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ABSTRAST

Glaeey waste forrns are oftea part1811y devltrlfled slth dispereed guall

elze cryetalllne phaeesrand crTetallloe saete foros conalet of crltlple

phaeee. Aleo the radloouclldee are lahonogeaeoualy dlstrtbuted slthin the

wasce foru. Uoder thege coadltloae, differential streaaes can arl.ee at later

facee and the cooco-{tant 'n{croeracking would be erpected to eshance leactF

ablllty. In thls rork, we tabulate the date foa radlatlon lnduced voluue

change Ln nlcrocracklag. To erplain th18 pheaonenon, radlatloa Lnduced

stressea and eurface area lncreaee are egtln-ted rtth a flrst order approrlua-

tlon. For the etress calcrrlatlon, re eqloy the stresa dietrlbutlou ln a

apherer in a ehell, or la a holloed cylinder ae deterqiued frou the linear
4?<lsotroplc elastlclty theory. The calctrlatloner{,e to laseaa strese frou the

dlfference of elaatlc oodull, etreaa frou the dlff.ereatlal swelllug anong

phasea and stresa relaxation. Ttre ealculated atreages can ceuSe nicro-

fracturlag ln agreeeot with experineatal resulta and ml.crofracture could 1r
creaae surface area to a polot where leachlng behavlor la etgulflcantly aF

fected. Ttre preeeat calculatlon nethod can be exteoded to estloete radl,atlon

lndrced streaaea fron qrltlbarrl,er raste forns.



AGNOTILEDGUEITT

Thle rort raa perfotued uoder the auaplcee of U. S. Itrclear Regulator7

Comn{ss1oo. y'e atrthors acLnorledge Dr. If. J. IJeber of PNL for provldl.og then

their e:perloental resulte of glaee cracklng and Dr. I). l{. ldartln of Iora

State Universlty for nany helpful euggeetlone.



Ipt:ioductlon

Solldlfied hlgh level radloactlrre uaate (ELg) forne s111 recelve "'agelve

doaeg of self.lrradlatloo durlog their proJected eervlce ll.fe. Irradlatlon at
the level8 antl.clpated la ELW forng tg kaoo to calee eaeurable deoslty

changes la waste foru noterlals: ceraclce ewell under irradlatloa, rhl.le

glaaaee Eay elther suell or coryact. Ia certal.a c83ea, theae ehaagea oay be

acconpaoled by the foruatlon of volde or (heIlun) gerfllled lnclugloog.

Dluenel.onal chaagee of thlg 8ort, lf uocoryeosated for 1o package des!.gn,

ulght produce uuaceeptably hlgh stresg levela la varlqrg partg of tbe yaate

package. Ttrree cases are of partl.cular Luterests llany radlooucllde (RN) hoet

phasee ln ELI{ foroa are nl.crostructurally lnhornogeueous; glasey waate forug

are ofteo partislly devltrified with dl,epereed snall slze (l to 1000 uu)

cryetalllne phaaea; cr7stalllae raste forog conelet of urltlple phaeee or

polyphaee cryetallloe atnrctures. Ia elther care the radlonucll.dee oay be

lnhouogeueously dletrlhrted rlthin the waste forn, reeultLag in aa

lnhoaogeneotrs radl.atlon doee. Uader theee cosdl,tl.ooa, dlfferentlal atreaaes

can ariae at loterfacea or gfal,a bouadarl,cs elther frou unl.for:u suelllng due

to dlffesencea 1o elaetlc conataote lacludiag aaleotropy (case r) or froo

aoauniforu ewelllag or coryactioa ia dl,ffcrent pbaaee (Caee II). for Glther

ca8er concon{ taot cl.crocracklog wotrld be eryected to cahance leachablllty.
Fl'nallyr eveo a ualforu voluoe cbange t'n the BN boet phaae, yltbqrt craclcing

(Caee III), muld geoerate differeotl.el gtreeees la loert barrl.er coqloueota.

Such coopooeuts loclude waete coatalnere, Laert glaea or PyC coatlnge; GtG.



Ttre practical coaaequeaces of radlatlon laduced streseee 1o ELlf padragee

do aot aeem to have been wldely laveetlgated; la fact, se ere euare of only

one lnteualve ehrdy. Iu thla docuueot ye carty out a ecoplog analyale to

tdeatlfy thoee caaea (tf any) wtere uore detailcd conslderatloa uay be var

ranted. Ife begln by deecrlblng the relevaut crperl.oental data. ftri.e provldes

a baal,s for an estinatloa of antlclpated streas levela aod thelr practLc,sl

lnplieatlons.

