
[O.OtJA.-c/Oi i i i .....Si

. PNL- SA- -i 826 8ii'" + "
DEgl 004648

1

U02 MATRIX DISSOLUTION RATES AND GRAIN
BOUNDARYINVENTORIES OF Cs, Sr, and Tc
IN SPENT LWR FUEL

W. J. Gray
D. M. Strachan

_.-..'- _ ,' ,_ _

_,.. _ -,i ,_ _. . o

i= m u _ ._ .j=:

m::-EllO
= - -_ November 1990

_ : = _. o _ Presented at the
_- _ _ _ °-- = = Fourteenth International Symposium

_, .-- _ ._ _._
, o_-_ _- = = on Scientific Basis for Nuclear Waste
_=_'°o_-_ ,__ _ >o_ November 26-29, 1990

,_ _ >_.__a g g g _ o _ Boston., MA

,- _" "_ ,- O'_-= _-_.

._ _ _ m _ _ _ - Work supported byii e: ,, i..i'=''_ z'_ _ I=

the U S n,_n_ +mort+
of

_- ....... _" IJF_-/AbUI;;)-/OI_LU 1830under Contract nr #li-,nc "-#r_ri|r_

. I= ii _._ -" ii 0 ,. li

I_- : ii 0 m = m '2".C'_.

_,. :_ "_., _ _ _ _" ..., ._

Pacific Northwest Laboratory
Richland, Washington 99352 ,"

_,4.8T8!BiJT!ONOFT_i._ _no_r.!il[Nl !$ IJNL!M!,TE_n



UO2 MATRIX DISSOLUTIONRATES AND GRAIN BOUNDARY INVENTORIES
OF Cs, Sr, and Tc IN SPENT LWR FUEL

W. J Gray and D. M. Stracha_a)Pacific NorthwestLaboratory , P. O. Box 999, Richland,WA 99352

ABSTRACT

Experimentalmethods have been developedFor measuring the grain-boundary
inventoriesof radionuclidesand for determiningwhether the UO. matrix of
spent light-waterreactorfuel dissolvescongruently. Both methodsdepend
upon first separatingthe fuel into individualgrains. With the grain
boundariesthus exposed,the associatedinventoriesof radionuclidescan be

completelydissolvedand measured. To determinewhether the UO2 matrix of
spent fuel dissolvescongruently,the fuel grainswere placed in a flow-
through column and water was pumped throughthe column at a rate sufficientto
maintain the concentrationof U in the column effluent far below saturation.
Once the grain-boundarymaterial has dissolved,the forward dissolutionrate

of the UO2 matrix can be measured and, by measuringthe concentrationsof
other radlonuclidesin the column effluent,the degree of congruencyof the
dissolutionprocesscan be determined. Data obtainedto date indicatethat
the grain-boundaryinventoriesof Cs, Tc, and Sr are approximatelyequal to

gap inventoriesand that the fractionaldissolutionrate of Cs from the UO2
matrix is approximatelyequal to that of U, i.e., the Cs and U dissolved
nearly congruently. In addition,the data appear to show a gradient in the
concentrationsof Cs and Sr across the individualUO2 grains.

INTRODUCTION

Calculationsof the releaseof radionuclidesfrom a geologic repository
must treat solubleand insolubleradionuclidesdifferently. Tests have shown
that the actinideelementsare so insolubleunder most potentialrepository
conditionsthat their releasewill be limitedby the solubilitiesof the
actinide-bearingsolidsand the flow rate of water through the waste
package.Ill Actiniderelease is unlikelyto be affected by the propertiesor
behavior of the waste form itself. On the other hand, the releaseof highly
soluble radionuclidesof interest(e.g., 13SCs,99Tc,and 1291)will be
partiallydependenton the propertiesof the waste form.

