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PURPOSE

IN THE AsSeESSMENT OF WASTE FORM PERFORMANCE,
PRESENT NRC REGULATORY REQUIREMENTS.

PRESENT NRC UNDERSTANDINGS.

FAMILIARIZE WITH DOE TESTINGS AND RESULTS.

ExcHANGE NRC Views witH DOE.
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BACKGROUND

NEED TO AsSESS CONSEQUENCE OF PERFORMANCE
ALLOCATION ON GLASS AND SPENT FUEL.

NEep RepositorYy (YuccA  MOUNTAIN) RELEVANT |
INFORMATION SUCH AS THAT FROM DRIP DrROP OR DRY
CONDITION.

NEeD TO Assess EFFECTS OF PROCESS VARIABLES OF
VITRIFICATION ON GLASS PERFORMANCE.

NEep INFORMATION FROM OTHER ADVERSE CONDITIONS
.SUCH AS IMMERSION OR HigH FrLow.

NEED RELATED INFORMATION SUCH AS IN ANALOGUES, AND
REACTOR PERFORMANCE OF FUEL.
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REGULATORY REQUIREMENTS
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10 CFR PART 60 REQUIREMENTS RELATED TO DESIGN AND
PERFORMANCE OF HIGH-LEVEL WASTE FORM

(A) 10 CFR 60.113:

THE RELEASE RATE OF ANY RADIONUCLIDE FROM THE
ENGINEERED BARRIER SYSTEM (WASTE PACKAGES AND
UNDERGROUND FACILITY) FOLLOWING THE CONTAINMENT
PErIOD (300 TO 1,000 YEARS) SHALL NOT EXCEED
ONE PART IN 100,000 PER YEAR OF THE INVENTORY
OF THAT RADIONUCLIDE CALCULATED TO BE PRESENT
AT 1,000 YEARS FoLLOWING PERMANENT CLOSURE -~
PROVIDED THAT THIS REQUIREMENT DOES NOT APPLY
TO ANY RADIONUCLIDE WHICH IS RELEASED AT A RATE
Less THAN 0.1 % oF THE CALCULATED ToTAL RELEASE
RATE LIMIT.

(B) 10 CFR 60.135:

No Apverse EFFEcTS ON WASTE PACKAGE
PERFORMANCE BY EXPLOSIVE, PYROPHORIC
AND CHEMICALLY REACTIVE MATERIALS, AND
FREe Liauip.

WASTE FORM CRITERIA:
SOLIDIFICATION, PARTICULATE CONSOLIDATION,
AND No ApVERSE EFFECTS OF COMBUSTIBLES.
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10 CFR 60.112:

PERFORMANCE REQUIREMENTS FOR THE OVERALL
REPOSITORY SYSTEM OF ENGINEERED AND NATURAL
BARRIERS - 40 CFR 191 (EPA):

HAVE A LikeLiHoOD OF LEss THAN ONE CHANCE IN 10
OF EXCEEDING THE QUANTITIES, THE CUMULATIVE
RADIONUCLIDES IN THE ACCESSIBLE ENVIRONMENT FOR
10,000 Years AFTER DisposaL FrRoM ALL
SIGNIFICANT PROCESSES AND EVENTS THAT MAY
AFFECT THE DISPOSAL SYSTEM =~-.

10 CFR 60.21 (c) (1) (x1) (D): ALTERNATIVE DESIGN.
10 CFR 60.131 (B) (7): CrrTIcALITY CONTROL.

CURRENT RULES FOR RADIONUCLIDE RELEASE ARE
ADDRESSED INTERMITTENTLY THROUGHOUT THIS TALK. WE
REsTRICT OUR DiscussioN T0 FuLL PERFORMANCE
ALLocAaTION ON WASTE FOrRM IN A DETERMINISTIC
MANNER. THE ReLease RATE oF A KiNp OF
RabpronucLIDE wriLL Exceep NRC CRITERIA OF
CONTROLLED RELEASE RATE IF THE TOTAL INVENTORY OF
THE RaproNucLIDE IS MoRe THAN THE EPA LIMIT AND
RELEASED WITHIN 10* YEARS, IN GENERAL.

NRC/TMA/10.15.93/ANL/PAGE 7




SOURCE TERM: GLASS AND SPENT FUEL
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RADIOACTIVITY SOURCE TERM

INVENTORY (Cx/MTHM)

Radionuclide
(Half Life: Years)

SF

glass

EPA limit

Daughter Product
(Half Life: Years)

C-14 (%)

1.54

0.0

0.1

Pu-(239 +240)

744, 704

12 ~ 64

0.1+01

Am-241
(433)

1,770, 1,510

2~17
(21, 100)

0.1

Cm-244
(18)

1,280, 990

0.1 ~ 64

0.1

Pu-240
(6,563)

Np-237

0.24, 0.22

0.002 ~ 0.02

0.1

Tc-99 (*%)

10

1.8

10.0

Pu-238
(88)

2,330

882

* Releasc from

0.1

Dissolution and 15 Release, ** iﬁcasc ifrom ﬁ'mso]uuon The Rest for Solubility ﬁn—'uEa Re I

U234
(2.5x10%)

SPECIFIC AcTIviTY OF RADIONUCLIDE (CI/G)

Pu-239

Pu-240

Am-241

Pu-238

U-234

Np-237 "

2.3 x 10"

34

17

6.2 x 10°

7.1 x 10* "

NumBer oF CoNTAINERS (YEAR 2,020): 38, 000 (SF) AND
15,000 (GLAsS).