Irradlatl.on Induced Denel.tv Ctraugee

Slllcate glaeaea nay elther e:gaud oa coupact uader lrradlation. Ttre

effect le tlluetrated for a aunber of differeot glassesl io Fl.gure l.

Zl.oc boroelllcate waate glaaees (72-6tE) coqact under Lrradlatloo in both

amotphotre and devltrlfled foru; the effect appeare to seturate yltb alphr
doee at a volume contractl,on of about lZ. Botb lead elllcate and Europeaa

boroslllcate (hlgh atllca) waste glaaeee swell &re to iateraal alptra decay.

l{eber, et al.12 h"". ttudied the steblltty of 77-260 glaeeee doped rith curi-
llno lo overall erelllng of abotrt lZ rae obeerved for the devltrifted glass at
a Dean doae of 5xlOlE alpha decaye/co3.

Radlatlon aleo caueeg ceranica to gyell3; refractoty oxldea euch

gre kacfn to ertrlblt relllng. Beceotly, aeutros Lrradlatloa darage

rots have been reported for ayathetlc barl,un bollaudite, perowkite,

aa A12O3
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doped SiilrBo: Bt. Saqlee rere lrredieted 8t 75-lOOtC tb r dore coosldered

equlvaleat to 2.2:lol8 alpbea/g end the reeultg are abou io Tablc l.
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I{eber, et al. " have erteoded thelr e4erl.oent of dlsplacenent danage by

alpha particlee and recoll ouclel !6 ss3rrr{cs such aB supercalclne, as rell ae

to the cryeialltoe phaee ln partlally devltrlfted glaee. Table 2 ahowe the
rnoxlErD voluue e:ganelon ln elqrlated saete forne, whlle Table 3 and Flgure 2

rePresent the volune change to cryBtalllae phaee. It 18 ootenorthy that the
cryetalllue phaee erpaod uore (na:luu 6t) thaa the glaeay phase. nrey aiao
have fotrad that the volune chaogea saturate epooentlally aa dose lacr€88€Bo

Table 2. Gtyetalllne Eaterlals etudled at pF by actlnldenaxl'rn vorune e:paaer.on obeerved. " 
doplag aad the

l{aterl.al

Slnulated Waste Fotpg

Partlally Devltrlfled Glagae

celslau Glase @3rn{gb

Supercalclne, SPCL2G

Portland Ceuent, Type tfd

Swe1llug
Av/V Dose(7) (edecaya/cn3)

1.0

0.5

1.4

<0.1

5 : lol8e

3 r lorSe

5 r lol8e

5 x l0l7

@e glaee, cooled at 6 K/h (weuer et al. , lglg).2bsttrdl.d ln cooperatlon rlth the Eahrrlteltner rostltrrte(Berlln, Ifegt Geroany).
cRuala, Gray, aod tJald (1979).6
ocootaloa l0 rtz al.nrlated ptFg ealciae.eDose at gaturatl,oa.



Ig!]a|. C?ystalllne phaaes obeer\red to becoue X-ray anorpbare.5

Pareot Solld
Foru

Partially
Devltrlfled
Glage

Partlally
Devltrlfted
Glasa

Celslao
Glaee @3rn{ s

Supercalclne
sPc'-2

Crystalllae Phaee

ca3cd7( sto,+ ) s 
(por )028

Gd2T12O7b

cd,2TL207b

Ca2Nd8(Sloa) 5o2a

Voluue Change
To Cryatallloe Phaee

(z)

ADorphlz8tl,oo
Dosee

1.5 r 1018

l{ot }ieaeurable )5 r l0r8

4c

25,d

r-ray anorahotrs atate.

( edecavs/c!3)

3.2 r l0r8

4.2:1018

)6 : tor8f

3c

lc

Pure conpouud Ca2Nd8(SlO,+)5O2a

aApatlte atnrcture type.
DPyrochlore stnrcture type.
lDeteruined frou XRD oeaaurenento.
dD.terrl.rred frou denslty neagureo€uts.
evolune averaged doae to coqlete saqle.rThle coupouod hae oot yet reached a corylete
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Flgrre 2. Latticc e-p"*fo"i ae'i ?snctloo of lnternel elphrrccoil
dols. lfote cbe volunc Arpanrloa lt approrhrtcly tbrcc tlce
tbe lstttce cryruiou.r

