　thick　n‘om　O.5　mm　to　O.7　mm　in　diameter.　Further　the

reaction　of　heater　with　Si　was　restrained　by　using　pure　alumina　insulator.　After　those

improvements　we　could　measure　heat　capacities　up　to　1550　K　for　regular　usage　and

1783　K　in　maximum.　Since　a　melting　point　of　stainless　steel　which　was　used　for

electrode　is　1673　K,　a　molybdenum　electrode　was　used　above　1600　K-

2.5.2.　1mprovement　a}r　insulating　(or　semiconducting　)materials

　　ln　the　case　of　doped　U02　the　resistance　was　104`107Ωat　room　temperature.

Since　the　maximum　voltage　of　thc　power　supply　n)r　the　sample　was　180　V,　the

temperature　rise　of　the　sample　was　smaUer　than　O.5　K　R)r　the　sample　with　107Ω

Γesistance.　This　problem　was　solved　by　using　the　power　supply　whose　capacity　is

550　V.　But　another　problem　should　be　considered.　An　isolation　ampMier

connected　to　voltage　probes　had　107Ωitself　as　㎞temal　impedance.　lt　means　that

almost　equal　current　wm　now　through　the　ampnfier　and　the　sample.　There&)re　the

temperature　rise　wⅢbe　half　of　essential　one.　To　decrease　the　current　loss　to　the

ampMier,　we　changed　the　ampMier　which　has　high　itemal　impedance　of　101o　Ω.
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2.5.3.　1mprovement　of　pulse　controUer

　　The　pulse　controUer　previously　used　was　constructed　with　a　delay　circuit

composed　of　about　hundred　electrical　parts　and　was　onen　missed　to　generate　the　pulse.

ThereR)re,　a　new　pulse　controner　was　planned.　A　circuit　diagram　is　shown　in　Rg.　2'

3,　which　is　a　simple　sequential　clrcuit　with　only　two　timers　and　two　relays.　XVith　the

new　pulse　controUer　no　pulse　control　miss　occurred.

PB

Rg.　2s3　Diagram　of　pulse　timing　clrcuit.

15
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T　:　timer,　R　:　relay

PB　:　pushed　switch
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3.　Heat　capacity　of　doped　U02

3.1.1ntroduction

　　　lt　has　been　reported　that　a　small　amount　of　aHovalent　cations　such　as　Ti,　Nb,　La

etc･,　added　to　U02　can　improve　mechanical　properties　and　irradiation　behavior　to　attain

high　burnup[1],and　that　many　fission　products　(FP)solve　into　UO2　matrix　under　high

bumup　condition.　Transuranium　elements　(TRU),which　have　long　radioactive　half

nfe　such　as　americium,　curium　and　neptunium,　have　been　recently　planned　to　be　bumt

out　in　a　nuclear　reactor　in　the　fk)rm　of　sond　solution　with　UO2･

　　　Hencethermodynamic　properties　of　UO2　doped　with　aHovalent　cations,　FP　and　TRU

are　of　importance　to　understand　the　stabmties　of　the　fuels　in　the　reactor.　Although　the　heat

capacity　is　one　of　theuseful　properties　to　calculate　the　thermodynamic　quantities9　nttle　is

measured　the　heat　capady　for　doped　U02･

　　　The　heat　capacities　of　gadonnia'doped　UO2　(U1-yGdy02.0･　y　°　O.044･　O.073･　O.101･

O.142)have　been　recently　measured　fi゛om　room　tempcrature　to　1500　K　in　the　prcsent

author゛s　laboratory　[2,3],and　an　anomalous　increase　in　the　heat　capacity　of　each　sample

was　nrst　observed　at　high　temperatures　from　about　700　K　fk)r　y　°　O.142　to　1200　K　&)ry

°O.044.　The　anomalous　increase　in　the　heat　capacity　of　undoped　U02　above　1500　K

was　interpreted　as　due　to　lbrmation　of　the　Frenkel　pairs　of　oxygen　by　several

investigators[4,5]and　reviewed　by　Naito　[6]･

　　　ln　this　study　the　heat　capacities　of　U1-yMyO2-x　(M　:　dR　tri'･　tetra'　and　penta'valent

cation)were　measured　from　300　to　1550　K　by　direct　heating　pulse　calorimetry　to　clarify

the　origin　of　an　anomalous　increase　in　the　heat　capacity　of　doped　and　undoped　U02･
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3.2.Experimental

3.2.1.　Sample　preparation

　　　The　mixture　of　MOX　(M　°　dopant　cation　)and　UO2　powder　was　shaped　into　a

cynndrical　rod　of　about　6　mm　in　diameter　and　60　mm　in　length　using　an　evacuated　rubber

press　with　a　hydrostatic　pressure　of　about　400　MPa.　The　cyhdrical　rod　was　sintered

and　homogenized　at　1673　K　for　7　days.　This　sintering　and　homogenizing　process　was

repeatedseveral　times,　and　then　the　samples　were　annealed　under　the　conditions　shown

in　Table　3-1　so　as　to　obtain　the　stoichiometric　composition　(O/M=2.00)or　hypo-

stoichiometric　composition　according　to　the　thermogravimetric　study　[7'18].　X'ray

diffraction　analysis　indicated　that　each　sample　rod　was　a　single　phase.

Table　3'1.　The　anneanng　conditions　of　sample　after　sintering　(and　homogenizing　)
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3.2.2　Heat　capacity　measurement

　　　As　described　in　section　2,　heat　capacities　and　electrical　conductivities　were

measured　simultaneously　by　the　direct　heating　pulse　calorimeter.　The　electrical

conductivity　was　determined　from　a　current　passing　through　the　standard　resistance　and

a　voltage　drop　between　voltage　probes.

　　　The　heat　capacities　and　the　electrical　conductivities　were　measured　in　the

tempcrature　range　from　room　temperature　to　about　1500　KL

3.3.Results　and　discussion

3.3.1.　Heat　capacity　of　undoped　U02.x

　　At　nrst　the　heat　capacity　of　undoped　U02.0　was　measured　to　examine　the　reHabmty

and　an　accuracy　of　the　apparatus.　ln　Rg.　3'1　the　result　is　shown　in　comparison　with

the　reference　data　of　U02o　measured　by　Gr6nvold　et　al･[19]and　Fredrickson　and

Chasanov[20].　0ur　result　was　in　good　agreement　with　the　reference　data　in　an

temperature　range.　The　equation　R)r　the　heat　capacity　of　U02.0　in　this　study　was

given　by　the　least-squares　method　as　:

　　q　/J　mor1K'1　=67.399+1.2288×1o`2(7/K)+8.6448×1o3(7/K)゜1

　　　　　　　　　　　-3.5393×106(7/K)'2,(297<7/K<1550)･　(1)

　　Further,　a　sample　of　hyper'stoichiometric　U02.02　was　prepared　by　anneanng　the

undoped　U02.0　in　Ar　at　1473　K　for　2　days.　The　O/U　ratio　was　determined　fi'om　a

weight　change　be&)re　and　after　anneanng.　The　result　is　shown　in　Fig.　3'2　together

with　the　reference　data　of　U02.0[19,20].　As　seen　from　Fig.　3'2,　an　anomalous

increase　in　the　heat　capacity　is　observed　above　1300　KL　However,　the　heat　capacity
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value　decreased　above　1500　K　and　has　almost　the　same　value　as　that　of　U02.0゛　This

reason　is　regarded　to　be　a　reduction　of　UOzo2　to　U02.0　above　1500　K･　Since　the　thin

oxide　layer　on　the　surface　of　the　molybdenum　thermal　shield　in　the　calorimeter　has

higher　oxygen　partial　pressure　than　U01o2,　molybdenum　oxide　layer　may　act　as　the

oxygen　buffer　to　reducc　UOzo2　to　U02.00　.　As　seen　from　Rg.　3'3,　the　electrical

conductivity　of　U02.02　measured　simultaneously　with　the　heat　capacity　decreases　in　the

temperature　range　from　1300　K　to　1500　K,　renecting　the　reduction　of　UO2.02゛

　　The　equation　for　the　heat　capacity　of　U02.02　below　1300　K　was　given　by　the　least'

squares　method　as　:

　　q　/　J　mol'1　K'1　=74.104+8.9822×10'3(7'/K)+3.9178×103(7/K)'1

　　　　　　　　　　　-2.4434×106(7/K)'2,(296<r/K<1300)･　(2)

3.3.2.　Heat　clpacity　of(UI.yREy)02.0(RE　:　trivalent　rare-earth　element)

　　Rare'earth　elements　are　the　main　nssion　products　in　the　nuclear　fuel.　lnaba　et　al.

[3]measured　the　heat　capacities　of(U1-yGdy)02(y　°　O.044　to　O.142　)to　evaluate　the

thermal　properties　under　irradiation　on　the　high'bumup　oxidc　fuel　in　which　high

concentration　gadoHnium　is　used　R)r　the　bumablc　poison.

　　ln　this　study,　several　elements　with　different　ionic　radius　were　chosen　as　dopants

and　summarized　in　Table　3-2.