MTHM (YEAR 2,020):
(GLASsS).
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| [CONSTANT ACTIVITY IN LEACHATES]

¢ CuMuLATIVE RELEASE For 10,000 YeEars (CUMREL) =
[ActiviTY PER UNIT LEACHATE VoLuME]l X [FLow
$ATE]]X [NumBer oF ConTAINERS] x [10,000
EARS

EPA LiMiT For ToTAL INVENTORY (EPAL) =
[EPA LimMxiT PER 1,000 MTHMI x [MTHM] x [0.001]

L EXAMPLE FOR CONSTANT ACTIVITY AND FLOW RATE OF 1
L PER CONTAINER AND PER YEAR:

CUMREL =
10° pCx/ML x 1,000 ML/(YEAR X CONTAINER) X

53,000 conNTAINERS X 10,000 YEARS
= 5.3 x 102 Cx

EPAL = 0.1 x [27,000 + 86,0001
=1.1 x 10° Cx

SF versus GrLass IN CUMREL

pCiU/mL from Glass c 5xc 10xc
[(pCi/mL) from SF] :

Percentage of Glass 28 66 80
Contribution

[DxssoLuTION CONTROL] : RELATIVE MAGNITUDE OF
DissoLUTION RATES

° EXAMPLE: GROWTH RATES OF REPRECIPITATES (85~90)°

SF ~ 3x10° cM/pAY. Grass > 10° ~ 107 cM/pAY.
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® Measurep (pCx/ML) IN LEACHATES

- GLASS:

DRIPPING GROUNDWATER TEST:
(1.6 ~ 9.7)x10° of AM-241. (9~ 50) oFfF

Np-237.

ErrOR ~ 100.

New CoNFIRMATION ~ 1/10.
HaLrF LIFe Factor ~ 1/10.

(6.2 ~ 12.4) x 103 ror Pu-239.

IMMERSION TEST: ~ 640 oF AM-241 anp ~ 910
ofF Pu-(239+240).

DRIPPING GROUNDWATER TEST:

6x10° oF AM-241 coLLOID.
6x10° oF AM-241 DISSOLVED ION.

UO, TEST coNVERSION: (2 ~ 4)x10° oF Pu-
(239+240). (4 ~ 9)x10° oF AM-241.

IMMERSION TEST: ~ 300 oF Pu-(239+240) AND |
AM-241.

° FLow RATE SpanNs FrRoM 0.1 L/YEArR 1O 20 L/YEAR.

[DrY PERFORMANCE]
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PROCESS VARIABLES IN VITRIFICATION

NRC/TMA/10.15.93 /ANL/PAGE 12




VITRIFICATION OF LHLW IN WASTE ACCEPTANCE PROCESS

EFFECTS OF PRETREATMENT ON COMPLIANCE

METHOD OF RADIONUCLIDE CONCENTRATION.

SPECIAL ADDITIVES SUCH AS CORROSION PREVENTION
CHEMICALS.

SLUDGE AND PRECIPITATES TREATMENT.
Toxzc CHEMICAL RECOVERY.
ORGANIC REMOVAL.

BLENDING AND Mix CONCENTRATION.

EFFECTS OF VITRIFICATION PROCESS ON COMPLIANCE

GLASS MAKING ADDITIVES.
WASTE LOADING.

MeLTING : HEATING, CONDUCTIVITY, REDOX, RESIDENCE
TiME, CooLING RATE, FOAMING OR VOLATILIZATION.

NRC/TMA/10.15.93/ANL/PAGE 13




EFFECTS OF ERROR ON COMPLIANCE

COMPOSITION.
ProceEss TROUBLE.
BATCHING.

OvErRALL OPERATIONAL VARIATION.

DETERMINATION OF ACCEPTABILITY.
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EFFECTS OF OVERALL PROCESS ON COMPLIANCE:

SIMPLICITY, FLEXIBILITY, AND PRODUCTIVITY.

WASTE ACCEPTANCE PRELIMINARY SPECIFICATIONS:

CompLIANCE WITH 10 CFR 60.135.
CoMPLIANCE WITH 10 CFR 60.113 anp 40 CFR 191.

UNCERTAIN AREAS:

PROPER LOADING AND ANALYSIS OF RADIONUCLIDE.

HANFORD REMEDIATION PLAN.
InpAHO CeERAMICS: LAcK oF DATA BaSE.