}bat gtud!'ca of radl,ation denagc ln ceadldate rerte fone bevc foqncd oa

tbc dlaplacemot al.rirgc ceured by efphr perticlcr or rccol,l orclci. &cor&
lngly, these rsdlstion crycrlcnte bevc bcco perfotud ctsher by actla:tdc

dql,agr Lon bolbarduat, or DGrcron lrredietl,oo. It hrr bctn hact for rooc

ttrGr horcvur, tbrt loalzlag rrdlattoo cea elro cbenge thc phyticrl proprrtlcs
of glaarcl. SbclbyT h|t fqrnd thrt bororl,licetc gl$rcr crhlbtt en trrrdtr
tl'oo laduced voluu coescttou a.8r aoo! terycrsturr nblch cra bc r3 rrch er
30 tbcs gretttr thrn tbet obrrrrrd ln vltncrg tillc! et tbc tc glrt
dor.. Yolun coercttoar rpp8oechrng lz rrrr obcrrd rt l0t0 ndr
(trtgurc 3), r redl,atl,os dore rblch tr rt lurt rn ordcr of nrgntardc lcrr
thra tbrt lEtlctpatcd ia cortrta EIJf glur.8
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Irradlation Iaduced Ulcrocracklng

I! the shrdy oe ti-ZOO glarace by Weberr3 derltrlflcatl,oa prodrced

ctyatalllae gadolialrrapatlte rnd erbl,c titssttc phercr. l{l,crocrac},l,ag raa

obaervcd la all a1ecool6l siTtge reecl.wlag r doee ovur 5rl0r7 elpha./cn3

(Flgure 4). The ertent of the dcrocracL!,ng ree rtrongly depeodeat ou dole,

local ctTstal stze, and etTatel dcaalty. lhc cra&log ratur8tcd at rbouC the

dosc lcrll nbcrc l-ray utaMzation of tbc ctyltalltnc pherc Le coryletc.

I o-2
o SlO2
e ccw-3320o ccw-7052
a ccw-7740
o GSC -4

l.t-s I 'T I I I
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Ftgrc 3. Ef,fact of doac oa thc-voluu coqactloa of cmrclrl
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glaes) before aod
earyles e:hlbitlag no
llicrocracLa developed

Neutron lrradlatl.on aleo cauged nl.crocracking la synthetlc barlun hollaa&

lte (Plgure 5) and peroveklte, rhlch are coqoaest phaeee of SINROC, at a flrr

eoce consldered equlvaleol to 2.221018 alpha/g.f sf,llRoc B coosi.etlog of

perovekl.te, hollandl.te and zlrcooollte sbored nrch lege eewrlty la al,ere

cradsing thaq that encountered io the tndlvldual phaae Btrrdles.

8
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Flnrre 5. appearaace of hollandl.te after o€utroo irradlatioa.h

Eetlmatloa of Radiatloa Induced Streeees and.Surface Area Iacrease

To underataad the nl.crocracklag deecrlbed above aad to eaaeas Lts conse
queucea' we slupll.fy the problen by aeaunl.og the voluoe changea La the reste
foru to be I'sottoplc aad elaetlc. Flrat, re calculatc the dlffereatl.al stress
developed 8t the lnterface of a eoall epherical or cyllndrl,cal iaclueion ia e

net8lx. Ttre lacluel,on repreaeots a suall cr7atalllne paaticle io partlally
devltrifled glaae, a goall gralo or elagle phaae donaln l,o ccrerfc y8ate foru,
and a gae h'rbble. lte diffcreotl.al atreasea arlae clther frou the dlfference

in elaetl.c uodull ercrng phaaee (Caee I), or fron the dlffcrencc !a voluc cr-.
panelon smoog phaeee (Caae II). lfe coaglder both effects iadependeBtly. By

coqarlog the calculated atreases to the streogth of the gleee rod cer!-{cr,

i,a-"t:.i
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the oature of the nlcrocracklag le understood. Secoud, we estl.Date the total
surface area Lncrease due to dcrocreelciag by an cner5/ balaace nethod. lfe

use a criterl.on fron lryact testr9rt0 that lZ of the elastlc stralo energ/

le traneforued to aurface energf aeeociated vlth the nerly forned glaee by

cracklng.