Considerationsof spent fuel as a waste form must take into accountthe
heterogeneityof the fuel. lt is generallyagreed that the dissolutionof
solubleradionuclidesfrom spent fuel can be divided into componentsthat
originatefrom three regions" i) the fuel/claddinggap, which includesthe
spaces between fuel pelletsand the open porosityand cracks within th_
pellets; 2) the grain boundariesof the fuel pellets; and 3) the UO2
matrix.[2-4] The dissolutionand releaseof radionuclidesfrom these three
regions of the fuel takes place at progressivelydecreasingrates. The first
two occur relativelyrapidlybecause the solubleradionuclidesin the gap and
grain boundariesare relativelyaccessibleby water. The long-term
dissolutionrate of solubleradionuclidesis much slower and is expectedto be
dominatedby the rate of oxidationand congruentdissolutionof the UO2 fuel
matrix.

In currentlyacceptedmodels[2-4],spent fuel dissolutionis treated as
the sum of three independentterms correspondingto the three regions
identifiedabove. The problem in evaluatingspent fuel as a waste form is

(a) PacificNorthwestLaboratoryis operatedfor the U.S. Departmentof
Energy by BattelleMemorial Instituteunder Contract DE-ACO6-76RLO1830.
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thatconventionaltests on unclad but intactspent fuel fragmentsresult in
simultaneousbut unequalrates of dissolutionof radionuclidesfrom all three
of the regions. In these tests, there is no way to evaluatehow much of a
radionuclidecame from each region,and apparent incongruenldissolutionis
almost always observed. To circumventthis problemand to understandthe
long-termdissolutionbehaviorof spent fuel, the three regionsmust be tested
separately.

The inventoriesof radionuclideswithin the gap can be measured using
short-termdissolutionexperiments. These types of experimentshave been used
by a number of researchersfor severalyears. For CanadianCANDU fuels, the
gap inventoriesof Cs and I have been successfullycorrelatedwith releaseof
the fissiongases, which, in turn, have been correlatedwith the burnup and
power historyof the fuel.[5,6] However,becauseof the difficultyof
separatingspent fuel into its differentcomponentsfor individualtesting,
few previous attemptshave been made to obtain unequivocalmeasurementsof
grain_boundaryinventoriesor to test the dissolutionbehavior of spent fuel
grains without the complicatingeffectsof the simultaneousdissolutionof
radionuclidesfrom the gap and grain boundaries.In this paper, methods are
describedfor I) measuringthe inventoryof radionuclideswithin the grain-

boundaryregions, and 2) measuringthe dissolutionrate of the UO2 matrix and
determiningwhether it dissolvescongruently.

EXPERIMENTAL

Relevantparametersof the spent fuel samplestested in this work are
given in Table I along with referencesin which the characterizationof the
fuel is reported.

TABLE I. Spent fuel characteristics

Burnup FissionGas Release
Fuel _ (MWd/kqM) (%) Reference

Turkey Point PWR 28 0.1 to 0.3 [7]
ATM-lO3 PWR 30 0.25 [8]
ATM-lO5 BWR 28 0.59 [9]
ATM-106 PWR 43 7.4 [I0]

The method used in this study for measuringgrain-boundaryinventories
involvedlimitedoxidationof spent fuel in air at low temperatures(150°Cto
200"C),which resulted in preferentialoxidationalong the grain boundaries.
Figure i shows a band of oxidizedmaterial surroundingmost of the grains in a
fuel samplewhere the averageoxygen-to-metalratio (O/M) - 2.159 based on
weight-gainmeasurements. The fractionof the fuel that was oxidized can be
calculatedfrom the weight,.gainmeasurementsbecausethe oxidizedregions are
known to be nearly stoichiometricU409.[11] Oxidationweakened the grain
boundariesto the point where light crushing caused the fuel to separate into
individualgrains (Figure2) therebyexposing essentiallyall of the grain
boundaries. Followingseparationof the fuel into individualgrains, those
radionuclidespositionedwithin or near the exposedgrain boundarieswere
completelydissolvedin 0.1M HCI during short-term(3-hour)dissolut_ontests
in which the acid was changedand analyzedfrequently. The fraction of U
dissolvedfrom the samplesin these tests can be subtractedfrom the fractions
of the other radionuclidesdissolved,and the differencecan be attributedto
the portionof the differentradionuclidesthat reside in excess at or near
the surfaceof the exposedgrain boundaries.