ProbucTt CONSISTENCY.
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GLASS PERFORMANCE IN AQUEOUS ENVIRONMENTS:
LEACHING AND COLLOID FORMATION
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HLW GLASS LEACHING AND COLLOID FORMATION

e RapioNucLIDES: Pu-(239+240), Am-241 Anp Tc-99

¢ SOURCE: - CoLLOIDS FROM DRIPPING-
GROUNDWATER TESTS.
- CoLLoIDS FROM IMMERSION TESTS
IF CUMULATIVE.
- ConTINUOUS DISSOLUTION.

IT 1s NoTt CERTAIN THAT THE EXTENT OF MATRIX
DissoLuTioN AND CoLLOID FORMATION WILL LEAD TO
COMPLIANCE. FoLLowING OBSERVATIONS PROVIDE
FURTHER CONDITIONS FOR THESE ADVERSE EFFECTS:

(A) LeacH EXCURSION.

(B) OFFSET OF REPRECIPITATED LAYERS.

(c) B RELEASE ?

(D) PALAGONITE ALTERATION OF ANALOGUE GLASS
AND MIIT REsuLTS.

(E) THERMAL- OR RADIATION-INDUCED
GLASS CRACKINGS.

NEeD
CLARIFICATION OF UNCERTAIN AREAS.

GEOCHEMICAL ANALYSES OF CoLLOIDS IN THE CASE OF
NON-COMPLIANCE.

NRC/TMA/10.15.93/ANL/PAGE 17




UNCERTAIN AREAS

EFFECTS OF HYDRATION, DEVITRIFICATION,
ALTERATION OF GROUNDWATER CHEMISTRY, AGITATION,

IRON AND CRACKINGS.
CuMULATIVE EFFECTS.
DynaMIC BALANCE:

(A) FLOCCULATION, GROWTH, DIS-INTEGRATION OR
SEDIMENTATION.

() EscaAPE BY GROUNDWATER FLOW.

[FLow-RATE/SURFACE-AREA] EFFECTS IN CoLLOID
FORMATION.

ConTINUOUS DISSOLUTION.

ROLE OF BACKFILL.

OPEN SYSTEM VERSUS CLOSED SYSTEM.
GAMMA-RAY EFFECTS.

RoLE oF REPRECIPITATES DISSOLUTION.

[DETAILS IN THE SF SECTIONI]
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SPENT FUEL PERFORMANCE IN AQUEOUS ENVIRONMENTS:

(A) DISSOLUTION
(B) COLLOID FORMATION
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SPENT-FUEL DISSOLUTION

¢ HiGH SoLUBILITY RADIONUCLIDES:
Tc-99 Anp C-14.

e Kevy QUESTIONS:
(A) CoNTINUOusLY DiSSOLVE ?

(B) RAPID INTER-GRANULAR ATTACK ?

o MeETHODS OF DETERMINING DISSOLUTION RATES:

(A) IMMERSION TEsTS: Sr-90 SATURATION AND FUEL
PARTICLES IN REPRECIPITATES ? GAMMA-RAY

EFFeECTS ?

(B) FLow-THROUGH TESTS AND ELECTROCHEMISTRY:
RaproLysis EFFects 7 GEOCHEMISTRY 7?7
(SUPER) SATURATION EFFECTS? :
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OBSERVATIONS OF REGULATORY CONCERN
UNPROTECTIVE NATURE OF SF:
RADIATION, MICROBE, STRESS,AND INHERENT NATURE
FLOW-THROUGH Tests ~ IMMERSION TESTS (TABLE).
ABSENCE OR OFFSET OF REPRECIPITATES.
MASSIVE TRANSFORMATION OF URANINITES TO
URANOSILICATES IN THE PENA BrancA URANIUM
DEPOSITS.

POTENTIAL VIOLATION OF PHASE RULE AND UNRELIABLE
SoLuUBILITY LIMITS.

KINETICS OF PARAGENESIS.

CvcLiIc BEHAVIOR OF LEACHATES.

ENVIRONMENTAL VARIATIONS: TEMPERATURE GRADIENT,
WeT-DRY CYCLE, SEISMIC EVENTS AND OCCLUDED AREA.
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ERRATIC BEHAVIOR IN THE RELEASE OF FISSION PRODUCTS

(A) LINEAR WITH TIME.
(B) SATURATION EFFECTS.
~(c) EFFecTs oF GRAIN BOUNDARIES AND RIMS.

(D) TRANSIENT EFFECTS OR SoLID-STATE DIFFUSION
CONTROL.

OVERALL CURRENT UNDERSTANDINGS

‘INTERFACE-REACTION CONTROL:
- OVER-POTENTIAL OR SOLUBILITY LIMITS.
- LiNEAR DISSOLUTION WITH TIME.
SoLiD-STATE DiFFusioN CONTROL:

- NON-LINEAR DISSOLUTION WITH TIME.
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INTERFACE-REACTION CONTROL

[EauaTIiONs] [TAaBLE]
e Not CeERTAIN TO COMPLY WITH RULES.
o LEAcHATES: (A) SUPER-SATURATED WITH CoLLoibps; (B)
. SUPER-SATURATED WITHOUT CoLLoips; (c) LEACHATE OF
SoLuBILITY LIMIT wiTH CoLLoIDs; AND (D) LEACHATE OF
SOLUBILITY LIMIT WITHOUT COLLOIDS.