　　The　heat　capacities　measured　on　(U1.yL4)02.0(y=O.044,　0.090　and　O.142　),

(Uo91Ndo｡)Ozo,(U0.91Yo.o9)02.0　and　(U0.91Sco.o9)02.0　are　shown　in　Rgs.　3'4　to　3'7.　As

seen　from　Figs.　3'4　to　3'7,　an　anomalous　increase　in　the　heat　capacity　curves　simnar　to

those　of(U1-yGd3j)02　is　obscrved.　Assecnfrom　Rg.　3-4,　the　onset　temperature　R)｢

the　anomalous　increase　of　the　heat　capacity　is　the　lower　when　the　dopant
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concentration　is　higher.　Additionany　from　Fig.　3'8,　the　onset　temperature　(7;)for

the　anomalous　increaseof　heat　capacity　seems　to　depend　on　the　element　of　dopant.

Dopants
ー

　LaU
y
Y
S

Table　3-2.　The　characters　of　dopants

　　　　　　　　　　Characters

High　nssion　yield,　Large　ionic　radius

High　nssion　yield,　Stand-in　for　americium　(Am)

High　fission　yield,　lntermediate　ionic　radius

Sman　ionic　radius

　　The　equations　for　the　heat　capacity　are　determined　by　the　least'squares　method

from　the　data　below　onset　temperature.　The　results　are　given　in　Table　3'3.

Samples

Table　3'3.　The　equations　R)r　the　heat　capacity　of　doped　U02

　　　　　a　　　bx102　cx10‘4　dx104　ex10'8　Temperature

(Uo956La｡o44)02o　36.295　2.1627　4.4035　19.484　24.178　286~1200

(U0.910Laoo9o)02o　55.267　1.6340　2.0499　8.1166　6.2934　291~1100

(Uo858La｡142)02o　43.548　2.3　102　3.7635　15.823　16.582　289~1000

(U0.910Nd｡.o9o)02.0　32.001　2.3236　4.6856　21.162　28.287　298~1150

(U0.910Yo.｡9o)02.0　65.037　1.3002　0.9472　3.5600　0

(Uo91oScoo9o)02.0　57.872　1.6685　L4078　4.6711　0

295~1330

298~1300

※C｡/J　mol°1　K'1　=a+b(7/K)+c(r/K)'1-d(r/K)`2+e(7ZK)‘3
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3.3.3.　Heat　capacity　of(UI･yMgy)02･x

　　Magnesium　and　calcium　are　divalent　cations　which　can　R)rm　a　sond　solution　with

U02.　Divalent　cation　substituted　for　uranium　ion　in　the　sond　solution　effects　doubly

than　trivalent　cations　for　a　charge　compensation.　The　Mg'doped　U02　easny　becomes

hypo'stoichiometric　composition　because　of　its　high　oxygen　potential　[11,12,]･

　　ln　this　study,　the　heat　capacity　on　(U0.910Mgo.o9o)02.0,(U0.85oM&15o)02.0　and

(U0.850Mg0.15o)01.92were　measured.　As　shown　in　Rgs.　3'9　and　3‘10,　an　anomalous

increase　in　the　heat　capacity　curves　also　appears　and　the　onset　temperature　(7;)of

(U0.910Mgo.o9o)02.0　is　lower　than　those　of(U0.910REo.o9o)02.0(RE=rare　earth　element　)･

As　is　also　seen　from　Rg.　3s10,　the　onset　temperature　for　the　anomalous　increase　ofthe

heat　capacity　of　stoichiometric　U02.0　is　lower　than　that　of　hypo-stoichiometric　UO2-x　･

　　The　equations　for　the　heat　capacity　were　determined　by　the　least'squares　method

n'om　the　data　below　the　onset　temperature　and　are　given　in　Table　3'4.

Table　3'4.　The　equations　for　the　heat　capacity　of　Mg'doped　UO2

Samples a bx103　cx10'3　dx104　ex10'7　Temperature

(U0.910Mg｡｡))○･o　66.046　11.340　8.2422　3.4889　1.3590　297~1300

(Uoj5oMk15｡)01o　66.896　11.810　7.6988　3.3703　2.2650　294~800

(U0.850Mg0.15o)01.9　70.069　8.2599　0 1.7134　0 291~1150

※C｡/J　mor1　K'1　=a+b(r/K)+c(7/K)'1-d(r/K)'2+e(7ZK)`3
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3.3.4.　Heat　capaeity　of(UI･yFPy)02.0(FP　:　simulated　nssionproducts)

　　A　high　burnup　creates　many　fission　products　in　the　U02　fuel.　The　nssion

products　can　be　classified　into　R)ur　groups.　0ne　is　the　oxides　dissolved　in　the　UO2

matrix,second　the　metamc　precipitates,　third　the　oxides　precipitates　and　last　is　the

gases　and　other　volatne　elements　[21,22].　Among　these　nssion　products,　the　soluble

ones　have　the　influences　on　the　U02　matrix,　due　to　defect　fbrmation　and　then　change

heat　capacity.　ThercR)re,the　soHd　solution　with　the　soluble　fission　products　such　as

zirconium　and　rare-carth　clemcnts　should　be　examined.

　　ln　this　study,　the　simulated　elements　selected　as　the　representative　components　of

fission　products　are　an　soluble　major　nssion　products　except　the　volatne　elements　and

noble　metals,　as　given　in　Table　3-5.　Rve　elements　(such　as　Zr,　Ce,　Pr,　Nd　and　Y　)

were　selected　as　the　representative　nssion　products　and　the　dopant　concentrations　(in

atomic　percent　)ln　U02　were　determined　on　the　basis　of　the　table　of　the　nssion　yield　of

stable　or　long'nved　fission　products　[23],asMyasselected　in　the　prcviousstudies　on

Table　3'5.　The　dopant　concentrationssimulating　2　-　10　at%bumup

Metals

U
　
a
　
Q
　
h
　
y
　
Y

2at%
-

98.21

0.74

0.25

0.12

0.58

0.10

23

5at%
-

95.52

1.86

0.62

0.30

1

0

46

24

10　at%
―

91.01

3.73

1.24

0.61

2.93

0.49



the　oxygen　potential　of　U02　fuel　simulating　2　-　10　atomic　%(at%)burnup　by　une

and　Oguma　[13]･

　　The　results　of　heat　capacity　measurements　are　shown　in　Fig.　3'11.　An　anomalous

increasein　the　heat　capacitycurvesof　each　sample　of　(U1.yFPy)02(y=O.018　for　2

at%bumup,　y　=O.045　R)r5at%bumup　and　O.090　R)r　10　at%bumup)is　seen　above

1300･　900　1nd　600　K･　respectl゛ely.　The　ollset　te“lpe“t゛es　of(U1.yFPy)02(y=

O.018,　0.045　and　O.090　)arc　sHghtly　low　than　thosc　of(U1.yMy)02　dopcd　with　equal

concentration　of　one　kind　of　dopant.　This　fact　is　concluded　to　indicate　that　the

existence　of　many　kind　of　cations　render　the　easy　formation　of　oxygen　defects　to　UO2　･

　　The　equations　R)r　the　heat　capacity　determined　by　the　least'squares　method　from

the　data　below　onset　temperature　are　given　in　Table　3-6.

Table　3'6.　The　equations　fbr　the　heat　capacity　of　FP'doped　U02

bx102　　cx10°4　　dx10‘6　　Temperature　　Samples　　　　　　a

(U0.982FPo.o18)02.0　　40.4122.7569　2.1268　5.3090　298~1300

(U0.955FPoo45)02o　13.903　4.7397　3.2284　6.6604　284~850

(U0.91oFPo｡o)01o　17.749　5.8768　2.6822　5.8126　298~550

※C｡/J　mor1　K`1=a+b(r/K)+c(r/K)'1-d(r/K)'2

3.3.5.　Heat　capadty　of(UI-y51y)02.0(Ni　:　tetra'　or　penta'valent　element)

　　ln　the　previous　sections　we　measured　the　heat　capacity　of　U02　doped　with　the

cations　which　have　a　lower　valence　(+2or+3)than　uranium(+4)in　the　U02　matrix.

Here　the　results　on　thc　heat　capacities　of　U02　doped　with　the　+4or+5　valent　cations

are　given.　Titanium,　zirconium,praseodymium　and　cerium　were　selected　as　the
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tetravalent　cations　and　niobium　as　the　pentavalent　cation.　Titanium　or　niobium　is

added　to　U02　in　order　to　improve　the　mechanical　properties　and　irradiation　behaviors

[1],although　the　solubmty　of　titanium　or　niobium　is　sman.　Thus,　we　measured　the

heat　capacity　of(U0.993Tio.oo7)02.0　and　(U0.99Nbo.o1)02.0.　The　results　arc　shown　in　Rgs.

