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 FOREWORD

This feport presents the results. of a cooberatiﬁeueffort between: the
General Atomic Company (GA)., Kernforschungsanlage (KFA), and fhe”Oak~Ridgev
Nafional Laboratory (ORNL)-under the United States-Federal Republic of-
Germany Umbrella Agreemeﬁt for Cooperation in Gas-Cooled Reactor Development.
The objective of this fask is to evaluate existing low-enriched (LEU)*
fuel,partiéle-informationAto,éupport]the development -and licensing'of LEU or
-medium-enriched (MEU)* fuel particles for useé in high-temperature. gas-cooled
reactors: to . meét safeguard and nonproliferation requirements. The-. ‘
evaluation results-will alsovbe:used to plan a devé1obmental=program9for:;l~
providing aaditional information needed and for. improving the irradiation-: :
performance of LEU/MEU fuel pafticles. This report completes the-work'.;tgf'
scope described in Project Work Statement FD1, "Critical Evaluation of 'LEU

Fuel Performance Data."

Two major guidelines were followed in the preparation of this report.
First, the review is strictly material-oriented; no reference is made to
-the design requireménts'of specific reactor systems. Secondly, the review
is confined primarily to information related to tﬁe irradiation performance
of LEU uranium—oxide-bésed fuel systems. Data from other fuel materiéls are
inéluded,only if they are applicable to the LEU fuel systems. Information
on LEU fuel fabrication is excluded.

The main part of this report contains a condensed version of the infor-
mation related to the four important areas that control the irradiation

performance of LEU fuel particles: » .

!

*In this review, LEU, MEU, and HEU refer to fuels of different enrich-
ment in U-235. Generally speaking,LEU refers to fuels of less than 107
enrichment, HEU refers to fuels of about 937 enrichment, while ‘MEU refers
to fuels of intermediate enrichment (20% to 40%).
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1. Plutonium transport
2. Fission product~transport
3. Mechanical performance

4. Chemical performan@e

Details are contained in the references noted throughout. The LEU
~ fuel . programs of various laboratories and information too detailed. to be
included in the main part of the report are described in Appendixes A, B,

C, and D.

In viéw of the short time span during which this report was prepared,
and the continuous evolution of LEU/MEU fuel particle technology, the
authors of this report do not claim that the informétion gathered is com-
plete and current. waever, they‘hope that this report can sefve as the
basis for continuous updating of LEU/MEU fuel,particle perforﬁance

information.

iv



ABSTRACT -

V The available data on low—enriched (LEU) fuel particles were reviewed
vunder the United States-Federal Republic of Germany Agreement. The most
'1nf1uential factors controlling the irradiation performance of LEU fuel
,particles were found to be plutonium transport fission product transport,

fuel particle mechanical performance, and fuel particle chem1ca1 performance.

PLUTONIUM TRANSPORT

Pu-238, which is derived from U—235 represents the dominant radio-
logical hazard. Since the U-235 inventory in an LEU core is approximately
the same as that in an HEU core, plutonium transport is therefore of V

importance to both LEU and HEU systems.

The diffusion coefficientbof plutonium in highetemperature—isotropic
pyrocarbon 1s about an order of magnitude higher than that of uranium and
two orders of magnitude higher than that of thorlum. A BISO coating is not
a good barrier for plutonium release, but a TRISO coating retains plutonium.

Graphite appears to be an effective trap for plutonium

E The phase compositions and plutonium vapor pressures over irradiated
uranium oxycarbide kernels have been deduced from thermodynamic data. It
is concluded that plutonium is present in solid solution in the corres-
'ponding uran1um—conta1ning phases, and ‘that the vapor pressure- is lower
than that of plutonium carbide. - Experimental confirmation of these con—'

clusions is desirable.
FISSION PRODUCT TRANSPORT

The'reduced diffusion‘coefficients D' of cesium diffusion in oxide

kernels of different compositions, enrichments, and densities have been
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compared. Good agreement exists in some cases. More work is needed to
establish how the structures (porosity, grain size) and burnup affect the

D' wvalues.