® UNCERTAIN AREAS:

RoLE oF CLADDINGS, RIMs AND GRAIN BOUNDARIES.

%FFECTS OF ALTERATION OF GROUNDWATER, AGITATION AND
RON.

EFFECTS OF OXIDATION.
GAMMA-RAY EFFECTS.

RoLE oF REPRECIPITATES DISSOLUTION.
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NON-DIFFUSIONAL DISSOLUTION KINETICS OF SF
FOR A SPECIES

Ry, = % X (C, - ¢,

~AND BALANCED BY

=4%,K;(CQ-C;) +'€:C¥'¥Aanrck

C, IS THE CONCENTRATION OF THE ELEMENT UNDER
CONSIDERATION AT TIME T; S IS THE SURFACE AREA OF
THE DISSOLVING PHASE; A IS THE SURFACE AREA OF THE
ALTERED PHASE; V IS THE LEACHATE VOLUME; F IS THE
FLOW RATE OF GROUNDWATER; K IS THE RATE CONSTANT
FOR DISSOLUTION; K, IS THE RATE CONSTANT FOR
GROWTH OF THE ALTERED PHASE; K, IS THE RATE CONSTANT
FOR THE ELECTROCHEMICAL DISSOLUTION; F(E) IS THE
DEPENDENCE OF THE DISSOLUTION RATES ON THE
ELECTROCHEMICAL POTENTIAL E AND IS ASSUMED TO BE
CONSTANT OVER TIME FOR ILLUSTRATION PURPOSE; C, IS
THE EFFECTIVE SOLUBILITY LIMIT OF THE DISSOLVING
PHASE INCLUDING ACTIVATED COMPLEXES; C, IS THE
SOLUBILITY LIMIT OF THE ALTERED PHASE; AND N, IS

THE FORMATION OR GROWTH RATE OF COLLOIDS PER UNIT
LEACHATE CONCENTRATION IF ANY.

LINEAR DISSOLUTION WITH TIME AND COMPLIANCE IS NOT
CERTAIN, ESPECIALLY WITH GRAIN-BOUNDARY AND RIM
EFFECTS.
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C, As

TABLE.

e SUPERSATURATION.

C - G

) = (4 Ny

THE FIRST Two EQUATIONS ARE SET TO BE EQUAL TO THE
THIRD EQUATION AND A FEW ALGEBRAIC ARRANGEMENTS GIVE

o ExisTING MoDELS VALID

o

S

2 +
> K.

?

MAss TRANSFER CALCULATIONS OF ABOVE
EQUATIONS (ass, 1993

VMK C,

V)
K, f(E)

(AWK, G

FV) G

25°C

85°C

25°C

25°C

85°C

25*C

©03 ~1.2)
x10*

u g/day, or
1.7~6.0)
x104
fraction (f)
Iday

4x10°
~ 2x10%
glday

107
g/day

8x10¢
g/day

x10*
g/day

x10* x10*%
g/day g/day

03~
239+ 1.2)
x10° g/day

5x10*
g/day

g/day

x1o

x10% glday

(2~4)x10*

f/day for
20~120

S$r-90 days

4x107
{/day,
7x107
f/day,
1x10¢
/day

glday
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SOLID-STATE DIFFUSION CONTROL

THE DISSOLUTION RATE

-3
Ryig,qa =k S (t+a) ® (n 2 2)

a
d=2ka(t+a)? (n=2)

WHERE K, A AND N ARE CONSTANTS AND N IS AN INTEGER,
AND D, IS THE TOTAL AMOUNT OF MATERIALS FROM THE MATRIX

DISSOLUTION.

- ® NON-LINEAR DISsOLUTION WITH TIME AND LIKELY TO
CoMPLY WITH RULES UNLESS GRAIN-BOUNDARY AND RiIM
EFFECTS ARE SIGNIFICANT.
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'COLLOID FORMATION: Pu-(239+240) Anp AmM-241

-CONDENSATION PROCESS FOR COLLOID FORMATION AND
UNCERTAINTIES ABOUT SOLUBILITY LIMITS
® SOURCES:

(A) HyDROLYSIS, AND SUBSEQUENT MOLECULAR
CONDENSATION THROUGH DEHYDRATION.

(B) AGGLOMERATION OF HYDROLYZED AND SUBSEQUENTLY '
OxIp1zEp MOLECULES.

¢ APPROACH:
(A) STABILITY CONSTANTS.

(B) gEACTION KiNeETICS OF REACTIVITY: REACTION
RDER.