3'12　and　3'13,　respectively.　An　anomalous　increase　of　heat　capacity　was　not

observed　for　each　sample,　simply　due　to　sman　amount　of　dopant　concentrations.

　　We　also　measured　the　heat　capacity　of(U0.91oMo.o9o)02o,(M=Ce,　Zr　and　Pr　)･

These　three　elements　can　make　a　sond　solution　with　U02　in　a　wide　solubmty　range.

Cerium　and　praseodymium　have　tri-　or　tetra-valence　in　the　oxides.　Further,　cerium　is

beneved　to　act　as　a　stand'in　R)r　neptunium　of　minor　actinide.　The　results　are　shown

in　Figs.　3'14　to　3'16.　An　anomalous　increase　of　heat　capacity　was　not　observed　for

each　sample.　From　these　observations　there　is　no　anomaly　in　the　heat　capacity　in　the

case　of　U02　doped　with　tetravalent　cation.

　　The　equations　R)r　the　heat　capacity　determined　by　the　least‘squares　method　from

the　data　are　shown　in　Table　3-7.

Table　3-7.　The　equations　for　the　heat　capacity　of　doped　UO2

a bx103　　cx10'3　　dx104　　TemperatureSamples

(Uo993Tiooo7)02.0　71.089　10.405

(U0.99oNbo.olo)02.0　75.163　　　8.7398

(U0.910Ceoo9o)02o75.498　7.5109

5.3473

3.3420

0

(U0.91oPro.o9o)02.0　80.185　　6.5829　　0

2.8958 298~1500

2.5373　　296~1482

1.5883　　286~1413

1.8930　　285~1412

(U0,91｡zroJozo　82.498　　2.92ol　　o　　　　1.9969　　285~1412

　※C｡/J　mor1　K°1　=a+b(7/K)+c(r/K)'1-d(r/K)'2
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3.3.6.　Enthalpies　and　entropies　of　de&ct　fonnation

　　The　excess　heat　capacity　was　evaluated　by　subtracting　the　smoothed　base　he　of

heat　capacity　prcviously　dctermined　for　undoped　U02　from　the　experimental　heat

capacity　for　dopcd　U02.　Assuming　that　a　thcrmaUy　activated　proccss　contributes　to

the　excess　heat　capacity,　the　cxcess　heat　capacity　∠1C　can　be　expressed　as　:　[3,5]

AC= V-(
‾Aj7/
-

2ji7 )

26

(3)
M/

2

where∠1･S/･　and　∠1/E4　are　the　entropy　and　enthalpy　of　formation　per　Frenkel　pair,

respectively.　The　results　of　doped　U02　obtained　in　this　study　are　summarized　in

Table　3-8　and　shown　in　Figs.　3-17　and　3-18　together　with　those　of　U02　[4,5,24'27]

and(U1-yGd3;)02[3]reported　previously.　As　seen　from　thcse　ngures9　dopant　addition

apparently　decreases　the　enthalpy　and　the　entropy　of　R)rmation,and　the　extrapolation

of　the　values　R)r　doped　samples　to　zero　dopant　content　yields　the　estimated　values　for

undoped　U02　:　∠xj7/･=3.0　ev　and　∠1Sf=62　J　mor1K°1,　which　are　in　good　agreement

with　the　experimental　values　of　undoped　U02　so　far　reported　[4,5,25].　The　value　of

∠M4　for　U02　in　Fig.　3'　17,　thus　obtained,　is　higher　than　the　enthalpy　of　formation　of　an

electron'hole　pair,　but　lower　than　that　of　a　Frenkel　palr　of　oxygen,　both　of　which　were

calculated　theoreticaUy　by　Harding　et　al･　[24].　Although　there　are　some　ambiguities

to　discuss　the　values　of　∠1S･due　to　large　error　in　Fig.　3'18,　the　extrapolated　value　of

∠X4n)r　U02　seems　to　bc　higher　than　the　entropy　of　R)rmation　of　an　electron‘hole　pair

estimated　from　the　electrical　conductivity　and　the　thermoelectric　Seebeck　coemcient

of　U02　by　Hyland　and　Ralph　[26]･

　　lt　is　noted　that　the　excess　heat　capacity　due　to　the　formation　of　electron'hole　pair

can　be　expressed　by　:



AC=
(AZZ/)2
-

2j?r2 7 ㈲

where　∠M4'　and　∠1･S'　are　the　cnthalpy　and　cntropy　of　R)rmation　per　electron'holc

pair,　respectively.　Mre　can　see　that　the　value　of　∠XZE4'　equals　∠yE4　in　Eq･　(3)and　the

valuc　of　∠1S/　is　5.8　J　mol'1K'1　higher　than　∠:X･Sy･　.　Therefore,　even　if　Eq･　(4)is　used

instead　of　Eq･　(3)for　the　analysis　of　excess　heat　capacity　can　give　the　same　conclusion

mcntioned　above.

　　Some　typical　results　of　the　electrical　conductivities　of　(U,M)02　measured　by　us　in

order　to　nnd　the　occurrence　of　electron'hole　pair　formation　are　shown　in　Fig.　3'19.

The　snght　increase　of　the　slope　in　the　electrical　conductivity　curve　is　seen　around　1200

K　for　both　samples　of(U0.99oNbo.olo)02　and　(U0.91oSco.o9o)02　simnarly　to　the　cases　of　U02

previously　measured　by　Matsui　and　Naito　[28].　From　the　fact　that　(1)the

temperature　at　which　the　slopc　changes　is　independent　of　the　dopant　content　and　is

close　to　that　of　UO2　,　and(2)the　temperature　dose　not　coincide　with　the　onset

temperature　of　the　anomalous　increase　in　thc　hcat　capacity　curvc　cspeciaUy　in　the　case

of(U0.850Mg0.15o)02.09　the　snght　increase　of　the　slope　in　the　conductivity　curve　is

thought　to　be　due　to　gradual　transition　from　the　extrinsic　to　intrinsic　conduction

region.　lt　is　not　nkely　that　the　excess　heat　capacity　of(U,M)02(M　°　RE,　Mg　and

FP)is　due,　thereR)re,to　the　formation　of　electron'hole　pairs.

　　lt　is　concluded　that　the　anomalous　increase　in　the　heat　capacity　of(U,M)02-x(M°

RE,　Mg　and　FP　)observed　at　relatively　low　temperatures　below　1300　K　originates

from　the　same　mechanism　as　that　of(U,Gd)02　and　undoped　U02+x9　and　that　the

predominant　thermal　activated　process　as　the　origin　of　the　excess　heat　capacity　is

nkely　to　bc　the　formation　of　Frenkel　pairs　of　oxygen.
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Samples

Table　3-8.　Enthalpy　and　entropy　of　formation　for　defects

　　　∠1/4　　　　∠14　　　Authors

(U0.956Lat).｡44)02.0

(U0.91oLao.o9o)02.0

(U0.858La0.142)02.0

(U0.910Nd｡.o9｡)02.0

(U0.91oYo.o9o)02.0

(U0.91oSco.o9o)02.0

(U0.91oMgo.o9o)02.0

(U0.85oMg0.15o)02.0

(U0.85oMg0.15o)01.9

(U0.982FPo.o18)02.0

(U0.955FPo.o45)02.0

(U0.910FPo.o9o)02.0

(U0.956Gd｡.o44)02.0

(U0.927G4.｡)02.0

(U0.899Gd0.1o1)02.0

(U0.858Gd0.142)02.0

　　　UO2

　　　U02

U02

U02

2.14

1.63

S
　
3
　
J
　
3
　
j
　
j
　
j
　
j
　
j
　
j
　
5
　
0
　
6
　
D
　
S
　
J
　
S

L
　
2
　
1
　
2
　
2
　
1
　
2
　
2
　
1
　
1
　
1
　
L
　
L
　
L
　
L
　
I
　
I

1.64-

1.74

3.11

39.4

34.2

j
　
　
8
　
　
4
　
　
9
　
　
0
　
　
6
　
　
3
　
　
3
　
　
4
　
　
3
　
　
j

M
　
　
4
　
　
3
　
　
4
　
　
8
　
　
1
　
　
8
　
　
5
　
　
3
　
　
2
　
　
6

40.5

26.9

25.1

6.11

-4.18

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

This　study　(exp･)

lnaba　et　al･[3](exp･)

lnaba　et　al･[3](exp･)

lnaba　et　al･[3](exp･)

lnaba　et　al･[3](exp･)

Hyland　and　Ralph　[26](cal.&)r　e-h　pairs)

Harding　et　al･[24](cal.

　　　　　　　　　for　Frenkel　defects)

28.5-30.5　Hgd≒et　al･[24](cal.n)r　e-h　pairs)

62.0 Szwarc[5](exp･)

※exp.　:　experimental　value　n‘om　the　excess　heat　capacity･

　　cal.:theoretical　calculation.
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　　By　doping　trivalent　cations　such　as　La3゛,　Nd3゛,　Y≒Sc3゛　and　Gd3゛　or　divalent　Mg2゛

into　U02,　U5゛　ions　with　smaller　ionic　radius　than　that　of　U“　ions　are　formed　from　the

electroneutranty　condition,　and　then　the　Frenkel　pairs　of　oxygen　could　be　easny

formed　at　low　temperature.