Silver releasevis higher‘from-BlSO particles than TRISO particles.
Silver release is also higher from carbide fuel than oxide fuel. The
retention of silver in intact TRISO particles is not as complete as the
other fission products, at least at temperatures above 1450 K. ngh dens1ty
SiC with minimum free s111con content (<0.3 weight /) is requlred for m1n1—
mum release. A breakthrough mechanlsm that 1s actlvated when a certain
critical silver concentration is reached at the inner SiC. surface is pro—
posed for silver transport through.Sic. Silver is trapped in irradiated

nuclear graphite at'temperatures around 1300 K. The same is true fOr- ~
unirradiated graphite and matrix materials at some temperatures below
1100 K, but there is no retention in compacts,,fuel rods, or spherical .

fuel elements at typical operating temperatures.

Strontium is retained virtually completely in UOé kernels surrounded
by an intact coating layer, but above 1750 K strontium and barium are lost
from the TRISO particles although Kr, Xe, and Cs are still retained It
appears that strontium and barium d1ffuse through the pyrocarbon coating
at these high temperatures and attack the SiC coating When the SicC layer
is penetrated, it is no longer a barrier for the diffusion of thesev
nuclides. The D' values for strontium and barium have been determined for'
' (Th U)O in the temperature range 1760 < T < 1920 K and in UO2 The D' for
barium is sllghtly higher than that of strontium. _ ‘

) D'-values for the diffu51on of short—lived gaseous f1531on products in
UO2 and (Th U)O _are deduced from release data.‘ The release of short-lived
gaseous fission products from porous kernels does ‘not seem to depend on
burnup, but for the dense kernels there is a large increase Wlth burnup.
Empirical equations have been given to relate the release from failed par-
ticles with the burnup. No information, however, is available on the effect

of conversion to carbide and hydrolysis on the release from failed
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particles. A model to be used for reactor safety analysis has been pro-
posed; its purpose is to make conservative estimates of fission produqt'

release from failed particles during temperature transients.
FUEL PARTICLE MECHANICAL PERFORMANCE

- The present stress-strain models héve been successful in describing
TRISO particleNfailure and BISO pértiéle dimensional changes for ekisting
particles. For neutronic ‘and fuel cycle cost reasons, the LEU/MEU par-
ticles are larger in diameter. There ate indications fhéf, in agreement
. with Weibull statistics of strength of brittle ﬁaterials, coatings of '
larger diameter have ldVer strength and higher failure prdbability,'fThis
is, however, not substantiated By some of the experimental results avail-
" able. Nevertheless, it appears that the larger LEU/MEU particles might |
require de;elopment work-to*imﬁrove their coating strength'in order to
survive the required sefviée‘limits. Otherwise, these particles have to
be designed within the range of existing technology (i,e., <800 um -

diameter) ¢
@

' .Models, diffusion equations, and empirical formulas have’béén givehato'
“describe the release of stable‘fission.gases from oxide kernels. For the '
burnup planned for the LEU/MEU fuel systems, the release appears to be
relatively high. More carefully planned experiments are needed to.relate
the structures of the kernels,'théltempéraﬁure,.and the burnup with the
release. ‘ -

Because of the higp free oxygen yield for plﬁtonium\ fissioning, the
CO pressure in irradiated LEU fuel particles is expected to be much higher
‘than that in irradiated HEU fuel particles. ‘Higher CO'pressure can lead to
preésuré'vessel failure and "amoeba" failure. Tﬁe”theoretiéal maximum and
minimum values of excess oxygen.per fission are calculated from the fission
yields of different fissile nuclides and their oxidation state. Most~of
the experiqentally 6bserved values‘for porous U02, deﬁse (Th,U)OZ,‘and dense

ThO2 fall below the theoretical minimum vélue.
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The use of oxygen getters or Buffers (sic, uUc, zrcC, and.Ce203) for
lowering the CO. pressure has shown promise in a number of irradiation
experiments, although a small increase in the release of barium and rare

earths has been observed.
FUEL PARTICLE CHEMICAL PERFORMANCE

The existing results obtained by studying kernel migration coefficients
have been compared. It appears that the HEU oxide fuel particle “esultsv
caq‘be used to establish the LEU/MEU oxide fuel particle design. However,
some discrepancies exist among the available kernel migration coefficients
of Uozz-and an understanding of the ogide kernel migration mechanism is
~ still lacking.