(c) OveraLL ENERGETICS: THERMODYNAMIC TREATMENT.
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e NUCLEATION RATES:

R

nuc

-nk % g ~AG4/RT ~AG/kT

N IS THE NUMBER OF PRECIPITATING MOLECULES 1IN
LEACHATES, K IS THE BOLTZMAN CONSTANT, T IS THE
TEMPERATURE, H IS THE PLANCK CONSTANT, AG, IS THE
ACTIVATION ENERGY OF MOLECULAR DIFFUSION IN LEACHATES,
| R IS THE GAS CONSTANT, AND AG, IS THE ACTIVATION ENERGY
FOR THE FORMATION OF THE CRITICAL SIZE OF A NUCLEUS.
AG, s GIVEN As [16 n y® M*1/I3 p? AG,%] WHERE y IS THE
SURFACE ENERGY PER UNIT AREA OF COLLOIDS, M IS THE
MOLECULAR WEIGHT OF THE CHOSEN SECOND PHASE, p IS THE
DENSITY OF THE SECOND PHASE, AND AG, IS THE DRIVING

FORCE FOR THE NUCLEATION APPROXIMATED BY {- R T
LNEC,/C 1),

¢ THERMODYNAMIC TREATMENT PROVIDE INFORMATION ON
CuMULATIVE EFFECTS.

K ENERGY BARRIER ASSOCIATED WITH NUCLEATION MAY NOT
XIST.
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¢ UNCERTAINTIES:

(A) TrANSITORY PHENOMENA: U AND Pu AT BoILING
POINTS.

(B) CuMuLATIVE EFFECTS.

(c) DynaMIc BALANCE:"

- FLoccuLATION, GROWTH, Di1s-
INTEGRATION OR SEDIMENTATION.

- EscapPe BY GROUNDWATER FLOW.
- ENERGETICS ASSOCIATED WITH CoLLOID FORMATION.

RoLe oF CLADDING, IRON, AND ALTERATION OF
GROUNDWATER CHEMISTRY.

SUPER~SATURATION.

MORPHOLOGICAL CONFIRMATION.
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DISPERSION PROCESS FOR COLLOID FORMATION

® SOURCES

- SPALLATION OR EROSION OF REPRECIPITATES.

- INTER-GRANULAR DISSOLUTION.
- HiGgH-VALENCE OXIDES.
® APPROACH
- INSUFFICIENT INFORMATION FOR MECHANISTIC MODELING.
- PHENOMENOLOGICAL WEAR:

IN GENERAL W = FIA, F, L, 1/K., 1/H] sucH As
A FrLl
Krc H®

W e

F IS AN APPROPRIATE FUNCTION, A IS THE SURFACE
AREA OF SF pARTICLES, F IS THE FLOW RATE, L 1S
LOAD APPLIED AND CAN BE REPLACED BY THE LIQUID
IMPACT PRESSURE, K. IS THE FRACTURE TOUGHNESS OF
THE SECONDARY PHASE, AND H IS THE HARDNESS OF THE
REPRECIPITATED PHASE. THE LATTER TWO VALUES
MIGHT BE DEPENDENT ON TEMPERATURE OR FUEL TYPES,
AND (K, L, M, N) ARE APPROPRIATE CONSTANTS.
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THE ELASTIC STRAIN ENERGY STORED PER UNIT VOLUME
ASSOCIATED WITH OXIDATION:

E (AV)z

cT T -2zv)

(AV/V) REPRESENTS THE VOLUME EXPANSION (OR
CONTRACTION), E Is THE YOUNG'S MODULUS, AND v IS
PorssoN’s RATIO.

UNCERTAINTIES

SOLUBILITY LIMITS DUE TO ACIDIFICATION BY
RADIOLYSIS.

SPALLATION MECHANISM.

CumuLATIVE EFFECTS.

DynamMic BALANCE: FrLocCULATION, GrowTH, Dis-
INTEGRATION OR SEDIMENTATION, ESCAPE BY
GROUNDWATER FLOW.

[FLow-RATE/SURFACE-AREA] EFFECTS AND ROLE OF
BACKFILL MATERIALS.

OPEN SYSTEM VERSUS CLOSED SYSTEM.

EFFECTS OF ALTERATION OF GROUNDWATER
CHEMISTRY, AGITATION, IRON AND OXIDATION.

- MorPHOLOGICAL CONFIRMATION OF COLLOID SOURCE.

Tc-99 anp C-14.
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PSEUDO-COLLOID FORMATION

THE AMOUNT OF SORBED RADIONUCLIDES IS
APPROXIMATED BY

Wd - Mg Kd C'a

M, IS THE MASS OF GROUNDWATER coLLoIDS, C, 1s

THE ACTIVITY LEVEL OF RADIONUCILDES 1IN
LEACHATES, AND Kd IS SORPTION COEFFICIENT.

o UNLIKELY TO YIELD OBSERVED ACTIVITIES UNLESS
HETEROGENEOUS CONDENSATION TAKES PLACE.
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SPENT FUEL PERFORMANCE IN DRY ENVIRONMENTS:

(A) OXIDATION
(B) FRACTURE
(c) RADIONUCLIDE RELEASE
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OXIDATION AND FRACTURE OF SPENT FUELS

e RapronucLIDES : C-14
¢ Lower-VALENCE OXIDATION :

- NoT CerTAIN TO HAVE 100 % OxxzpaTION FOR 10,000
YEARS AT NEAR BoILING POINT OF GROUNDWATER.