A slightlydifferentmethod was used to prepare individualgrains and
subgrainsof spent fuel for the matrix dissolutionmeasurements. Earlierwork
had shown that dissolutionof the oxidizedportionssurroundingthe fuel
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Fiq. I. ATM-lO3 fuel _article .Fiq.2. Same fuel shown in Fig. I
oxidized in air at 195 C for 335 after crushingto separate fuel into
hours individualgrains

grains prepared as describedabove (as was originallyintended)was difficult
or impossibleto do in a controlledmanner. Therefore,fuel for the matrix
dissolutionmeasurementswas simply pulverizedand screened (using screens
with openingsof 20 _m to 32 _m, as appropriate)to eliminatevirtuallyall of
the multigrainparticlesresultingin a specimencomposedprimarilyof
individualgrains. Since unoxidizedfuel also fracturespreferentiallyalong
grain boundaries,this techniquewas used to expose almost all of the grain
boundaries,but it producedsomewhatmore transgranularfracturingthan
occurredwith the partiallyoxidizedfuel as shown in Figure 3. However,
transgranularfracture surfaceswere of no consequencefor matrix dissolution
tests; it was only importantto expose all of the grain boundariesso that
they could be completelydissolvedto leave clean fuel grains for subsequent
testing.

Originally,the fuel grains preparedby pulverizingthe fuel were placed
in 0.1 M HCl for 60 minutes to dissolvethe exposedgrain-boundarymaterial
prior to placingthem in the flow-throughcolumns for the dissolution-rate
measurements. Later it was determinedthat as-preparedfuel grains could be
placeddirectly in the columnsbecausethe grain-boundarymcterialwas removed
during the first few days in the columns,and subsequentdata were applicable
to "clean"fuel grains.

The columns,which were made of stainlesssteel, used in the flow-
throughtests were 50 mm long X 6.35 mm insidediameter. Stainlesssteel

frits with 2-pm openingswere placed
on both ends. The best combination
of sample size and flow rate was
found to be 50 to 150 mg (i.e.,the
fuel sampleoccupiedonly a small
fractionof the volume in the
column) and 0.1 to 1.0 mL/min,
respectively. Under these
conditions,the concentrationsof U
in the column effluentsremained far
below saturationwhere U dissolution
rates were found to be independent
of flow rate (i.e.,U concentrations

]0 _m were demonstratedto be proportional
to the reciprocalof the flow rate).
This allowedthe forwarddissolution
rate of the UO. matrix to be

Fiq. 3. ATM-lO3 fuel crushed measured and, _y measuringthe
without prior oxidation



concentrationsof other radionuclidesin the column effluents,the degree of
congruencyof the dissolutionprocessto be determined.

RESULTS

Figures4 and 5 show the resultsof short-termdissolutiontests
intendedto reveal the fractionof certainradionuclidesthat were
concentratedat or near the grain boundariesas determinedby subtractingthe
fraction of U dissolvedfrom the fractionsof ea:h of the other radionuclides
dissolved. Data in Figure 4 indicatedifferencesbetween Cs and U of about
0.35% independentof the degree of oxidation. However,differencesbetweenTc
and U were no more than about 0.1% for the lightlyoxidized fuel but were
0.15% to 0.25% for the highly oxidizedfuel. This apparentdependenceof
excess Tc dissolutionon fuel oxidationwas furtherexplored by subsequent
tests, the resultsof which are shown in Figure5. Again, the difference
betweenTc and U was greater for the oxidizedfuel. In addition,the data in
Figure 5, unlike those in Figure 4, indicatethat the differencebetweenCs
and U is smallerfor the oxidized fuel.

lt should be pointedout that the more highly oxidized samples in both
Figures4 and 5 are believedto have smallersurfaceareas than the lightly
oxidized or unoxidizedsamples. Therefore,the larger percentageof U that
dissolved from the more oxidized samplescannot be unequivocallyattributedto
the oxidizationitself. However, the importantfeaturesof these data, which
are the differencesbetweenU and the other elements,are not expectedto be
affectedby the relative surfaceareas.