. Oxygen getters and buffers (SiC, UC, ZrC, and Ce203) have been tested
for reduction of amoeba migration in oxide particles. The results are

encouraging.

Localized attack of the SiC coating by the noble metal fission product
Pd has been oBserved in a numbef of irradiation experiments involving LEU
~and plutonium fuels. Controlled experiments are needed to define the tem-
perature and burnup for the Pd-SiC reaction to occur. Development of
improved coatings tﬁat can resist Pd atﬁack is necessary in order to pre-

vent the Pd-SiC reaction from limiting LEU/MEU fuel particle performance.

Avallable LEU fuel particle performance 1nformat10n has provided a
broad data base for the development of LEU/MEU fuel systems. With con-
flrmation and refinement of these data, and a,carefully planned program for
improving the LEU/MEU fuel particle performance, it should not be difficult
to develop a 11censable fuel system to meet the demand of LEU/MEU high-

temperature gas-cooled reactor systems.

viii



FOREWORD
. ABSTRACT
PLUTONIUM TRANSPORT . « « « v & o o o v e e e e e e e e asn
1.1, Pl |
1.2,

1.

CONTENTS

e o e e o e’ & e e & e o o . . . e ® o & ® o . e o ¢ o

-PlutoniumATranSport‘Through Intact Particle . . . . . .

TransportbFrom Failed Particle . . . . . e s e e e e

REfErences . v v v o o v o o o o o o o o o o0 o 0 e e 0. .

FISSION PRODUCT TRANSPORT &+ + & « « o o o o o o o o & o o o .

2.1.

2.2,

2.3.

2.4,
2.5.

2.6.

2.7.

Cesium REle@Se .« ¢ v v v o v v o o v o o o o o e o u
2.1.1. Cesium Release From LEU Oxide Kernmels . . .. ..

2.1.2. lComparison With Other Data i. I

S1lver Release . . « v v v o v o o v v o 0 0 ool
2.2.1. Silver Release From LEU Particles e e e e e ;
2.2.2. Recommendations for Improving Silver Retention

Strontium and Barium Release . ¢ v ¢ ¢ ¢ o o o o o o @

) Short—Lived Fission Gas Release From Failed Partlcles .

Release of Solid Fission Products From In-Pile Broken

TParticles « v h h 6 e v e e e e v e e e e s e e e e e

2.5.1. Observations on Strontium . . . « « « « « + . .
2.5.2. Observations on Cesium . . . « « &« « & & A

Release of Fission_Pfoducts From Failed Oxide Partieles
During Temperature Tramsients . . , « . « ¢« + & o « + &

_Fission Product Release From Carbon Dilu;ed'UO Fuel ..

2

References -« c- v v v 4 v o 4 4 6 4 eie e 6 e e e e e e e

3.1.
3.2.

3.3.

., FUEL' PARTICLE MECHANICAL PERFORMANCE . + « « « ¢ « o4 o « &

Mechanical Performance Modeling-. . « « &« « « o « « & &

Stable and Long-Lived Fission Gas Release From the
Fuel Kernel . . . + o ¢ o ¢ ¢ v o v ¢ o o o o o o o o s

Internal CO ReleASE . o v v o o o o o o o o:0 o o o o o
3.3.1. CO Release Measurements . + s+« « » + o 2 o s o @

3.3.2. Oxygen Getters and Buffers . « « « « « + « + 4

REfErenCeS + v ¢ + ¢ o o o o o o s o s s @ o o o o o o o o

ix

iii

2-13
2-16
2-19

2127
2-27
2-27

2-27 -

. 2-31-

2-31 -
3-1
3-1.