- THE SPHERE MopEL IS THE BEST CHOICE BOTH FOR
MATRICES AND FOR GRAIN-BOUNDARIES IN THE
DiFrFusioN LimiT. DEVIATION FROM PARABOLIC
LAaws APPEARS TO BE SIGNIFICANT.

- Neep CoNFIRMATION OF No MorisTurReE EFFECTS UNDER
PRESSURIZED CONDITIONS IF EXIST.

- NeEep THE AsseSSMENT OF (A) REACTION CONTROL AND
(B) DiFrusioN CoNTROL IN OxIDE MIXTURE.
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o UO0,, TRANSIENT : A TiMe DeELAY, 8, A TiME PERIOD
MAINTAINING A PLATEAV OF [0/U]=2.4

- OBSERVATIONS:
(aA) SHARP TRANSIENT IN SF: & 1S ToO SHORT |
To BE MeEAasURED AT AsoVE 283° C anp Too LoNna
To BE MEASURED AT BeELow 225° C.

(8) UNIrRraDIATED U0,: U;0, NUCLEATION AT
Cracks 1IN U,0,.

- KINeTIC AND EoQuILIBRIUM APPROACH 1IN THE
OxIDATION OF UNIRRADIATED UO,.

[EauAaTION] AND [TABLE]
- RoLE oF ALPHA RADIATION DAMAGE:

(A) ACCELERATED REACTION WITH THERMAL
SPIKES.

() DecoMposITION OF AMORPHOUS U,;0,.

(c) ApPLICATION OF KINETIC AND EQUILIBRIUM.
APPROACH.

~ RoLE oF FissioN Propbuct CHEMISTRY.

NRC/TMA/10.15.93/ANL/PAGE 35




UNCERTAINTIES:

- U,0; FORMATION ESPECIALLY AT GRAIN BOUNDARIES
IN EITHER CRYSTALLINE OR AMORPHOUS PHASES.

- AMORPHIZATION OF U0, AnD U,0,.
- Low TEMPERATURE KINETICS OF U;0,.

- ALPHA-DEcAY EFFECTS.

[TABLE]

KINETIC APPROACH FOR THE ASSESSMENT oF UO,,
TRANSIENT

THE TIME DELAY, &, FOR THE NUCLEATION IS NORMALLY
DESCRIBED TO BE PROPORTIONAL ~ AG,° OR ~ (T AG,°) FOR

THE DILUTE SUPERSATURATION, RESULTING IN (ahs, 1992and1993]

b 1
[-AH, (T - T)/Ts + €16

T
[-AH, (T, - T) /T, + €1°

THE DRIVING FORCE FOR THE NUCLEATION, AG, HAS BEEN
GENERALLY APPROXIMATED TO BE {-AH, (T - Tp) /T + €}
WHERE AH; IS THE TRANSFORMATION ENTHALPHY, Tg IS THE
TEMPERATURE OF THE BOUNDARY BETWEEN EQUILIBRIUM PHASES
WHICH CAN BE APPROXIMATED BASED ON THE THERMODYNAMIC
DATA BASE, AND € IS THE STRAIN ENERGY ASSOCIATED WITH
THE TRANSFORMATION. ADDITIONAL ENERGY INPUT SUCH AS
RADIATION CAN.BE ADDED TOO IF NECESSARY.
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HYPOTHETICAL
EQUILIBRIUM:

ACTIVITIES
EXP (-AG,/RT) WHERE AG, IS THE FREE ENERGY

OF FORMATION OF THE HIGHER OXIDES.

TRANSIENT

OF

EouiLIBRIUM APPROACH FOR THE ASSESSMENT ofF U0, ,

HIGHER

CaLcuLATED RELATIVE VALUES OF THE TIME DELAY AND OF

THE EquiLIBRIUM CONCENTRATION.

OXIDES

IN

1: For a chosen value o ; = 24

MAJOR ALPHA-EMITTING RapronucLIDES IN LWR SF

time delay equilibrium
concentration
& for the & for the C; at360° C
0 First Equation Second Equation TCOC *1)
1 Ta T 280 -~ 101 Cy
10 - 1071, ~ 1041, 250 - 107 ¢,
100 - 101, ~ 1024, 150 ~ 104 C;
,000 KJ)/mol. -

Discharge

Activity Activity Daughter

’ Half Life (CVY/MTIHM): (CVMTIHM): Product -
Radionuclides (Years) 10 Years 100 (300) Years after (Half Life
after Discharge in Years)

87.7

2,330

1,150
@37

U-234
(2.45x10%

2.41x10*

313

312

U-235
(7.04x10%)

6.56x10°

527

526

U-236
(2.34x10%)

Am-241

433

1,650

3,750
(2,750

Np-237
(2.14x109

Cm-244

18.1

1,320

© 42
0.02)

Pu-240
(6.56x10%)

_—
—

|

o BoTtH SF AND UNIRRADIATED U0, MAY NEED TO BE TESTED
IF ALPHA DAMAGE 1S ResponsiBLE FOR THE U0,,
TRANSIENT.
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FRACTURE