For the atreaa calqrlatloa, se eryloy the ttresa distrlhrtlon la a aphere,

1n a ehellr or a hollored cylloder aa deterul.ned fron the lioear Leotroplc

elaetlclty theotT. In the llctt of laflalte thlckaees of the ehell or
c711ader, the solutlou becoea the Btress dlatrlhrtloa Lo a Eatrll arqrnd a

snall locluslon or ga8 hlbble Lnpoaed by a streaa constraint fron caoieter or
backflll -oterlala- By taklng the stress at Lnterface of the lncluelon or ga8

bubble and the.oatrlx, the oarluu dlffereatlal atreaaea ere obtal.aed. IJe

have cougldered both the radlal aod tangentlal 8treage8. For the estl.Dettoa
of eurface area lncreaee, tbe elaatie eaergr denelty ig calculated upog the
dlfferentl'al etrese. By nrltlplylng the voluue of varl,oue slzee of erl,etlag
caaietere, the total eoer8t etored le given. Dtvldlog lZ of the total eaers'
by ttre typleal surfaee eners/ of gleea lod cerl-{clr the cracl,ed gurface area
le obtaloed. Ttre detalle of the above deecrl.ption ere attached aa aa appendir.

Table 4 showe the calculated arelll.ag prcasure (o) devetoped La glaea and

ceramlc phaaee upon irradlatlou lEquetioa (3), Appendirl.

l0



Table 4. Presgure developed by fZ
v - Pol.eaoate ratio; s -

volune arelllng. E - Ianagte rcdulue;
calcrrlated pressure.

Glaea (Varloue

E (!tPa)
(pal)

v

o (r{Pa)
(pet)

+Data for

(6.9-41.4)rl0b
(1.0-5.0)r107

0.15-0.3

(4.1-34.5)rf 92
(0.6-5.0)x105

aluul.na, zlrconla and urlllte

(4.8-6.9)r10f
(0.7-1.0):107

0.2-0.3

(2.8-5.6)rl02
(0.4-0.8)r105

ThlB t8b1e w111 be a baala for the calculatl.oo of dl.ffereotial etresg and

the cracked eurface area deecrlbed belw. It chotrld be euphaalzed that the

pressure le calculated aseumlng oo elaetl.c or iaelastlc relaxatloo 1n

eurroundlag cooStralnta.

(I) Strees From the Dlfference of Elaetlc l&dull.

Ife aaeuoe the sane lZ volue erpaaslon sroog phaeee; here the difference

of the elaetlc nodr,rll cootrlbutes the dlffcreotlal etreae. frc dlffereatLal

stresa p (eee Equatiooe I and 2) la obtal,ued by eubtractlng the strese ln oae

phaee by the Btre8s ln thd other phaseq The reeulttng streeg lt tbe Lsterface

of Laclusl.oae 1o glaaa or gas br.rbbleg 1o glaee or. cerad,c pheee are aboa ln

Table 5.

ll



Table 5. The oaxlnrn stress of Eatrtx at the laterface of incluslooe tn
glaee ot ga8 bubblee Lu glaae or ceranl.c phaee.

. Haxlqrn Streei
Inclueloo/Matrlx Glaea Ceradca

2.8r103
4.0rl0s
l.2rl03
l.8rl05

Ia the calctrlatloo, the preasuae of gaa geoerated

0.lFl0.l3 llPa (l to 100 atu) aad the bechftU strers

fault atresa of eandstoue and llthographic llegtoue
(3.'4.8)xl0b pall.ll

Qg3rn{qs (UPa)
(per)

Gas Bubble (tca)
(psl)

I
l0

-J-,0,
-6.Od05

baa been varled frou

bae beeo tal,en es the

[1..e. , (2.4.3.3)1102 }fa,

For the atress Seuerated fron the anlsotropy of ceranlc phase, the anlsr
tropy of elastlc oodull. enoog phaeee or gralne bag been varl,ed froo I to l0Z.
Table 6 ehang the oaxinrn Btress developed by fZ and l0Z dlfference 1n the

elaetlc oodull.

Table 6. Ttre oaxl.urn streaa developed W lZ aad l0Z dlfference Lnelaetlc rcdull. 1o ceraol,c phaee.

Anieotropy llarlnrn Streas(Z) lu Blaatlc llodull l{pa lOf pel

6.2r102
3.4x102

9
5

t2



Coualderiag the elaetlc nofull can chauge by au order of oagnltude depeo&

lng on the orleatatl.oo ln a clogle er7etal, the I to IOZ estloatLon 1e aot uu.

reall.stl.cally blgh 1o polycrystalllae Eaterials.

(rr) streee Fron the Dlfferential srelllag aoong phaaes

Ia (I) se have atryly areuned the differeutlrl atreasea are fron the dlF
ference of the elagtl'c rcdull. Eowever, the yoluoe erpaoalou aoong phaeee

nay aleo be dlffereut aa ehorn 1o Tablee 2 and 3 and 1o Flgure 5. frls ie
elther frou the dLfference of Lnhereot radlatloa eusceptlbillty soong phaaee

or fron the enrlctroeut of radloactlve Laotopee La ooe phaee as shoro by

tfeber2. I{e agalu e88une e conaervatlve lZ dlffereotlal voluoe e:paosloa (gee

Tableg 21 3, and Flgure 5) at conataot clagtl.c rcdull of ceraol.c phaeee, the
an;tq1s streaa Le obtalned as ehonn La Table 7.