3-6
3-13
3-13
3-21
3-25



4. CHEMICAL PERFORMANCE . . . . & ¢ ¢ o o o o o o o o o o« o s &

4.1. Thermal Migration (Amoeba) in Oxide Systems . . . . . .

4.1.1. Migration Mechanism . . . . . . . . .. .. ..

4.1.2. Thermal Migration Data of Oxide Fuel . . . . .

4,1.3. Means for Reducing Oxide Kernel Thermal

Migration . . ¢ o o ¢ o ¢ o ¢ 26 4 o o e e e

4.2, SiC COrrosSion . « v v o« o o o o o o o s o « o o o s o

4.2.1. Reaction With CO . + , v o v v v v v o v o o .

4.2,2. Strontium Corrosion . . . . .« . . . 4 e 4 . o .

4.2.3. Rare Earth Attack . . . . . . . ... e e e

4.2.%. Palladium AEEAck .« « v o o o o v o o e e e a

REfErences . . o « « o s o o o o o o o o o o o o o0 o 0 o

5. CONCLUSIONS AND DISCUSSION . & « v v v o o v o v o v v v o W

5.1. Plutonium Transport . . . « « o « o o « o o o o o o o 4

5.2. TFission Product TTanSpPoTt « « v v o « o o o o « o o o

5.3. Fuel Particle Mechanical Performance . . « . . « . . .

5.4. Fuel Particle Chemical Performance . . . . . . « . . .

6. RECOMMENDED LEU/MEU FUEL DEVELOPMENT PROGRAM . . . . . . . .

6.1. Plutonium Release . . «. ¢ ¢ « ¢ o ¢ o o o o « o o o s

6.2. Silver Release . e e e e e e e e .. .'. .

6.3, Coating Failure on Large Particles . . . B
6.4. CO Pressure in LEU/MEU Fuel PartiClésv. .. . e e ..
6}5. Amoeba Migration of LEU/MEU Oxide Kernels . . . . c ..
6.6. Pd Attack of SiC Coating . . . C e e s e e e e e e

6.7. Additiomal Efforts . . . « ¢ o ¢ v v tio v 0 elie et
ACKNOWLEDGMENTS e s s e &+ s . e e o s o & s e o o o s e o & &

APPENDIX A.
APPENDIX B.
APPENDIX C.
APPENDIX D.

THERMOCHEMICAL EQUILIBRIA IN MEU HTGR FUEL-. . . . .
IRRADIATION TEST OF LOW-ENRICHED FUEL IN THE FRG . .
LEU FUEL PERFORMANCE DATA FROM THE ORNL PROGRAM . .
BELGONUCLEAIRE PROGRAM FOR DEVELOPMENT OF COATED

PARTICLE FUELS CONTAINING PLUTONIUM AND LOW-ENRICHED

URANTUM & & ¢ 4 4 ¢ & o o & o o o o o o o o o o o

4-1

41

4-1
4-2

bety

44

4-7
4-9
4-10
411
4-12
5-1
5-1
5-2
5-3
5-5
6-1
6-1
6-1
6-2
62
6-3
6-3
6-3
7-1
A-1
" B-1
c-1



2-11.,
2-12.

2-13.

2-14,

FIGURES -

D1ffus1on coefflcients of plutonium in isotropic pyrolytic .

carbon e e e e o s e e e e & & 6 §F 6 6 8 6 e 6w oo e e e &

Reduced d1ffu81on coefficient of Cs in UOy and (Th,U)0y -
versus mean kernel surface temperature . . . . . . . « « o ..

Reduced diffusion coefficients for cesium diffusion in' Th02
kernels . ¢ & o 4 ¢ 0 0 0t e 4 e 0t s e e e e e e e e e

Measured Ag-110 m release durlng 1770 K anneal of BISO and
TRISO particles irradiated below 920 K (UKAEA Harwell 919/6

exXperiment) . . v i 4 e 4 4 e 4 s s e e s s e s ee e

Reduced diffu31on coefficients of silver in UO2 and

[

(TR UJ0p « v o vt et et

Summary of measured silver releases from Dragon’ TRISO and
BISO low-enriched U0, particles . . . i « « o o & v o o o &

Measured Ag-110 m release from BISO oxide and carbide fuel .
(Dragon FE 477/rods 1 2, and 6;. 557 full-power days .
irradiation) . e v e e e e e e e e e e e e e e e e

Measured Ag-110 m release from TRISO particles with well-
characterized SiC deposited under optlmum conditions ‘
(Dragon MT 2; 347 full—power days) . R

Model descr1p§1on of silver penetration through silicon
carbide'follows in-pile (and out-of-pile) release rates . .