3.3.7.　A　relation　between　lattice　distortion　and　onset　temperature　for　a

rapid　increase　of　heat　capacity

　　ln　the　preceding　section　a　close　relation　among　the　anomalous　increase　in　heat

capacity,the　species　and　concentration　of　dopant　was　discussed.

　　ln　this　section　we　consider　the　relation　between　the　onset　temperatures　R)r　the　heat

capacity　anomaly　and　lattice　distortion　(lattice　constant　)･

　　At　first　we　examine　the　relation　of　onset　temperature　with　a　change　of　lattice

constant.　ln　Rg.　3'20　the　onset　temperatures　(7;)of　UO2　doped　with　various

cations　are　plotted　against　l　∠1α|,where　l　∠Xαlis　the　absolute　value　of　the　change　in　the

lattice　constant　of　UO2　due　to　formation　of　a　substitutional　sond　solution　with

anovalent　cations.　　The　change　in　the　lattice　constant　∠Xαwas　calculated　by　the

foHowing　empirical　equation　(5)previously　proposed　by　Kim　[30]:

　　α=Oj648+[O.0206(Q-4)+O.00013(4-4)]77z
　　　=O.5648+Am,　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(5)

whereαand　O.5648　(in　nanometers　)is　the　lattice　constant　of　doped　U02　and　that　of

undoped　U02,　respectively,　(4-r,,)is　the　difference　between　ionic　radii　of　doped

element(Q)and　host　uranium　(r,,),(4-4)is　the　valency　difference,　and　m　is　the

mole　percent　of　the　dopant　in　the　R)rm　of　MOX　.　ln　this　calculation　the　values　of

ionic　radii　were　taken　fi'om　Shannon's　table　[31].　The　vandity　of　this　kind　of
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empirical　equations　R)r　the　change　of　the　lattice　constant　has　been　demonstrated　by　the

remarkable　agreement　between　the　calculated　and　measured　values　of　the　lattice

constants　for　the　nuorite-type　oxide　doped　with　various　cations　such　as　Ca,　Mg,　Sr,

Sc,Y,　Sm,　Gd　and　Eu　[30].　lt　is　scen　from　Fig.　3'20　that　the　onset　temperature　of

the　doped　U02　with　same　dopant　concentration　increases　with　increasing　l∠Xα|,

indicating　the　smaner　elastic　strain　field　produces　the　lolver　onset　temperature　of　the

heat　capacity　anomaly　since　the　elastic　energy　in　the　strained　lattice　k　hearly

proportional　to　(M∠1α)2　in　a　fluorite-type　oxide　[32].　Asseenfrom　Figs.　3'17　and

3'18　the　enthalpy　and　entropy　of　R)rmation　calculated　from　theexcessheat　capacity　of

(Uo91oSco.o9o)02.0　are　also　a　Httle　higher　than　those　of(U0.910Laoo9o)02.0°　　Therefore　the

R)rmation　of　Frenkel　defect　of　oxygen　is　considercd　to　bc　suppressed　by　the　elastic

strain.The　fact　that　the　ionicconductivity　of　doped　nuorite'type　oxides　(such　as

(Ce,M)02,　M　=Gd,Y　and　La　),where　the　oxygen　ion　is　predominantly　mobne,

decreases　with　increasing　l　∠1αlas　reviewed　by　Kim　[30]also　supports　the　vandity　of

the　dependence　of　the　onset　temperatures　upon　l　∠Xαlvalues,　since　the　Frenkel　defect

of　oxygen　can　be　R)rmed　more　easny　under　thecondition　which　makcs　oxygen　ions

more　mobne.　For　U02　doped　with　the　same　cation,　the　onset　temperature　is　seen　to

decrease　with　increasing　dopant　concentration　as　shown　in　Rg.　3-20.　The　lower

onset　tcmperaturcs　of(U1-yGd3j)02　and　(U1-yLa3j)02.0　with　higher　dopant　concentrations

are　related　to　the　lower　enthalpy　and　entropy　of　formation　shown　in　Figs.　3'17　and　3'

18.　1n　othcr　words,　the　R)rmation　of　a　large　number　of　Frenkel　defects　composed　of

oxygen　vacancies　produced　by　doping　the　large　amount　of　trivalent　cations　and　thc

compensating　oxygen　interstitials　caused　from　the　stoichiometric　condition　(O/M=

2.00)may　decrease　the　onset　temperature,　since　the　heat　capacity　anomaly　appears
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when　the　defect　concentration　becomes　signmcantly　large　[6]･

　　ln　Rg.　3‘20　the　onset　temperatures　of(U,FP)02.0,however,　are　seen　to　be　apart

from　the　straight　Hnes　which　reprcscnt　the　onset　temperatures　of　U02　doped　with　a

single　cation,　(U,NI)02.0･

　　The　local　structural　environments　of　Y3゛　and　Zr“　ions　in　18　weight　%(wt%)

Y203　doped　Zr02　were　studied　using　extended　x-ray　absorption　nne　structure

(EXAFS)spectroscopy　over　the　temperature　range　153　-　1043　K　[33].　The　oxygen

arrangements　around　Y3゛　and　Zr“　were　R)und　to　be　different　from　cach　other,　i.c.

more　oxygenvacancies　were　sited　adjacent　to　Zr“　and　were　more　disordered　than　Y3゛

at　low　temperature.　The　temperature　rise　of　the　sample　makes　the　local　structural

environments　of　two　different　cations　more　anke,　suggesting　that　increase　in　the

oxygen　mobmty　enhances　random　in　the　spatial　distribution　of　oxygen　defects.

ThereR)re,simnarly　to　the　case　of　Zr02,　the　oxygen　arrangement　around　M3゛　dopants

in　U02,　which　has　the　same　nuorite　structure　as　Zr02,　is　regarded　to　be　different　&om

that　around　uranium　ions.　lt　is　also　expected　that　oxygen　defects　around　M3゛　and　U“

become　more　dispersive　(disorder)with　increasing　temperature,　resulting　in　the　heat

capacity　anomaly･

　　Next,the　variety　of　the　oxygen　arrangement　around　cations　in　U02　is　assumed　to

relate　to　the　value　of　∠1χexpressed　by　Eq･　(6),i.e.　the　difference　between　the　average

cation-oxygen　interatomic　distances　calculated　from　the　ionic　radii　in　Shannon's　table

[31]and　obtained　from　the　experimental　lattice　constants　of　doped　U02　based　on　the

perfect　fluorite　structure　:

Aχ{(Q+○- 々{Lj(″JX)‾々“Jj
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whereAandβΓepresent　the　doped　U02　and　undoped　U02,　respectively.　The　values

of　Q,　r｡and　r,,which　are　the　average　ionic　radius　of　an　cations　(M3゛,　U“,　U5゛　)with

eightn)ld　coordination　in　doped　U02,　the　ionic　radius　of　an　oxygen　ion　with　fourR)ld

coordination　and　the　ionic　radius　of　a　uranium　ion　with　eightfold　coordination,

respectively,　were　taken　from　the　paper　by　Shannon　[31].　The　values　of　the　lattice

constants　of　doped　UO2　(αj)and　undoped　U02　(α2)were　given　experimentany

[13,30,33-37].　As　can　be　seen　from　Fig.　3-21,　the　onset　temperatures　(7;)of　the

heat　capacity　anomaly　of(U1-yMy)02-x(where　M　is　Gd･　La･　Nd･　Eu9　Sc9　Mg　and　FP;　y

=O.018　-　O.142)were　R)und　to　decrease　hearly　with　increasing　l∠Xχ|.This

indicates　that　the　larger　is　the　change　in　the　average　cation-oxygen　interatomic

distance(i.e.　the　more　compncated　distribution　of　oxygen　defects　)caused　by　the

introduction　of　an　aHovalent　cation,　the　lower　becomes　the　onset　temperature.