Table 7. Haxluru stress of oatrlx at the tnterface of iaclualoas iu glaaeaud cera'n{cs &te to dlffereotlal erpaoeloa.

llarlnrn Strees

glaee or ceranl.cs 3.41103 5

Nor re coEPare the calculeted atress to the typlcal cchaolcal propertl,ee
of gelected ceranlce and glaaaee ltsted La Table g.

l3



Table 8. Typlcal nchantcal propertles of selected cera-{ ca and
glaaaea.

Coqreeel.ve Strength Teualle Streogth

Alunioa
Zlrcoala
ltu1lLte
Glasat
lJaate glaee#

to 3.8rlo3 (5.51105)
to l.3rlol (r.g*rosi
ro l.3rlo2 (r.gxrobi
9.01105 (r.3rro])
3.9110 (5.71105)

uP
uP
uP

XPa (pel HPa

3. l-102
l.4rl02
l. l:102
6.9110

(4.5ttor)
(2.klol)
(t.6110r)
( I .oxlof)

(r2)
(1 2)
(r2)
(r 3)
(e)

+.Clasa coryoeltl,ou hag not been apecl.fied.
teoelle or coryregalon bae not bleo cpecifled.

Note the stresseo of Tableg 5 and 7 are large eoough to fracture tbe

glasa, capeclally the raete glaea. Alao, slnce they are coryarable to the

EtreDgth of the ceran{c pbaee, the cera-{c natrlr oay aleo frschrre La part.
Furtherr the stresg arleee both fron rcdulue dlffereace and the dlffereotlal
awelllog al'nrltaueouely. Real atreaaes, therefore, Eay be higher ttrsn the

estloatl.on 1o Tablee F7.

Streee Relaxatloo

The quoted ahorrtero laboratory erperlcnts hrve beea perfotud iu as

eccelerated coaditloa coryared to the cavlronmnt preaur"-bly e-{atlng la a ELW

package. Ttrlg fact caaaot be overlookcd La the glaeay rastc forn for thc prF
aeut aaaessoeot eioce the glaar Lg kafla to rclar gfuultroeoualy ylth thc
atrcsa geoeretloa descrl,bcd above. To corrcctly aaaeee thc tadlltloa iadgced

l4



clacl:'^ag behavl'or 1o geologlc tie wtth the dose rate erlatlug to a real ELlf
paclage, we adopt a zeroth order approxlnatlon of the relatlou of volune e=
panelon to doee rate aad reratatl.on tloe whlcb hae beeo receotly developed by
Uartlo20 for ganoa irradlated boroelllcete glaea.

Avlv - KD (r - erp(t/g))

where K I'e the dllatatloD per unlt doee, D the doee rate, 6 the rela:atlou
tl'oe' aud t the e4err'meot tlpe. ual.ng thl,a equatloo, re estl'ate the frae
tlonal decreaae of (av/v) and the concon{t,,nt stress decrease.

Table 9 ehowa the radlatlon condltlonlT ln the ELlf pacl,ag€ eDvt3qnnaaj,
aud Table l0 r.ndrcates the doee rate ueed iu the laboratorr test.

lable 9. Radratroo condltione 1o the ELI| package envrrooent.

,"::::"-" ilillfi ili-i":::'" i:iifu1;;'
?able 10. Dore rate ueed ln the laborator? teat.

,
:1.":. 5 alpba 3rl0l0 a/(re)shelby gsma 2.31103 ,iit"'

As cao be scea I'o the above tablea, the erpha teat hs8 an accelcratlon fector
of 102-lo3' rhile thc g8@8 test bas e factor of l0 for the fl,rst 1000 ycare

,r//
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ln a repoal'toty. Iflth the relaratloo tlne obtalaed by l{art1o20 fro" shelbyrs
data (t-2 years at ZOO'C), the ratlos of (AV/v) La the uaste euvlronnent to
(av/v) la the accelerated coodltlon sre obtalaed: For alpha, the raclo raoge'
fron 2:lf2 to 2rl0-3, rhlle lt is 0.2 for ga@a. lheae factora, in effect,
rl11 reduce the staess geocrated la the sDouot of these ratl.oa. ra rplte of
thle reductlon faetor, the reduced atreagea are still coqarable to the
frachrre strength of waste glass (refer to Tablee 5, 7 and g).