Radial profile of Cs-137 and Ag-110 m in irradiated
graphite (Dragon LE7/1400) T T

Reduced diffusion coefficients of strontium in UOy (Brown
and Faircloth, 1976) and of strontium (Myers and Bell 1974)
and barium (Myers, 1977b) in (Th, U)02 e e e e e e e e e

Reduced diffusion coefficients of Kr, I, Te, and Xe
effective in the release of short-lived fission gases . . .

Reduced diffusion coeff1c1ents of Kr and Xe versus
irradiation temperature . . . .« « « 4 ¢ o o 0 ¢ 0 e 0 e .

Reduced diffusion coefficient of Cs in hlgh—burnup (Th U)02

obtained from measurement of Cs-137 kernel loss . . . . . .

Fractlonal release of Cs=137 as a function of irradiation

* temperature for carbon-diluted, high-enriched U07 fuel

(kernel density 3 g/cm3) compared to undispersed oxide fuel
(kernel density 8 to 10 g/cm3; Eq. 2-2) T Y

Fission product release from bare, carbon—diluted U0y fuel
3 g x cm™ 3 . e o o s e e s e e e e e e e e e s e e .

Survival fraction of outer pyrocarbon layer versus

parameter- proportional to PyC volume (batch OR 1694, WAR) .

xi .

v

2-18
2-22
2-23

2-30

2-32



2-2.

Outer pyrocarbon critical anisotropy values for different

size TRISO fuel particles . .« ¢ « v ¢ ¢ ¢ v o 4 o « o« »

Reduced diffusion coefficient of xenon versus irradiation
temperature in the Myers formalism and in the Turnbull &
Shipp model . ¢« ¢ ¢« & ¢ ¢ v ¢ v ¢ v 4 s 4 e 0 e e e

Reduced diffusion coefficient of xenon - versus irradiation
temperature from gas measurements of Dragon and UKAEA LEU
particles that have not been included in Turnbull & Shipp

i <O

Reduced diffusion coefficient of xénon versus 1rradlat10n
temperature for dense, low-enriched U0, particles . . . .

Experimental atomic oxygen release per fission in ThO, and
Thg,81Ug, 1902 particles as a function of U-233 plus U-235
burnup and equilibration temperature . . . . . . . . . . .

Free oxygen atoms per uranium fission versus equilibration
temperature before crushing particles for CO measurement .

Free oxygen atoms per plutonium fission versus equilibra-
tion temperature measurements from G. W. Horsley (GWH),

T. B. Lindemer (nat. U0 BISO/TRISO), and A. Strigl
(others) . & v ¢ ¢« o ¢« o o o s o & . e e e e e e e e

Dragon advanced coating experiment Colibri HTR 3,

irradiated in the Osiris reactor for 207 days . . . . . .

Free oxygen per plutonium fission versus irradiation
temperature with burnup as a parameter . . . . . . . . .

Kernel mlgratlon coeff1c1ent of oxide fuel partlcles o e
TABLES

Release fractions and distribution for intact BISO ahd
TRISO particles in P17, P18, and P22 (Buzzelli, 1977b) . .

Vapcr pressure‘of plutonium and uranium fuels at 1500 K .

Constants a, b in the description of the reduced diffusion
coefficient D' (s~1) of fission gases in oxide fuel as a
function of temperature T (K): LOGig D' =-a-b/T . . .

Cs—-137 kernel release from (Th,U)07 HTI BISO particles in
spherical fuel elements of DR—K4, irradiated in Dragon for
742 days o v v 4 o 4 v e e e 4 e e e e e e e e e e e e e

Particle characteristics and irradiation behavior of the
BR2-P12 experiment . . . . + ¢ ¢ . ¢ o v e e 0 e 0 e e

Yield of oxygen binding fission products from the various
fissile isotopes (Meek and Rider, 1977) and calculated
number of free oxygen atoms per fissiom . . . . . . . . .

xii

3-5
3-9

3-11

3-12

3-19
3-20

3-22
4-3

2-21

2-28

3-3

3-15



Minimum fraction of kermel getter or buffer required for
complete suppression of CO (and amoeba) in oxide kernels .