Further,　the　values　fk)r　an　the　doped　U02　with　the　exception　of　Mg,　Sc　and　FP,　faU　on

thesanlestraight　he　irrespective　of　the　dopant　and　its　concentration.　ln　the　case　of

U02　doped　with　Mg　and　Sc,　their　onset　temperatures　plotted　as　a　function　ofl　∠xy　l　fa11

on　a　different　straight　Hne,　as　shown　in　Fig.　3'21.　This　diarent　dependence　of　the

onset　temPeratures　on　∠XλΓ　may　be　due　to　the　formation　of　cation　defect　clusters

composed　of　Mg2゛　(or　Sc3゛　)and　U≒since(1)the　ionic　radii　of　Mg2゛　and　Sc3゛　are

smaner　than　that　of　U“,　different　from　other　trivalent　cations,　i.e.∠1χ<O　for　Mg2゛

and　Sc3‘゛'　and　∠1･¥>OR)r　other　cations,　and　(2)the　presence　of　the11)rmationof　cation

defect　clusters　(Mg2゛　'　U5゛　)has　been　previously　proposed　on　the　bases　of　the　data　of

the　oxygen　potential　of(U1-yMgy)02[40].SHghtly　higher　values　of　the　enthalpies　of

formation　for　a　Frenkel'pair　of　oxygen　in　(U1-yMy)02(M　°　Mg　and　Sc　)･in　Rg.　3s17･

are　assumed　to　originate　from　the　R)rmation　of　such　metal　clusters.
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　　The　onset　temperatures　of(U1-yFPy)02.0arealso　seen　to　deviate　from　the　nne　with

increasing∠1χ(i.e･　y　value　).　Because　the　value　of　∠U'Jk)r(U1-yFPy)02.0　was

cakulatedfrom　theaverage　cation　radii　of　many　kinds　of　cations　(Nd≒Y3゛,Ce“,Pr4゛,

Zr“,　U“,　U5゛　)using　Eq･　(6)by　the　same　procedure　as　R)r　U02　doped　with　a　single

cation,　the　variety　(complexity)of　the　local　structures　of　oxygens　(or　degree　of

disordering　of　the　oxygen　arrangement　)around　cations　is　not　considered　to　be

suitably　expressed　by　the　∠1y　value　alone.

　　lt　is　also　noted　in　Fig.　3'21　that　the　onset　temperatures　of　UO2　doped　with　Pr“,

Ce“　and　Zr“　are　obtained　on　the　assumption　of　the　presence　of　the　heat　capacity

anomaly　and　ofthe　same　hear　relation　between　l　∠1χland　7;　.　The　determined　onset

temperatures　of　U02　doped　with　tetravalent　praseodymium,　cerium　and　zlrconium

ions,　thus　estimated,　are　higher　than　1420　K　which　is　above　the　upper　temperature

nmit　of　the　heat　capacity　measurements　in　the　present　study.　lt　is,　therefore,not

clear　at　present　whether　the　heat　capacity　anomaly　in　U02　doped　with　these　tetravalent

cations　exists.　To　make　clear　the　vandity　of　the　above　assumption,　more　precise

structural　analysis　by　EXAFS　was　performed　and　the　result　is　given　in　the　next

chapter.

3.3.8.Thermal　functions

　　The　enthalpy　increment9　entropy　and　free　energy　function　(μ/`)of(U1-yMy)02-x

werc　calculated　from　the　heat　capacity　and　the　entropy　y2g　using　the　n)nowing

fundamental　thermodynamic　equations,　rcspectively:

M　-j7&8'£8qf

‘∫}48゛£8(cμ7)f
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　-(G;　-j7&8)/r=-(μ)=-(ZZ;　-　jEG8)/r+S;･　　　　　　(9)

The　So298　value　requlred　fk)r　the　above　computations　was　estimated　from　the　nterature

data[40]of･∫o298　values　for　U02　and　MOx　by　using　the　additMty　law　as　a　nrst

approximation.　The　results　of　the　thermal　functions　are　given　in　Tables　3-9　to　3'27.
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Tcmperature

Table　3-9　Thermal　functions　of　U02.0

C｡　･54　　　jErr4/゜298.15 (G゜r-f298.15)/｢

298.15

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

60

60

71

76

79

81

82

83

84

85

86

87

88

90

24

58

81

68

35

13

51

69

79

85

89

93

97

02

77

77

96

113

127

139

150

160

169

177

185

192

198

204

03

40

62

23

47

84

77

55

43

56

08

07

63

80

0

O
　
n
h
v

14

22

30

38

46

55

63

72

80

89

98

00

11

82

27

08

11

30

61

03

56

20

94

79

74

Table　3-10　Thermal　functions　of　U02.02

35

jEZ?T-f)298.15

(kJ　mor1　)

0
　
0

　6

14

22

30

38

46

55

63

72

80

00

12

93

40

20

22

39

69

09

60

20

89

77.03

77.40

96.61

113.20

127.43

139.80

150.72

160.50

169.37

177.50

185.02

192.01

198.56

204.73

-(G゜r4r29815)/｢

　(J　mor1　K'1)

　　79.08

　　79.47

　　98.99

　　115.63

　　129.84

　　142.19

　　153.09

　　162.86

　　171.71

　　179.81

　　187.29

　　194.24



Table　3-11　Thermal　functions　of(U0.956Lai).o44)02.0

Temperature q, S°『 j7°rj?298.15 -(G゜μΓ)29815)/｢

298.15

300

400

500

600

700

800

900

1000

1100

1200

62

62

71

76

79

81

82

83

84

85

86

48

63

04

58

73

63

92

95

89

83

81

77.20

77.58

96.78

113.29

127.56

140.00

150.99

160.82

169.71

177.85

185.36
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70
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68
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Table　3-12　Thermal　functions　of(U0.910La｡.o9o)02.0

Temperature q ･S゜T jE/?T-j7)298.15

77

77

96

113

127

139

150

160

169

177

185

20

58

77

26

52

96

94

77

66

79

30

-(G゜T-jE/゛)29815)/7

298

300

400

500

600

700
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900

1000

1100

15 61

61

72

77
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81
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83

84

85

33

62

16

00

60

26

51

59

62

64

77

78

97

114

128

141

152

161

170

178

93

31

69

37

66
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75

16

67

77.93

78.31

97.67

114.34

128.62

141.02

151.95

161.73

170.59

178.70



Table　3-13　Thermal　functions　of(U0.858La0.142)02､o

Temperature q, S゜r f?T-f)298.15 -(G゜rg29815)/7

298.15

300

400

500

600

700

800

900

1000

61

61

73

80

83

86

87

88

90

23

53

89

34

86

03

59

90

12

79.02

79.40

98.97

116.23

131.22

144.32

155.92

166.31

175.74
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Table　3-　14　Thermal　functions　of　(U0.910Nd｡.o9o)02.0

　　･∫oT

(J　mol'1　K'1)

　79.33

　79.73

　99.06

115.34

129.36

141.59

152.40

162.08

170.85

178.88
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jE/?T-f)298.15

(kJ　mor1　)

O
　
O
　
n
D
　
4

21

29

37

46

54

62

00

12

85

16

85

79

89

10

43

86

79.02

79.40

98.96

116.20

131.18

144.28

155.86

166.25

175.68

-(G゜TJ)29815)/7

　(J　mor1　K'1)

　　79.33

79.73

99.05

115.31

129.32

141.55

152.36

162.03

170.80

178.83



Table　3-15　Thermal　functions　of(U0.910Yo.o9o)02.0

Temperature　　　q　　　　　･SOT

　(K)　　　(J　mor1　K'1)(J　mor1　K'1)

　298.15　　　　60.63　　　76.66

　300　　　　　60.96　　　77.03

　400　　　　　71.67　　　96.28

　500　　　　　76.24　　112.83

　600　　　　　78.74　　126.97

　700　　　　　80.40　　139.24

　800　　　　　81.72　　150.06

　900　　　　　82.87　　159.75

1000　　　　　83.95　　168.54

1100　　　　　85.01　　176.59

1200　　　　　86.06　　184.03

1300　　　　　87.12　　190.96

μ?T-f)298.15

(kJ　mor1　)

0
　
0

　6

14

22

29

38

46

54

63

71

80

00

11

83

25

01

97

08

31

65

10

65

31

Table　3-16　Thermal　functions　of(U0.91oSco.o9o)02.0

Temperature　　　q,　　　　　Scy

　(K)　　　(J　mor1　K°1)(J　mor1　K'1)

　298.15　　　　57.52　　　75.66

　300　　　　　57.90　　　76.02

　400　　　　　70.55　　　94.71

　500　　　　　75.69　　111.08

　600　　　　　78.37　　125.14

　700　　　　　80.13　　137.36

　800　　　　　81.52　　148.15

　900　　　　　82.76　　157.83

1000　　　　　83.96　　166.61

1100　　　　　85.16　　174.67

1200　　　　　86.38　　182.13

1300　　　　　87.63　　189.09

38

j?μ7)298.15

(kJ　mor1　)

0
　
0

　6

13

21

29

37

45

54

62

71

79

00

11

64

98

69

62

71

92

26

72

29

99

-(G°r-j7°29815)/7

　(J　mor1　K‘1)

　　76.66

　　77.03

　96.27

112.80

126.93

139.19

150.01

159.70

168.49

176.53

183.97

190.90

-(G°rW)29815)/7

　(J　mor1　K'1)

75.66

76.02

94.70

1　1　1　.　05

125.10

137.32

148.10

157.78

166.55

174.61

182.07

189.03



Table　3-17　Thermal　functions　of(U0.910Mgo.o9o)02.0

　　q,　　･∫゜r

(J　mor1　K‘1)(J　mor1　K'1)