The relaxatloa tlre for alpha daoage la glaaa atrd tbe relaratloo bebsvlor
ln ceranl'c phaeee are oot Looro rt the preaent tloe. Ttre relaratloo ln cerF
nl'ce la apeculated to be aloner than the glaeey pbaeee. Aleo, the contrl.hF
tloa of alpha aud gauna rays are taklng place al,urltaseotrsly. rterefore, the
above asaeaaDent of rela:ation after gsDDa lrradlatloa upoo glaaa oay be cor
servatlve I'n a real ELI| package; coucool,tantly the radlatioa Laduced craeJrlng
le conaldered to be a potentlally hportant detrloeotal factor to yaete forn
lntegrlty ln the geologlc tiue.

ueing the ll dlfferentl'al volure erpanalon rt fLed cleetl,c rcdull, the
ratlo of the surface area aftcr cracll,og to the inl,tlal arrfcce arcs rengea
rr82jf'rr 50 for glaee and 30 for ceranl,cg for varloue tlzea of the crlatlng
caal,eter.9rl{rl7 Ttre aurfecc Gnergr uaed rae 300 crg/cn2 fot glara aad
1000 erg/.r2 for cgjrn{s3.
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Ia the early atudy of i.lf6 doped aad devltrlfted 77-260 raate glaesr2

appeared that nicrofracturlag hea Do ile88urable effcct oo the oet oaterl.al

leached. Eorever, elace the locall.zed radlolyela effect at the sa41e-

eolutloo laterface could have -oeked the cffecta of etnrctural changea, it

dlfflqrlt to pull qrt the cracl,lng effect eeparatcly frou tbla lbrdjr.

1r-

ie

Receatly, rcBe Bystenatlc alnrlatl.on hag beeo perfored b5l Perczt

et a1.21 Cta"Le hsve beeo siurlated by etacktug glaoa pclletr aod platlnun

wlre spacerg and thea holdlog then togeBher rtth a atalalcee clelg. ttey bave

found that creck depth aod crack rldth are lngortaDt parsrters 1o the releaae

frou craclcs aod thst there Eay be a ulolnru cracl, deptb before leaehlng fron

the cracke becone lryortaat. Ibre thao factor tsct cnhancecnt of leech rate

hae beeu obeerved ln the st"qrlated cradred aaryle coqared to glaae rcoolltb

ae shosa 1o Flgure 6 where solld cylloder represeot! the rcnollth rhlle pel-

leta are alnrlated cracked elrylee. It hae algo bcea fqrod that the leach

rates fron the crack eurfaces aae tryo to thaec tl.es lorer than the leach

rates of the qrter erpoaed gurfaces. Cooslderlog our eatbatloo of tbe

aurface are8, iucreaee le Lrch hlghcr thetr thst of the Prcsest crperireatr Lt

la poaeible that the leach rates are sl.gniflcaatly affccted by the radlatloa

laduced ulcrocracklag ln geologlc tine. llore quaotltatlvc r8aelttEot Ls prcr

oahtre at the Drnt rlth the la& of a detal,lcd erpcrl.natal basie.
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Flrurc 6. F::h rrtc (8-glatth2d) lgred on tltlcon vr rlr for1.9(Fcrdict.a prllett. l8

Further Inoll,catioar

& dcecrtb'd tn thc rttrched rppcadt, rr lrthrt.d th. .Ere.. g.a.art.d
rt thr lstrttecce of prrtlcler 1! rtel r8talc.., corted prrtleler rnd rlc-
qrler etuffcd gletr, ud rt tbe crntrtar (Guc III). Ia thctr cucr, tbc
thl'kacre of tba rbcll ead tbe cylladcr tr ftaitc rnd tbc o.t .t8.rr p tr rt'-
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Ply a ewelllng Preasure of the:adlonucllde loaded sagte forn, sl.nce the dlr
placeoeot daoage 1a coatlng, claddlag laterlal, or caalster le negltglble

coryared to that ln the loaded r88te. Ttre calqrlated resulte rre oot p8F

eeuted here gl.nce thc avallable erpertcotal data rre pager, ercept for ETGR

(UfgU Teryerature GarCooled Reactor) coated partlelea. Rathcr, re alryly
descrlbe the poeel.ble eoaaequenceg frou tbie calcrrlatlon essoclated ylth the

dlfferentlal grelll.ng aoalogous to the assessneut of partl.ally devltrified
glaaa and cera,nlce.