KMC parameters for the plots shown in Fig. 4-1 . . . . . .

xiii

toom

3-24
4-5



1. PLUTONIUM TRANSPORT

, During its 1n—p11e operation, the LEU f15$11e particle breeds more
plutonium than the HEU fissile particle. The higher plutonium yield 1s of '
concern for two reasons: (1) plutonium is . a potential health hazard and
 the release of plutonium isotopes from fpel particles can lead to serious
consequences from the standpoint of reactor‘safety; and (2) the fissioning
of Pu-239 produces more noble metal fission products (e.g., Pd) and less
stable oxide-forming fission products than the fissioning of U-235; such
differences in fission product yields are detrimental to the irradiation

performance of the fuel particle.

Since«Pu-239 is derived from U-238, which is more abundant in~LEU
-fuel, the fuel particle performance problem is much more important to the
~LEU fuel particle than to the HEU.fuel particle. This will be addressed'in
more detail in Sections 3 and 4. The health hazard‘problem, hewever, is not
unique with LEU fuel. As pointed out by Bell (1977), among alldthe pluto-
nium isotopes fu—238 (half life = 87.4 years) is the dominant plutonium
nuclide of radiological concern. Since Pu-238 is derived mainly from
U-235,. and since the:LEU and HEU cores contain aboufvthe same amount of
U-235, the Pu~238 inventory in. the LEU core does not differ significantly"
from that in the HEU core..-An understanding of plutonium's transport
behavior is thus of importance in the design of both LEU and HEU gas— ‘

cooled reactor systems. -
1.1.  PLUTONIUM TRANSPORT THROUGH. INTACT PARTICLE

At a given temperature, the plutonium pressure in an irradiated oxide
particle depends. upon. the nature of the phases present and the plutonium
concentration in these phases. These are, in turn, controlled by the

initial kernel composition, the U-235 enrichment, and the burnup. To
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reach outside the intact particle, the plutonium atoms would have to

diffuse through the pyrocarbon coating and the SiC coating;

The diffusion coefficients: of plutonium in high-temperature~isotropic
(HTI) methane coatings (density = 1 860 Mg/m , BAF* = 1,034, deposited at
2273 K at a rate of 60 um/h) have been measured by Baldwin, Winchell, and
Langer (3977) in the temperatute range of 1260 to 2050 K. The results are

shown in Fig. 1-1, which can be expressed by>the equétion»

12,000
T

log10 Pu (m /s8) = -7.35 - ‘(1-1)

The D values for plutonium are about an qrder of magnitude higher than.
those of uranium in isotropic pyrolytic carbon and two .orders of magnitude
higher than those of thorium. It would be highly desirable to extend

these measurements to low—temperature¥isotropic (LTI) coatings. -

BuzZelli (1977a) measured the in-pile release of plutonium and certain.
metallic'fission products from loose, intact, BISO coated and TRISO coated
(Th, U)C particles (95/ enriched) irradiated in the General Electric test
reactor. . The BISO coated partlcles were irradlated in. capsules P17 at,
1500 to 1700 K-and P18 at 1650 to 1850 K, and the TRISO coated particles.
were irradiated in capsule P22 at 1550-to 1750 K. During the irradiation,
each of the three particle samples was contained in'a graphite'thimble
inserted into the graphite body of-the capsule. The wall thickness of the
thimble was about 0.1 cm. - The irradiation times were 159 days for capsule
P17, 264 days for capsule P18, . and 266{days'for capsule P22, The nuclide
inventories in the particles; the thimbles, and the graphite bodies were
determined after the irradiation.' Results for Pu, U, Th, and Sr-90 are
given in Table 1-1 (Buzzelli, 1977b), from which the following conclusions
were drawn by Be11'(1977).

1. The fractional release of plutonium from the TRISO particles was
 low (1.0 x 10 ), which could be attributed to contamination.
_This indicates that SiC effectively retains plutonium.