One differencebetween the tests representedby the data in Figures4
and 5 is that the ATM-lO3 fuel (Figure5) was placed in deionizedwater (DIW)
at ambienttemperaturefor I week to dissolvegap-inventorymaterial
immediatelyfollowingdischargefrom the cladding. This "clean"fuel was then
used to prepare fuel samplesfor subsequentgrain-boundaryinventory
measurements. Removalof the gap inventorywas not done with the Turkey Point
(TP) fuel in Figure4. Thus, differencesin fractionaldissolutionbetween U
and the other radionuclidesin Figure 4 may includea portionof the gap
inventoriesas well as the grain-boundaryinventories. These differencesin
Figure 5 shouldnot includeany gap-inventorymaterial.
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Figure 6 shows inventory-normalized(a) Cs/U ratios obtainedduring 330
days of flow-throughtests with ATM-lO5 fuel in DIW. Because the ratios
remainedslightlyabove the congruentvalue of 1.0 and because it was
discoveredthat some of the particlesin the sample of fuel being tested were
multigrainrather than individualgrains as intended,a second samplewas
preparedand tested. Multigrainparticleswere eliminatedfrom the second
sample by passingthe crushedfuel particlesthrougha screenwith 20-pm
openings. These fuel grainswere placed in two columns,one with DIW and the
other with 0.01 M_HCI. The dilute acid was expectedto increasethe
dissolutionrate but not affect the Cs/U dissolutionratio and was chosen to
allow that ratio to be followedthroughdissolutionof the entire sample in a
shorterperiod to time.

Figure 7 shows inventory-normalizedCs/U dissolutionratios for the newly
preparedATM-lO5 fuel samplesin DIW and 0.01 M HCI; the reason for the switch
to HCI in Figure 7 is describedbelow. Data in the DIW portion of Figure7
(first 141 days) match those in Figure 6 quite well indicatingthat the
slightlyelevated Cs/U ratio was not caused by multigrainparticlesas first
thought. Data in Figure8, which cover the dissolutionof almost the entire
sample over a period of 116 days, show that the Cs/U ratio (and the Sr/U ratio
as weil) remainedabove 1.0 until after about 75% of the sample had dissolved,
after which the ratio droppedto values less than 1.0 as it must to maintain a
strict mass balance.

Becauseof the rather abrupt drop in the Cs/U ratio after about 75% of
the sample had dissolved(Figure8), a decisionwas made to change the water
in the other column (Figure7) to 0.01 M HCl to determine if the abruptdrop
could be reproduced. Followingthe change in solvent,the Cs/U ratio was
observedto decreasebelow the congruentvalue of 1.0 after about 50% of the
sample had dissolved,but the abrupt drop was not reproduced. The fact that
the results in both Figures7 and 8 show a trend in the Cs/U ratio from
greater than 1.0 to less than 1.0 providesan indicationof a Cs concentration
gradient across the fuel grains.

The inventory-normalizedSr/U ratios in Figure8 follow the Cs/U ratios
quite weil. However, the Tc/U ratios fall well below 1.0 throughout
dissolutionof essentiallythe entire sample. The Tc analyticalprocedures