' lfl'th the radlatlon lDduced stress 8t the Loterfacea of particles ia
retal n'trlcear the glaas particlee aod a part of the ceran1c partlcles
nay crack- Llkeylae, the coatlnge (Al2o3, prc or glaee) Day erperieoce

cradclng ualeee e properly euglneered deelgu re&rcea the gtrees, auch

ae ualag a ul.croporqrs c8rbou coatlng before the nlln coatlgg ae ln
ETGR fuel. A18o, the claddl.ng aad tbe core regione of the rclecular
stuffed glaee Eay reveel alnllar crackl.og. Ttrla crachlng lay enbaoce

the tadioactlve leotope leachablll.ty.

' Upon swellI'ng of the raate foru, Dst Etal coatalocrs Eay e4erleoce

l'ryoeed 8tre88. The rtrees rey lead to the yieldlag of Dtt g,roistcr

laterials. 1te reel&ral Btrcaaca etored by plaetlc defonetloas of
caolsters rr111 be a detrl,eatal fector rhl.ch could reeult in etreae

corroeioo cracL,log aud hydrogea cnbrlttlerent, leadiog to e breakage of
tbe caBl.sters 1o a repository eoaditloa.
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Sumarv aod Concluel.oae

Orr firec-order calctrlatl.oa lndl.cates that radlatl,on lnduced atresaes

ulght cauae uLcrofracturl.og La the radloaucllde hoat phaae of certaln crys-

telllne aud glasay waste forus. Ttr!.a flndlng la la qualltatlve egreereot slth

recent e:gerlental reaultg. hrrther, the calculatl.on suggests that uicre

fracture could Locreaae gurface aaea to a polat rhere leachtog behavlor La

elgnlf lcaatly af fected.

In certalo qrltl-barrl.er systeEa, eubataatlal gtres8ea are calculated for
loert layera or cootalaera rhl.ch constrain the RN hogt phaee. tf uncoryer

eated forr theee streasee ntght cause preuature barrier fallure or reduce dur
abl.llty. Eere oaly llttle relevaot erperl.rentel data la preseotly available;

erperlence wlth EIGR partl.clee Ladlcates thrt eucb atreaaeo nay be effectlvely
redrced either by the uee of porqrs latetudlate layere, or RN host phaaee

whlch are oot fully den8e.

Ttre scopl.ng calculetlon contalaa a nunber of uocertaiotieg eod alqllfyiog
assurPtloos; quantlcatlve eetloates oly be cooservatle!, end lret be coaal-

dered subJect to coaflruatl.oa. lte bclicve, borevur, thrt ln vler of the prc-

aeot reaulte, the posel.ble effecta of radiatloa laduccd streaaea rhould re
celve erpllclt conelderatioo lD s8ate pac&,egc dceignc.
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APPEIDXT

Conalder a ephere la a shell (3 dteael.oaa) or a filled cyllnder (2 dlrer
alona) as shfi! la Figure A.l, vbere Ro aad R are tbe ioner aad outer radil,
and (r, 0, 0) Le a spherlcal coordlsate rhl.le (r, 0, z) la a cylladrlcal coor
dloate. P and q are ttre lsner rud outer'paesaure, rcspectlvely. the spher

lcal coordlnate le pertlaeat to as l,aclualoa la Eatrl: aod to partlcles Lo

Detal mtrlx whlle the cylladrlcal coordlaate te used la the calculatloa of

the stressee of the canlgter.

Ro: laaer dlaneter
R: qrter dlareter
P: lnner presaure
q3 qrter Preaaure

Pl.gure A.l. scheoatLc of as ieotroplc epherlcal lacl.uel.oo
of a bollmed cyllnder.

the epherlcal coordl,nate, the strcss dirtrlhrtl0n 1g: (21)

_ rno3-qn3 (q-r)no3r3 II-

r3_e 3 n3 _n3 ,3oo
(l)

Ia

or

lno3-9n3 (e-n)no3r3oo'oe'?;1 ;i;;F-oo
I
5r

\
t\

ht,

tsl



And ln the c1ylladrl.cal coordlnate,

en2-rno2r o

(rr)n2no2r
o

I
-r

(2)

on 3-pn3 (o-p)n2n 2
- -- 

r-- ---O 
- " -'-"O I'r n2-n? n2-r 2 ,2oo

oe'