*Bacon anisotropy factor. .
1-2
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PARTICLES IN P17, P18, AND P22 (BUZZELLI, 1977b)

. TABLE 1-1
RELEASE FRACTIONS AND DISTRIBUTION FOR INTACT BISO AND TRISO-

.Fractions Found in Thimble and Graphite Body

P17, BISO P18, BISO P22, TRISO
(Th,U)C, (Th,U)C, (Th, U)C,
Species Thimble Graphite Thimble Graphite Thimble.
: Body Body '
Pu 1.3x 1073 |14 x10 2.1 x102 1.1 2102 | 1.0 x 107
U 7.9 x10° |8.9x10° [2.1x10% [ 1.6 x10% [5.6x 107
Th 1.2x10% 11.3%x10™ [1.4x102 {2.1%x10° | 2.6 x 107
Sr-90 0.09 0.01 0.35 0.41 " 1ow




2. The fractional release of plutonium from the BISO -particles was
. relatively high (1.3 x 1073 for P17, and 2.1 x 1072 for P18).
This indicates- that a pyrocarbon coating is not an effective
diffusion barrier for plutonium.
e - . o o
3. - Essentially all the released plutonium stopped in the thin-walled
_ graphite thimble that contained the particles. This indicates.
thét graphite can act as an effective sink for the sorption of .

plutonium or an effective diffusion barrier.

4, The fractional releases of uranium and thorium were low, which

- could be attributed to contamination.

5. .Thé fractional release of Sr-90 from the BISO particies wasfhigﬁ
/(0.10 for capsule P17, and 0.76 for capsule P18). The thin-
| walled grabhite thimble does not appear to be an effective bar-
rier for strontium'diffﬁsion, and .a large fraction of the Sr-90

' released was found in the graphite body outside the thimble.

6. Plutonium release from BISO particles was much lower than

strontium release.

The effectivenes; of S8iC as a diffusion barrier for plutonium has
been demonstrated in other high temperature irra&iétion experiménté. For
instance, TRISO goated_plutonium oxide particles (26% Pu203,180% Pqu,-dis-
persed in carbon at Pu/C ratios of 1:30.5 and 1:21) were irradiated in
Sthdsvik to 207 FIFA* at 2123 K (Barr'gg_gl:, 1967). No evidence of pluto-
nium release from the coated particles was detected during postifradiation.

examination by gamma-ray spectrometry.

. *Fissions per initial fissile atom.
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1.2. TRANSPORT FROM FAILED PARTICLE

In an intact oxide ﬁarticle, the phases present in the kernel are in
equilibrium'with the carbon buffer and the prevailing CO pressﬁre in the
particle. When the coating fails; the CO molecules escape from the par-
ticle and the kernel reaéts with the surrounding carbon until all the ker-
~nel is converted into the carbide phase in equilibrium with carbon. How-
ever, if the CO partial pressure in the helium coolant exceeds the equilibrium
CO'pressﬁre for the conversion reaction, the conversion will not take place.
If ﬁhe CO pressure is low and the kernel is converted to carbide, and sub-
sequently- the moisture 1evel_of the helium coolant increases, then the car-
bide wiil be hydrolyzed and returned to oxide .-through the oxycarbide stage.
Thus, depending ubon the CO pressure and moisture level in the. helium
coolant, the fuel in the failed particles could contain oxide; carbide,
oxycarbide, or a mixture of these phases, and " the vaporization loss of
" plutonium could vary widely. Table 1-2 compares ‘the vapor preésures of
various plutonium and uranium.oxides, carbides, and oxycarbides at 1500 K
(Bell, 1977). It can be seen-that'while:UCZ has a lower. vapor pressure than
U02, PuC
of PuC

2 has a higher vapor pressure than Pu02. The vapor pressure

0'500 5°
ration method, is many orders of magnitude higher than that of both PuC2

determined by Potter (1967) using -the Langmuir free evapo-

and Pﬁoz. This could be due to experimental error. Nevertheless,‘the
vaporization loss of plutonium from failed LEU fuel particles can vary
widely, depending upon the initial fuel composition, the irradiation con-
ditions, and the environmental impurity.contents in the helium coolant.
To assess the plutonium vaporization loss, an evaluation should be made on
the basis of the thermodynamic data and phase relationships of the U-C-0'
(Stoops and Hamme, 1964; Chiotti, Robinson, and Kanno, -1966; Henney, 1966;
Henry et al., 1967; Steele, Javed, and Alcock, 1970) Pu-C-0 (Potter, 1967)
and Pu-U-C-0 (Potter, 1970) systems to determine the phasés present in the

kernel and the equilibrium CO pressure as a function of temperature and

burnup.