58

58

69

74

76

78

80

81

82

83

84

85

34

66

59

35

96

68

00

12

15

14

11

07

79.24

79.60

98.22

114.32

128.13

140.13

150.72

160.21

168.81

176.69

183.96

190.73
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Table　3-18　Thermal　functions　of(U0.85oMg0.15o)02.0

　　q　　　s゜,
(J　mor1　K4)(J　mor1　K'1)

59

59

70

74

77

79

80

18

49

16

90

56

35

75

81.38

81.75

100.56

116.79

130.70

142.79

153.48

39

f)I･41゛)298.15

(kJ　mor1　)
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21

29

37

00

11

67

95
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44
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-(G゜T4r29815)/7

　(J　mor1　K'1)

79.24

79.60

98.20

114.29

128.09

140.08

150.67

160.16

168.76

176.63

183.90

190.67

-(G゜TJ)29815)/j｢

　(J　mol'1　K'1)

81.38

81.75

100.55

116.76

130.66

142.75

153.44



Table　3-19　Thermal　functions　of(U0.850Mg0.15o)01.9

Temperature　　　q　　　　　　S°r
　(K)　　　(J　mor1　K'1)(J　mol'1　K'1)

　298.15　　　　53.26　　　71.13

　300　　　　　53.51　　　71.46

　400　　　　　62.66　　　88.28

　500　　　　　67.35　　102.81

　600　　　　　70.27　　115.37

　700　　　　　72.35　　126.36

　800　　　　　74.00　　136.13

　900　　　　　75.39　　144.93

1000　　　　　76.62　　152.94

1100　　　　　77.74　　160.29

f)r4/゜298.15

(kJ　mor1　)
―

　0.00
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26

33

41
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Table　3-20　Thermal　functions　of(U0.982FPo.o18)02.0

Temperature q S°T j7°r4r298.15

-(G°rJ

　(J　mor1　K'1)

71.13

71.46

88.26

102.79

1　1　5　.　33

126.32

136.09

144.89

152.89

160.24

-(G゜rW)29815)/｢
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300

400

500

600

700
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1300

15 60
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76.15

76.52

95.71
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126.10

138.18

148.86

158.46

167.21

175.29

182.82

189.90



Table　3-21　Thermal　functions　of(U0.955FPo.o45)02.0

Temperature C｡ S゜r

(J　mor1　K4)(J　mor1　K'1)

-(G゜rJ)298,15)/｢

　(J　mor1　K‘1)

298.15

300

600

700

800

61

61

71

75

77

79

81

39

73

94

53

65

61

77

75.44

75.82

95.27

1　1　1　.　76

125.73

137.84

148.61

j?T-j?)298.15

(kJ　mor1　)
―

　0.00

　0.11

　6.90

14.30

21.96

29.82

37.89

Table　3-22　Thermal　functions　of(U0.910FPo.o9o)02.0

　　C｡

(J　mor1　K`1)

　59.84

　60.20

　71.98

　77.53

41

j7?T-f)298.15

(kJmor1)
-

　0.00

　0.11

　6.82

　14.31

75.44

75.82

95.26

111.74

125.69

137.80

148.57

-(G゜r-j7)29815)/｢

　(J　mor1　K`1)

　　78.43

　　78.80

　　97.99

　　114.69



Table　3-23

Temperature q

Thermal　functions　of(U0.993Tio.oo7)02.0

　　　S°r　　　　j7)rr29815　-(G゜r-jE/゜29815)J

298.15

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

59

59

70

75

78

80

81

82

83

55

86

52

40

20

10

57

82

95
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Table　3-24　Thermal　functions　of(U0.99oNbo.oo1)02.0

Temperature　　C｡　　･S゜r

　(K)　　　(J　mor1　K°1)(J　mol°1　K'1)

　298.15　　　60.43　　76.34

　300　　　　　60.73　　76.71

　400　　　　　71.16　　95.83

　500　　　　　76.07　　112.29

　600　　　　　78.93　　126.43

　700　　　　　80.88　　138.75

　800　　　　　82.37　　149.65

　900　　　　　83.61　　159.43

1000　　　　　84.71　　168.30

1100　　　　　85.72　　176.42

1200　　　　　86.67　　183.92

1300　　　　　87.59　　190.89

1400　　　　　88.49　　197.42
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Table　3-25　Thermal　functions　of(U0.910Ceo.o9o)Ozo

Temperature q ,5゜r f)I･-j7)298.15 (G゜rJ)29815)/｢
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Table　3-26　Thermal　functions　of(U0.91oPro.o9o)02.0

　　C｡　　　　S゜T

(J　mol'1　K'1)(J　mor1　K`1)

　60.85　　　74.77

　61.13　　　75.15

　70.99　　　94.28

　75.90　　110.70

　78.88　　124.82

　80.93　　137.14

　82.49　　148.05

　83.77　　157.85

　84.87　　166.73

　85.86　　174.87

　86.77　　182.38

　87.62　　189.36

　88.44　　195.88
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Tablc　3-27　Thermal　functions　of(U0.91oZroo9o)020

C｡ S゜『 (G゜rJ)29815)/｢Temperature

　(K)
―
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3.4.Condusions

　　　The　foHowing　conclusions　were　drawn　in　the　chapter　3.

　　　(1)An　anomalous　increasein　the　heat　capacitycurvesof(U1-yREy)01o(where　RE

is　La9　Nd9　Y　and　Sc　)･(U1-yMgy)02-x(x　°　O　and　O.1　)and(U1-yFPy)02,0(where　FP　is

simulated　nssion　products,　Zr,　Nd,　Ce,　Y　and　Pr　)was　observed　over　the　temperature

range　from　600　to　1300　KL

　　　(2)Thc　heat　capacity　anomaly　originatc　from　the　same　mechanism　as　that　of

undoped　UO2,　and　the　predominantly　thermal　activated　process　to　produce　theexcess

heat　capacity　is　nkely　to　be　the　formation　of　the　Frenkel　pair'nke　defect　of　oxygen.

　　　(3)No　anomalousincrease　in　theheat　capacity　curves　of(U1-yMy)02o(where　M　is

Pr,　Ce,　Zr,Ti　and　Nb　)was　observed　over　the　temperature　range　up　to　1410　K　fk)r　Zr,　Ce

and　Pr　and　up　to　1500　K　for　Tiand　Nb　in　contrast　to　the　casesof(U1.yREy)01o(where

RE　is　La,　Nd,　Y,　Sc,　Mg　and　simulated　nssion　products)･

　　　(4)The　occurrence　of　the　heat　capacity　anomaly　of　doped　U02　originate

predominately　in　oxygen　defects　R)rmed　from　the　clectroneutraHty　condition　by　the

introduction　of　dovalent　(trivalent　or　divalent　)cations　in　U02　.　ThereR)re,the

introduction　of　the　tetravalent　cations　(Pr,　Ce,　Zr　and　Ti　)results　in　an　insignmcant

effect　on　the　production　of　oxygen　defects,　producing　no　heat　capacity　anomaly･

　　　(5)The　onset　temperatures　of　the　heat　capacity　anomaly　observed　R)r　doped　U02

increasewith　increasing　the　lattice　parameter　change.　lt　suggests　that　the　large　elastic

strain　suppresses　the　fbrmation　of　the　Frenkel　pair'ae　defect　of　oxygen,　thus,　it

increases　the　onset　tcmperature.
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4.　EXAFS　study　of　doped　U02

4.1.1ntroduction

　　　Extended　x'ray　absorption　fine　structure　(EXAFS)refers　to　the　oscmatory

variation　of　the　x-ray　absorption　as　a　function　of　photon　energy　beyond　an　absorption

cdge.　The　absorption,　normaUy　expressed　in　terms　of　absorption　coemcient　(μ),can　be

determined　from　a　measuremcnt　of　the　intensity　attenuation　of　x-rays　upon　their　passage

through　a　material.　M41en　the　x'ray　photon　energy　(£)is　tuned　to　the　binding　energy

of　sonle　core　level　of　an　atom　in　the　material,　an　abrupt　increase　in　the　absorption

coemcient,known　as　the　absorption　edge,　occurs.　For　isolated　atoms　the　absorption

coemcient　decreases　monotonicany　as　a　function　of　energy　bcyond　the　edge.　For　atoms

either　in　a　molecule　or　embeddcd　in　a　condenscd　phase,　the　variation　of　absorption

coemcient　at　energies　above　the　absorption　edge　displays　a　fine　structure　caUed　EXAFS.