6zno

To proceed further, one tret deteruiae the preaeures p end q. The pres-

sure (or gtreee) q ls aloply that lqoaed by ertcrnel coogtralotr; for the

Present caae we take this ae bciug due to the baclflll or boet rock, oaterlal
around an erylaced waste package. Ttre lnternal preeaure p requircs lore dF
talled cooelderatlon. lle are unerare of any dircct Daeuaennta of the pres-

gure rhlctr ls ererted whea waace foro oaterials are irradlated ia coastralned

Yolune8. Ooe caa llugine tro llutting caeee: (A) Ttre erternal coastralute

effectlvely prohlblt aay algulfleant e:paoalon or coqactlon of tbe raste foru
nater181. (r) rte Eaterlal e:pande or coeacts to a degrce rhtch ie eeaelbly

that I'hlch la reaeured uader uncooatral.ned coodltloos. Alnost eertalolyr the

actual al'tuatloo 1g ao Latetudlate betreen these tro c8seai the cqulllbrlun

Ptessure P Eay depeod eeaaittvely ou the degree of cryanaloo or co4lactlon

rhlcb has occurred. Eoever, La the ebseoce of relevant eryerlcatal date, re
have cboeeo to conalder the 'statlc' caae (A): Tbe pacsaute p lt ehoaca lg
that rtrich I'a requlred to revrrae given lrradlatloo laduced volue changea La

tbe rarte forn naterial. As catlooed, tbl.s preaerl.ptloa provldca for ao

claetl'c relarat{,oo, aud qulte poaalbly ov€r G3tlottca larlurn Btrcaaea. It
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hae the advaatage, hrever, of profuclug reaultg whlch'ere Lodependent of

scele, glace a detalled aaalyalg of rtralna 1e oot requlred; noreover,

e8t1Date8 are at leaat coasetvatlve. Adoptlag thl'e preecrlptlon, and aaarnlog

leotrople volune changee, the atreag (or preeeure) dcveloped upon ewelllng Le

gl.ven byr 3,

o'rr9=;sr S (3)

rhere, (av/v) represents volune erpansloa, E rouugre Dduluaraod u polggonra

ratlo.

The dtfferentlal atreaa p le obtalaed by subtractlog the Btress o of oue

phaee fron the Btress o of the other phaee, lf requlred.

Iacluelona are verT soall coryared to the canlgter. Alao, coaflalig
oureelvee to the lnterface of the Lnclueloo aod oatr!.r,

or t-P
oO'o0t-2q*P

by the elqllflcatloo of F4uatloag (l) and (2) rftU

r+tb
R/Bo + '

lle erteod q,rr cooglderatloo to acvcrel other cesca preauoably taklag place

l'a aa ELll package. Equatlooe (f) eod (2) arc cqually applicable here elao ee

deecribed belc:
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Partlclea ln ltetal Uatrl:

At the lnterface of the soall partl,cles 1o the Eatrlr, Equatloo (4) le

u8€d. Eere p repreoeats the 8we111ng preasure of the pertl.cles [Equatloa (3) I

aDd of the yleld stress of the Etal natrll.

Coated Partlcles ln lletal Matr$r

Equatloa (l) 1g uaed coaslderlog the atreaaes 1o the ntddle of eoatiog [r

- 1i+no)/21, where p repregeats the enelll.ng pregsure of the partlcleg

lEqustloo (3) ] , q the yleld ataesa of the etal Eatrlr, Ro tbe radlus of the

partlcles, and (pno) the thtckoeae of the coatlng.

Uolecular Stuffed Glaee

Equatlon (2) ls used. P repreeents the enelllog preacure of the core

regioa whlle q the yleld stresa of the etal cauleter. tte thickneee of the

claddlog ls (FRo).

Streaaeg ln Caalgter

Equatloo (2) le ueed for a cyllodrlcal eeaiater. Bo rcpreseote the radlus

of tbe saetc foru, (pno) tbc thld3ness of thc caoirtcr, P tbc ruelllng

prc3sure of tbe rtrole rarte fon [Equatloo (3)1, end q thc rtrcg! coagtr8l'at

lryoaed by overAaclc. Ife conflne tbe celculatlon to the rtreas et r -
(Rf,Ro)/2.
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a. r4.

The poelt:'ye slgns of the atresses follo the dtrectlon shown 1o Flgure 7,

rhlle the negatlve algne are for the oppoel.te dl,rectioo. Aleo, the bigger yaa

choeen betueen radlal stress and tangential rtreaa.

For the calculatloo of the craclced gurface ere8, tbe elastlc straln eoers/

per ualt voluoe gtored upon awelllug, e, ls used:

" - r6-LEr ti$' t

The cracked surface ares8, I, are obtalaed by:

8 r 0.01 x e r caulgter voluue
eurface energt of raate forn
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