1.7F,, ,-,, ,.,, .,. 1.5 ,:, , , , , , , ,9

1.6 I /I - 1.4 - DIW 0.01 M HCI -

O O O
1.5 - "-

o 330 Days "_ 1.3 - _141 Days
n_ 1.4 _ c_ -

_0 00(b 0 0 "_ 1.2 - '_- -¢_ 1,3 _. • _ 242 Days_,N -- N

-6 1.21_ c8 °o °° 5_cc__ "--o 1.1--,_ -L 1.0 - C_ 0 -
o 1.1 - o 0 ©

z t_ °o o z o o%o
1.0 0 _ 0.9 - ( 0 0 ._

0.9 1 _ I l I i 1 i I ! I _ 0.8 I 1 I I L I I I I
0.00 0.02 0.04 0.06 O.OB 0.10 O. 2 0.0 0.2 0.4 0.6 0.8 1.0

Fraction of U Dissolved Fraction of U Dissolved

_Fig. 6. Cs/U normalized dissolution Fiq. 7. Cs/U normalized dissolution
ratio for ATM-lO5 fuel in DIW ratio for ATM-lO5 fuel in DIW and

0.01 _MHCI

(a) Inventory normal izatio, takes into account the amount (inventory) of each
element originally present in the spent fuel sample. Thus, for example,
the Cs/U normalized ratios represent the fraction of Cs dissolved divided
by the fraction of U dissolved.



and data were carefullyreexamined,1.2 i I l I i I i I i
o o and some additionalsampleswere

• i -] analyzedfor Tc. The originalTc
.9 1.1-_ • •o o o + data appear to be reliable,and the

o o Oa ••il_ newer data were in
agreement;bothac I.0 - O0

+ are plotted in Figure 8. A possible
o Cs/U Ratio +_ __ explanation is that some of the Tc

0.9 Tc/U Ratio._N +
• Sr/U Ratio + resides in the (-rutheniumphase

E O.B - + thathas been observed in spent
++ fuel[12]and is, therefore,in a

o + form that does not dissolve in these

z07 11°o ,,I++ tests.
0.6 , I _ I , t _ Figures9 and 10 showinventory-

0.0 0.2 0.4 0.6 O.B 1.0 normalizedCs/U dissolutionratios
in DIW and 0.01 _MHCI respectively

Fractionof U Dissolved for ATM-lO6 fuelsamples that were
crushed and passed through a screen

Fiq. 8. Normalizeddissolution with 32-pm openings.Again, the Cs/U
ratios for ATM-lO5 fuel in 0.01 M ratios remainedabove 1.0 until a
HCI relativelylarge fraction of the

fuel had dissolved; it then dropped
below 1.0, consistentwith good mass balance. Agreementbetweenthe DIW and
HCf data is reasonablygood; the first data point in Figure 10 occurs at a
fraction-of-U-dissolvedvalue of 0.024, and the Cs/U ratio at that point is
approximatelyequal to the Cs/U values for the same fractionof dissolvedU
shown in Figure 9. Thus, these data provide evidencefor a Cs concentration
gradient across the grains of this fuel also. Figure 11 shows U dissolution
rates of ATM-lO5 and ATM-lO6 fuels in DIW. The data were normalizedon the
basis of surfaceareas that were estimatedfrom measurementsof particle size
distributions,which were grouped into particle-sizeincrements0.5 pm in
width. Specificsurface areas,assuming sphericalparticles,were calculated
for each of these incrementsand multipliedby the fractionof particles
within each increment. Summingthese data over the entire size range resulted

in specificsurface areas for the samplesas a whole, based Oqal_heassumptionof sphericalparticles. These calculatedvalues were doubled_ ) to account
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Fig. 9. Cs/U normalized dissolution _Fiq. 10. Cs/U normalized
ratio for ATM-lO6 fuel in DIW dissolution ratio for ATM-lO6 fuel

in 0.0i M HCI

(a) A surface roughness factor of 2 is an estimate based on observation of
the particles w,i-h scanning electron microscopy (SEM). Surface roughness
factors anywhere between I and 5 could be equally valid.