THE STRESS (OR PRESSURE) DEVELOPED ASSOCIATED WITH THE
VoLUME CHANGE IS GIVEN BY

o = E AV

(L-2v) 3V

THE DETERMINATION OF DIFFERENTIAL STRESS CAUSED BY
THE UO, OXIDATION

Fracture I’ Calculated 0 (MPa,

Strength Equation 4) for Three
(MPs) Values of AV/V (%)

Properties K 16 ~ 42 AVIV = o=
(*1) 1 1,219

i 6

“ 35.8 43,630 |

The manufactunng process of UC, was not specthied for E and ¥, whereas Iracture strengihs are jor various manulactunng
processes of UO,.
*] : Modulus of rupture.

T(C) 0 ~ 1,000 — —

CALCULATED VALUES OF THE INCREASE OF THE SURFACE
AREA AssocIATED WITH FRACTURES IN 100 % Oxiprzep SF

AVIV (%) € (erg/em®) Surface Increase Fracture
(factor) Path

1 2.03x 107 2.2 x 10 (0.71) . grain boundary

3 1.83x 10 2.0 x 10? grain boundary
. (6.40 : all)

2.60 x 10" 1.9 x 104 matrix
(620 :all)

I—Farametcrs Used in the Calculations] ¢

(2). A spherical parucle with a radius of 0.055 cm (an arbitrary value between 0.025 and 0.07 cm).

(). A spherical grain of a radius of 1.75 x 10% cm.

(c). A factor 4 % was used in the conversion of the strain energy to the surface energy.

(d). The surface energy, 1,000 erg/em?, was used and 1/3 of the surfacc cnergy was assumed to be the high-angle grain-
boundary energy.

(¢). The parentheses of surface increase are ratios to total grain-boundary areas.

(f). Other parameters were from the Table of stress calculation.

(g). Because many steps ere involved in the oxidation as shown previously, the percentages of volume changes are with respect
to UO,. Minor corrections can be made for various precursory oxides.
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AccoMMoDATION OF U,0; To A CERTAIN VOLUME FRACTION
?

e He BurrLp-up ?
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EFFECTS ON RADIONUCLIDE RELEASE

® Aaueous ENVIRONMENTS : SATURATED AND UNSATURATED

- Tc-99 AnD C-14 : OxiIDATIVE DISSOLUTION AND
INCREASE OF SURFACE AREA. ENHANCEMENT OF
INSTANTANEOUS RELEASE FROM GRAIN BOUNDARIES
AND RIMS.

- Pu-(239+240) anp AM-241 :
SOLUBILITY INCREASE AND (PrOMOTION OF
XOLL?ID FORMATION WITH INCREASE OF SURFACE
REA) .

-® DRry ENVIRONMENTS : MAINLY C—14

(n) EXTERNAL SURFACE AReA: '“C0, or 'CH, FORMATION.

CRACKED INTERNAL SURFACE: SHORT-CIRCUIT OF C-
14 TRANSPORT.

(B) EFFECTS ON THE BEHAVIOR OF C-14 (NEXT).

(c) TransPoRT (NEXT).
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EFFECTS ON THE BEHAVIOR OF C-14

CHEMICAL AND PHyYsicAL FORMS IN THE AS-RECEIVED
SF:

- Bounp C-14.
- CARBIDES (OR OxICARBIDES): NEED CONFIRMATION.
EFFECTS OF OXIDATION:
- CARBIDES OR OXICARBIDES: OXIDATION May
BE SIGNIFICANT UNDER CONDITIONS OF RADIATION
OR HIGHER-OXIDE FORMATION.

- C-14 RELEASE FROM SURFACE REACTION THROUGH
MATRIX POWDERING BY HIGHER OXIDE FORMATION.
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EFFECTS ON TRANSPORT

Atomrc ForM ofF C-14:

- INCREASED MOBILITY WITH OXIDATION:
NoN-sTOICHIOMETRY OF UO,, OR FORMATION

oF AMORPHOUS PHASE 1IN U,0, AND U,0;.

- RELEASE MAY BE SIGNIFICANT IN BOTH
THE UNoxipizep AND THE Oxipxzep SF MATRIX,
IF Bounp 10 (A) No orR SiMPLE POINT-DEFECTS,
(B) ConTINuOous DisLocaTIiONs, AND (c) GRAIN
BOUNDARIES.

- ENHANCEMENT IN INSTANTANEOUS C-14 RELEASE FROM
GRAIN BOUNDARIES AND RiMs, DUE TO GRAIN-
BouNDARY ATTACK.

e Bounp TO EXCESS OXYGEN:

- DIFFIcuLT TO0 MOVvE UNLESS A CONTINUOUS

AMORPHOUS NETWORK EXISTS.

DATA

o ALL AT HiGcH TEMPERATURES AT WHICH U,0; FoRrMS.