Such　nne　structure　may　extend　up　to　1000　ev　above　the　absorption　edge　and　may　have

an　ampntude　of　up　to　a　few　tenths　(normally　1-20　%)of　the　edge　jump･

　　　The　recent　avanabmty　of　synchrotron　radiation　has　resulted　in　the　estabnshment　of

EXAFS　as　a　practical　tool　particularly.　This　technique　is　especiaUy　valuable　for

structural　analyses　where　conventional　diffraction　methods　are　not　appHcable.

　　　ln　the　case　of　U02　there　was　no　EXAFS　studies　except　those　perR)rmed　by　Anen　et

al･[1'3].　They　only　examined　the　oxygen　interstitial　configuration　in　U409　and　U308

[1,2]and　the　interatomic　distances　of(U1.yCey)02.x(y=O.07,　0.020　and　O.028　)[3],

however,　the　detan　discussion　was　not　perR)rmed.

　　　As　discussed　in　the　previous　chapter,　lattice　distortion　of　the　doped　UO2　may　be

concemed　with　the　origin　of　the　heat　capacity　anomaly.　ln　this　chapterjocal　structural

arrangements　of　oxygen　around　the　cations　in　undoped　and　Mg-doped　UO2　were

discussed　using　data　from　EXAFS　experiment.
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4.2.Experimental

4.2.1.　EXAFS　spectroscopy

　　　EXAFS　spectroscopy　refers　to　the　measurenlent　of　the　x'ray　absorption

　coemcientμas　a　function　of　photon　energy　£above　the　threshold　of　an　absorption

　edge.　Rgure　4-1　showsaschematicaUy　one　edge　of　uranium　as　an　absorber.　ln　a

　transmission　experiment　as　seen　from　Rg.　4'2,　μoΓμΓ(t　is　the　sample　thickness　)

　is　calculated　by　:

　　　μΓ=ln(7o/7),　　　　　　　　　　　　　　　　　　　　　(1)

　where　7,and　7　are　the　intensities　of　the　incident　and　transmitted　beams,　respectively･

　　　EXAFS　spectra　generaHy　refer　to　thc　rcgion　40　'　1000　cv　abovc　the　absorption

　edge.　Near　or　below　the　edge,　there　generany　appear　absorption　peaks　due　to

　excitation　of　corc　clcctrons　to　some　bound　states　(15to　nj,　(n+1)∫or(n+1)μorbitals

　R)r　x'edge　and　2･∫for£7　edge,　2μfor£∬,£g　'edges　to　the　same　set　of　vacant　orbitals9

　etc･)[4].　This　pre-edge　region　contains　valuable　bonding　inR)rmation　such　as　the

　energetics　of　vlrtual　orbitals,　the　electronic　configurationand　the　site　symmetry.　The

　edge　position　also　contains　information　about　the　charge　on　the　absorber.　lt　arises

　from　effects　such　as　many'body　interactions,　muhiple　scatterings,　distortion　of　the

　exited　state　wave　function　by　the　Coulomb　field,　band　structures,　etc.

　　　ln　this　study,　EXAFS　experiments　were　carried　out　at　Photon　Factory　of　the

　NationalLEiboratory　for　High　Energy　Physics　(KEK-PF,　Tsukuba　)using　the　BL-

　27B　he　at　the　uranium£g'edge(17.　164　kev　)for　U02.07(U0.85Mg0.15)01.9　and

　(U0.85Mg0.15)02.0　at　room　temperature.　Unfortunately,　EXAFS　of　magnesium　and

　oxygen　could　not　be　obtained　at　BL-27,　since　x-ray　energies　of　x'edge　of　magnesium

　and　oxygenare　solow(1.3　and　O.53　kev,　respectively　)that　x'ray　is　mainly　absorbed

　by　oxygen　and　nitrogen　on　the　air　pass.

　　　Continuous　x-rays　from　synchrotron　radiation　are　monochromatized　by　a　smcon

　(111)channel-cut-crystal　monochromater.　The　x-ray　beam　size　is　about　1×7　mm2.

　X-ray　intensities　at　the　front　(7o)and　rear　(7)of　the　sample　were　measured　for　l　sec

　for　each　of　the　500　″　600　points　from　a　few　tens　ev　before　absorption　edge　to　about
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1.0　kev　higher　in　energy･

4.2.2.　Sample　preparation

　　　x'ray　absorption　experiments　were　carried　out　for　thc　samples　prepared　in　chapter

　3.　An　samples　for　EXAFS　experiments　were　powder　and　mixed　with　boron　nitride

　(BN)powder　to　reduce　the　x'ray　absorbance.　Then　the　mixed　samples　ivere

　pressed　into　the　penet　of　10　mmφand　thickness　was　controUed　to　be　μz=2~3　at

　energies　snghtly　higher　than　the　absorption　edge.

4.3.Results　and　discussion

4.3.1.　EXAFS　spectnun

　　　Absorption　spectra　near　the　uranium£g　'edge　are　shown　in　Rg.　4'3.　The

　EXAFS　function　χis　typically　plotted　in　terms　of　the　photoelectron　wave　vector　4

　whereλ'is　related　to　kinetic　energy　of　the　photoelectron　(£)by

　　　　£=2π//･[2z71(£-£o)]2･　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(2)

　£o　is　the　threshold　encrgy　of　the　photoclcctron　at　£=Ojlis　Planck's　constant　and　s　is

　the　mass　of　the　electron.　ln　obtaining　the　EXAFS　function　χ(&),the　background

　level　was　subtracted　from　the　observed　absorption　coemcient　by　using　a　victreen　fit

　[5]and　the　absorption　coemcient　for　the　isolated　atom　was　obtained　by　the　cubic　sphe

　techniquc.　Using　a　single　scattering　approximation,　the　EXAFS　R)r　an£g　edge　is

　[2]:

χ(£)'yyv(£)e゛p(-2£2j)q)(-2yλ(£))si42aμφj(£)|･(3)
where　y　is　the　average　number　of　atoms　of　a　particular　element　in　a　sheH　j　at　an

average　radius　j?j　from　the　absorbing　atom･　g　is　a　Debye'Waller　nke　factor　which

represents　the　relative　root'mean'square　displacement　from　j?j　due　to　thermal

(`4b“tio゛1)Mld　st3tic　disorder.　　λjs　the　111e゛　free　plth　of　the　electro11　°d　y

an　ampntude　reduction　term.　The　j5(£)and　4(£)are　the　backscattering　and　phase
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shin　functions,　respectively.　Rg.　4-4　shows　the　plots　of　λ'rvs£(n=3).　The

factor　r,　used　to　weight　the　data　according　to　the　value　of£,counteracts　the　rapid

damping　of　χwith　increasing　£.

4.3.2.　Local　structures　of&lg-doped　U02-x　and　undoped　U02.0

　　　The　Fourier　transformation　of£3　91ves　a　“radial　structure　function"　(R.S.F･)of　the

　sheUs　around　the　atom　absorbing　x'ray.　ln　this　representation,　each　shen　of　atoms

　appears　as　a　peak　whose　maximum　is　sHghtly　shifted　due　to　the　£dependencc　of　φ.

　The　Fourier　transformed　EXAFS　spectra　of　the　U02.0?　(U0.85Mg0.15)01.9　and

　(U0.85Mg0.15)02.09measured　at　the　uranium　absorption　cdgc,　are　shown　in　Fig.　4'5.

　Two　main　peaks　in　the　spectra　of　U02.0　and　(U0.85Mg0.15)01.9　may　be　attributed,　in　order･

　ofincreasing　distance,　to　thecouples　of　uranium'oxygen　and　uranium'uranium,　and　the

　structure　is　essentiany　of　a　nuorite　type.　However,　in　the　case　of　(U0.85Mg0.15)02.09

　the　nrst　peak　spnt　into　two　broad　peaks,　suggesting　the　presence　of　more　than　two

　different　oxygen　sheUs　around　the　uranium　atom.

　　　The　treatment　of　EXAFS　data　liequently　involves　the　inverse　Fourier　transform　of

　R.S.F.　over　a　nmited　range　of　j?.　This　procedure　isolates　the　contribution　to　EXAFS

　arising　from　shens　of　atoms　within　that　range　of　l.　The　parameters　of　this　equation

　can　then　be　obtained　by　a　least'squares　ntting　procedure,　provided　that　the　phase　[μ

　(£)]and　ampHtude　[7(£)]are　known.　From　a　practical　viewpoint　[μ(£)]and

　[/(£)]have　been　derived　from　stoichiometric　U02.0.　　Hence,　the　results　represent　the

　structural　deviation　from　“standard"　U02.0.　An　estimate　of　an　absolute　μalthough

　not　essential,　has　been　made　in　ordcr　to　aHow　comparison　with　α&izzj£jθvalues　fbr

　other　atoms.