4 for the fact that the particles were

"" 11 1 i , , , , i irregular rather than spherical inT "li • ATM- 10,5 shape.
o 3 4-I D ATM-106 The data in Figure 11 can be

II

_ II compared with dissolution rates- measured for unirradiated U02 powder
E 2 _u-_ D _. _"_"_'_" _ earlier in this program of

c. ]._i:F_ %" 0.13 mg/m2.day based on sample

.EE _ surface area measured by the BETI method or 0.24 mg/m2.day based on
"_ sample surface area estimated from
n- - the measured particle size distribu-

o l I I I I I i J tion in the same manner described
o 20 40 60 8o 1oo 12o 14o Bo above for the spent fuel. An excep-

tion to the lattermethod was that a
Time (doys) surface roughnessfactorof 5 was

applied to the unirradiatedUO2 be-
Fiq. 11. NormalizedU dissolution cause SEM images showed a much roug-
rates in DIW her surfacethan was the case with

the spent fuel particles. In a

review by Jehnsonand Shoesmith[13],UO2 dissolutionrates under the
conditionsused in the present tests are depicted to range upward by a factor
of perhaps 10 from about 0.8 mg/m2.day. This range includesthe values
obtained in this study for spent fuel but is a little higher than the values
obtained for unirradiatedUO2.

CONCLUSIONS

Partialoxidationof spent fuel in air at low temperatureswas shown to
be an effectivefirst step in the preparationof individualfuel grains with a
minimumof transgranularfracturing. However,oxidationalso changed the
resultsof the grain-boundary-inventorymeasurementsin a way that cannot yet
be rationalized. Since satisfactorygrain-boundary-inventorymeasurementscan
apparentlybe achieved using fuel grains preparedwithout partialoxidationof
the fuel, the oxidationstep probablyshould be avoidedin future tests.

The grain-boundaryinventoriesof Cs were measured for two differentlow
fission-gas-releasefuels. In both cases,the fractionof Cs that could be
attributedto the grain-boundaryinventorywas roughlyequal to the fission-
gas-releasevalues (0.2% to 0.4% of the Cs compared to 0.1% to 0.3% of the
fission-gasrelease). The grain-boundaryinventoriesof Tc and Sr were
smallerthan those for Cs in the one fuel tested. Grain-boundaryinventory
measurementsneed to be extendedto fuels with high fission-gas-releaseto

determineexpected.(wletherthere is a good correlationbetweenthe two parametersas

Inventory..normalizedCs/U dissolutionratios were measured for the UO2
matrices of both a low fission-gas-releasefuel and a high fission-gas-
release fuel. The ratios in both cases were in the range 1.0 to 1.4 (nearly
equal to the congruentratio of 1.0) until large fractionsof the fuels had
dissolved,after which the ratiosdecreasedto less than 1.0. These data

suggest that Cs concentrationgradientsexist across the fuel grains giving

(a) A good correlationbetweenfission-gasreleaseand fuel/claddinggap
inventoriesof Cs and I has been demonstratedfor CanadianCANDU
fuels.[5,6] A correlationbetweenfission-gasrelease and grain-
boundary inventoriesfor CANDU fuels is also expectedon the basis of
computer r;Jodeling efforts. J13] Similar correlations are generally
expected for U.S. light-water-reactor fuels, but experimental evidence to
support such expectations is meager.
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rise to the slightlyeleva'_edCs/U dissolutionratio during the First part of
, the tests. Similar resultswere obtained for Sr in the low fission-gas-re-

lease fuel (the only fuel tested for which Sr data have been collected). The
Tc/U ratios appearto indicatethat some of the Tc is in an insolubleform such
as the (-rutheniumphase that has been observed in spent fuel.J12] However,
furthertesting is requiredbefore these resultscan be generallyaccepted.

Dissolutionrates in DIW were also measuredfor both the low and high
fission-gas-releasefuels. The resultsfor the two fuels were indistinguish-
able but were about 10 times higher than measuredfor unirradiatedUO2. The
dissolutionrate of unirradiatedUO^ measured in the present study is lower by
perhaps a factor of 4 comparedwithLvaluespublishedby severalother
researchersas reviewedby Johnson and Shoesmith.[13] However, comparisonof
data from differentstudiesis limitedby the uncertaintiesin the presentdata
arisingfrom surface area F,easurementsin which the particleswere assumedto
be sphericalwith surfaceroughnessfactorsbetween I and 5.
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