[FIGURE]
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KiNETICS OF OXIDATION AND KrR-85 RELEASE DURING THE

ExPOSURE OF IRRADIATED UO, T0 AIR AT 400° C @,
Houlton and Price, 1985)
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CLADDING FAILURE

RabpronucLIDES: C-14.

OXIDATION: SIMILAR TO THE CASE OF MATRIX OXIDATION.
INvOLVES (A) PRE~TRANSITION AND POST-TRANSITION
OxIDATION; (B) GRAIN-BOUNDARY OXIDATION AT A FINITE
THICKNESS; AND (c) PLASTIC DEFORMATION.

C-14 RELEASE:

- CHEMICAL AND PHYSICAL FORMS IN THE AS-RECEIVED
CLADDING: BounD C-14 OR CARBIDES (NEeD
CONFIRMATION).

- C-14 MoBILITY IN UNOXIDIZED CLADDINGS: RELEASE
Is UNLIKELY TO BE SIGNIFICANT BUT
A POTENTIAL PROBLEM.

- EFFECTS OF OxIDATION: MOBILITY OF C-14 ATOMS MAY
BE INCREASED. Bounp C-14 10 OXYGEN MAY
BE MoBILE oNLY WITH (A) ConTINuOuUsS NETWORK
OF DISLOCATIONS AND  GRAIN BOUNDARIES AND
(B) FORMATION OF PosT- TRANSITION
Oxipes. CARBIDES MAY DEcOMPOSE WITH RADIATION.

® UNCERTAINTIES: (a) C-14 GRAIN-BOUNDARY SEGREGATION,
(B) Oxipe TrAaNSITION, AND (c) RATE-LIMITING PROCESS
OF DETRAPPING OR TRANSPORT.

o ExisTinGg DaTa:

DirrusioN (AND DETRAPPING) OF Atomic C-14 May
BE SIGNIFICANT IN BoTH THE UNOXIDIZED AND
THE Oxipxizep SF MATRIX. RoLE OF PosST-TRANSITION
Oxipe AND OTHER RATE-LIMITING STEPS MAY
LEaD TO DIFFERENT CONCLUSIONS.
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~PROTECTIVE POST-TRANSITION OXIDE.

'l

Temperature (* C)

Transition Time

(Years)

Oxide Thickness
(cm for 10,000 Years)

THE CALCULATED OXIDE-VOLUME AND THE TRANSITION TIME
FROM THE PROTECTIVE PRE-TRANSITION OxIDE TO THE NON-

100

1.62x10’°

1.15x10°

150

3,636

9.48x10°

200

182

2.18x10°

mmm T
*  Although it is known that the post-transition oxide forms in air at temperatures sbove 350° C , following Van der Linde
equation, the pre-transition oxidation kinetics are considered to be essentially the same in water or steam, fused salt or air
at 350° C, However, the equation of Van der Linde gives less oxides than Hillner equation,

C-14 RELEASE FROM PoST-TRANSITION OXIDE OF THE
CLADDING [Aha,1993]

Temperature (* C)

Time to Total Release (Years)

200

parabolic

46

cubic

2.94x10*

parabolic

1.50x10°

cubic

5.46x10°
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OR SELF-DIFFUSIVITIES IN U, ZR, ZIRCALOY,
AND THEIR OXIDES (au, 1993]

Diffusivity (cm*/sec)
{D Values at 100° C}
<D Values at 200°* C>

3.51x10°% x
cxp(-30,700 calURT) {4.7x107} <2.8x10%>

1.41x10% x
exp(-38,000/RT)
{1.1x10%} <5.1x10%'>

8.90x102x 870-1,250
exp{-32,060/RT)
{1.9x10%} <1.7x10>

2.45x101 x
exp(-35,920/RT)
{3.0x10%} <7.9x10" >

0.9x10% x
exp(-28,700/RT)
{1.8x10%} <6.0x107">

1.36x10% x

exp(-28,400/RT)
{4.0x10%} <1.2x10"7>

9.7x10° x
exp(-56,000/RT)
{2.4x10%) <1.9x102>

1.2x10° x
exp(-65,300/RT)
{1.2x10%} <1.3x107>
7x10% x
exp(-29,700/RT)
{3.6x10%7} <1.6x10">
2.06x10° x
exp(-29,700/RT)
{1.1x10%} <4.8x1077>

7.5x10?
2.2x10°*
2.0x15¢

0.0024
x exp(-38,000/RT)
{1.8x10%)

0.0018
x exp(-27,500/RT)
 {1.8x10M
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CONCLUSION
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CONCLUSION

® Neep FURTHER STUDIES OF

- HicHER OxIpE FORMATION AND C-14 ReLEASE IN DRY
ENVIRONMENTS, .

- (A) VITRIFICATION PROCESS VARIABLES,
(B) VITRIFICATION PRODUCT CONSISTENCY,

- (A) SF AND GLASS MATRIX DISSOLUTION,

(B) CorLLoip ForMATION IN SF AND GLASS,
(c) CRITICALITY RELATED TO ALTERATION,

"o REFocus CURRENT TECHNICAL ASSESSMENTS FOR FUTURE NAS
AMENDED RULES.
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