　　　The　separate　contributions　of　the　U-O　and　U-U　sheHs　were　mtered　and　inverse

　Fourier　transR)rmation　was　then　ntted　to　the　EXAFS　equation　using　leastssquares

　minimization　routines　with　the　reference　parameters　derived　from　EXAFS　spectra　of

　undoped　U02.0･

　　　As　seen　from　Fig.　4-6,an　r(U-U)values　of　U02.09　(U0.85Mg0.15)01.9　and

　(U0.85Mg0.15)02.0　from　EXAFS　are　almost　the　same　as　those　calculated　theoreticaUy
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from　lattice　constants.0n　the　other　hand,　r(U-○)values　of(U0.85Mg0.15)02.0　from

EXAFS　are　not　equal　to　a　value　estimated　from　the　lattice　constant9　but　seems　to　be

spnt　into　two　different　distances.　Although　r(U'O)value　is　regarded　to　have　more

than　two　different　distances,the　interatomic　distances　were　calculated　on　the

assumption　that　there　are　two　U'O　shens.　To　make　clear　the　variety　of　the　U'O　shen,

the　theoretical　calculation　of　R.S.F.　is　in　preparation.

　　ln　nuorite　structure,　cation　has　eight　oxygens　as　the　nearest　neighbor　atoms.

Table　4'1　91ves　the　fitted　value　of　the　coordination　number　fbr　the　nearest‘neighbor

oxygen　shcn　of　the　uranium　atom.

Table　4･1　lnteratomic　distance　(R),coordination　number

of　oxygen　around　uranium　(N)and　temperature　of　heat　capacity
increase　anomaly

&j72ρ7θ W-Q　　　y　　　　　z

φ4　　　　　　　　　　　μp

　　　U02.0

U0.85Mgo　15　)01.9

U0.85Mg0.15)02.0

0.237　　　　　　8.0　　　　　　　　1600

.236　　　　　　8.5　　　　　　　　1150

.213　　　　~10.5　　　　　　　800

~0.246

　　The　local　structural　environments　of　Y3゛　and　Zr4゛　ions　in　18　wt%Y203　doped　Zr02

were　previously　studied　by　using　EXAFS　spectroscopy　over　the　temperature　range

from　153　to　1043　K　[6].　The　oxygen　arrangements　around　Y3゛　and　Zr4゛　were　fbund

to　bedifferent　from　each　other　i.e.moreoxygen　vacancies　were　sited　adjacent　to　Zr4゛

andxvere　lnoredisordered　than　those　near　Y3゛　at　low　temperature.　The　structural

environment　of　Zr4゛　in　cubic　Zr02　resembled　that　of　the　7-coordinated　Zr4゛　in

monocnnic　Zr02.　As　seen　from　Rg.　4-7,　the　temperature　rise　of　the　sample　resulted

in　the　local　structural　environments　of　two　cations　becoming　more　anke.　lt　suggests

that　increasein　the　oxygen　mobmty　enhances　randonlnessin　the　spatial　distribution　of
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oxygen　defects.

　　ln　the　case　of　U02.0,uranium　has　eighthold　coordination　of　oxygen,　but　both　in

(U0.85Mg0.15)01.9　and　(U0.85Mg0.15)02.0,thecoordination　numbers　are　larger　than　eight.

lt　suggests　that　oxygen　atom　is　more　favorable　around　uranium　atom　than　magnesium

atom.　Furthcrmorc,　in　the　case　of(Uoj5Mg0.15)02.0?oxygen　environment　around　the

cations　including　oxygen　vacancies　around　magnesium　atom,　is　considered　to　be

disordered　i.e.　non-uniform.　Therefbre　oxygen　Frenkel　defects　are　preferably　R)rmed

with　increasing　temperature　such　as　to　make　the　distribution　of　oxygen　defects　around

magnesium　and　uranium　unilorm　(disordered),rcsulting　in　the　heat　capacity　anomaly,

consisting　to　the　smaller　enthalpy　of　R)rmation　of　oxygen　Frenkel　defect　R)｢

(U0.85Mg0.15)02.0　compared　to　(U0.85Mg0.15)01.9･

　　The　inlbrmation　of　the　temperature　dependence　of　interatomic　distances　for

uranium'oxygen　and　uranium'cations　is　necessary　for　more　detjled　discussion.　Now

we　are　constructing　the　apparatus　of　the　high　temperature　EXAFS　study　for

radioactive　materials･　(Fig.　4-8)･

4.4.Conclusions

　　　The　conclusions　obtained　in　this　chapter　are　summarized　here　:

　　　By　EXAFS　experimentsjt　was　found　that　the　environment　of　oxygen　and　oxygen

vacancy　around　the　cations　is　considered　to　be　disordered　for　(U0.85Mg0.15)02.0.0xygen

exists　preferably　around　uranium.　0xygen　vacancy,　by　contrast,　is　more　favorable

around　magnesium.　Therefore　formation　of　oxygen　Frenkel　defects　are　enhanced　at

elevated　temperature　such　as　to　make　the　distribution　of　oxygen　defects　around

magnesium　and　uranium　uniR)rm(disordered),resulting　in　the　hcat　capacity　anomaly,

consisting　to　the　smaHer　enthalpy　of　R)rmation　of　oxygen　Frenkel　defect　for

(U0.85Mg0.15)02.0　compared　to　(U0.85Mg0.15)01.9･
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X-Ray

IR　beam

　　　　●

Fi94-8　Topview　of　the　hi9h　temperature　EXAFS　apparatus.

72



5.Conclusions

　　　ln　this　thesis　the　high　temperature　heat　capacities　of　U02　doped　with　various

cations　were　measured　to　make　clear　the　anomalous　increase　in　the　heat　capacity　of

undoped　U02　and　doped　UO2,　and　l　have　calculated　the　thermal　functions　which　are

useful　quantities　to　provide　the　thermal　behavior　of　U02　at　high　temperature.

　　　ln　chapter　1,　the　previousstudies　on　high　temperature　heat　capacity　and　origins　of

the　excess　heat　capacity　of　undoped　U02　were　introduced.　lt　was　pointed　out　that　the

excessheat　capacity　of　undoped　seemed　to　be　originated　by　the　oxygen　Frenkel　defects

or　electron'hole　pairs.　The　purpose　of　this　work　was　described.

　　　ln　chapter　2,　1　summarized　that　the　improvements　of　the　direct　heating　pulse

calorimeter　were　perR)rmed　to　measure　the　heat　capacity　at　higher　temperature　range　and

more　conveniently.　By　the　improvements,　the　measurablc　temperature　for　regular　usage

and　maximum　became　1550　K　and　1783　K,　respectively.　Further　the　DHPC　was

improved　to　beuseful　for　the　high　resistant　sample.

　　　ln　chapter　3,　the　heat　capacities　of　the　U02　doped　with　various　cations　(La,　Nd,　Y,

Sc,　FP,　Mg,　Ti,　Nb,Ce,Pr　and　Zr　)were　measured　and　the　origin　of　the　excess　heat

capacity　of　doped　U02　was　discussed　in　comparison　with　those　of　undoped　U02.　The

exccss　hcat　capacity　was　observed　in　the　heat　capacity　of　U02　doped　with　rare-earth,

magnesium　and　simulated　nssion　products,　whne　it　was　not　observed　in　that　doped　with

tetra'　or　penta'valent　cations.　The　origin　of　excess　heat　capacity　of　doped　and　undoped

U02　was　ascribed　to　R)rmation　of　oxygen　Frenkel　defect.　The　onset　temperature　which

is　dependent　on　thermaUy　activated　defect　concentration　was　shown　to　have　relations

with　the　valence,　the　ionic　radius　and　the　conccntration　of　the　dopants.　The　thermal

functions　for　each　sond　solution　were　calculated　from　heat　capacity･

　　　ln　chapter　4,　the　extended　x'ray　absorption　fine　structure　experiments　of　UO2.07

(U0.85Mg0.15)02.0　and(U0.85Mgo15)01.9　were　perR)rmed　to　examine　the　oxygen

configurations　around　uranium　and　dopant　cation.　0xygen　atom　is　more　favorable

around　uranium　atom　than　magnesium　atom　and　oxygen　environment　around　uranium

was　shown　to　be　more　disordered　than　that　around　magnesium　in　the　case　of
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(U0.85Mg0.15)02.0　.　Theren)re,oxygen　Frenkel　defects　are　preferably　fk)rmed　with

increasing　temperature　such　as　to　make　the　distribution　of　oxygen　defects　around　Mg　and

u　uniform(disordered),resulting　in　the　heat　capacity　anomaly,　consisting　to　the　smaUer

enthajlpy　of　R)rmation　of　oxygen　Frenkel　defect　for　(U0.85Mg0.15)02.0　compared　to

(U0.85Mg0.15)01.9･

　　　Consequently　the　heat　capacity　anomanes　R)r　UO2　doped　with　various　cations　(La,

Nd,　Y,　Sc,　FP,　Mg,　Ti,　Nb,　Ce,　Pr　and　Zr　)are　concluded　to　originate　from　oxygen

Frenkel　palr'Uke　defects　and　the　onset　temperatures　are　concluded　to　be　subject　to　the

oxygen　environment　around　the　uranium　atom,　i.e.　the　uranium'oxygen　interatomic

distancc　and　oxygen　coordination.
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