Recently, Besman of ORNL calculated, on ‘the basis of thermodYnémit

data, the nature of the phases present in uranium oxycarbide fuels of
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VAPOR PRESSURE OF PLUTONIUM AND URANIUM FUELS AT 1500 K

TABLE 1-2

Total Pressure

Principal

Reference

System (atm) Vapor Species
PuC2+C 6.8 x 10—19 Pu Mulford et ai., 1962
UC2+C : 6.7 x 10—15 U | Lonsdale and Graves, 1962
Puo, 1.0 x 10712 Pu0, Pu0,  |Cleveland, 1970
. vo,, 1.].x.10_12' vo, Cordfunke, 1969
R S P
PUCO.SQO.S 3 x 10 " - Potter, 1967
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'various carbon-to-oxygen ratios and different plutonium concentrations. ‘
Details are presented iﬁ Appendix A. The calculations assume thefmodynamic
equiiibrium and ideal solid sﬁlution behaviors present in the pﬁases. The
‘calculated results indicate that the plutonium will Be present in solid -
solutions with the corresponding-uranium—containing phases, and,that.the
plutonium partial pressure over the equilibrium phases is considerably.
lower than that shown in Table 1-2. The concentration of piutonium in

the irradiated fuel is shown to have more effect on the plutoﬁium partial
pressure than the amount of carbide in the initial fuel. In view of the
assumptions made in the calculations, the quality of the ﬁhermodynamic data
available, and the effects of CO and moisture levels in the helium coolant,
these conclusions need.to be checked experimentally. Ifradiated‘LEU fuel
particles 6fﬁvarious oxygen—-to-uranium ratios can be laser-failed and
‘studied. for plutonium loss in helium as a function of temperature and
theVCO and,HZO content of the helium. The information geﬁerated will be
useful in the selection of LEU kernel composition, which can lower the
amoeba effect, tie up the rare earth fission products, and héve tolera-

ble plutonium loss from failed particles.
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2. FISSION PRODUCT TRANSPORT

2.1, CESIUM RELEASE

2.1.1. Cesium Release From LEU Oxide Kernels

Cs-137 is one of the most intensively studied isotopes used when
investigating fiss&on product transpbrt behavior, .and much experimental'
dafa'are available. For LEU fuel, the méin‘sources of information are the
measurements of Brown and Faircloth (1976) of the United Kingdom Atomic
vEnergy Authority (UKAEA), Harwell, on 802 dense UO2 prepared uéing the _
powder agglomeration technique. The kernel release was determined by
cracking irradiated,'intact, TRISO coated particles and measuring the
Cs—137 content in the kernel and the‘coating. Since work on the Dragon
projeét (Voice, Walter, and York, 1973) shows that no cesium is released
through intact SiC (D < 1072 '

_ coating to that in the particle can be taken as the fractional release from

mz/s), the ratio of the Cs-137 content in the

the kernel. By applying the equivalent sphere model, the experimental data
‘can be'psed to calculate the reduced diffusion coeéficient Dés of CsQJ37 in

the kernel. The logarithm of D' (s-1) is plotted versus the inverse:of the"
mean kernel surface temperature T (K) during irradiation (or anhealing) to

show an Arrhenius-type felationship (see Fig. 2-1).
Careful evaluation of the data obtained from most:recent,éxperiments
with 807 dense, 18% enriéhed, and HTI-TRISO coated UO2 kernels by Brown

(1977a) gives the relationship

LI *__A -
log10DCS 3.92 (10,21?. 18,900/T : (2-1)

*One standard deviation from mean.
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and the coating ofAUO

" vo

for the following irradiation conditions: 0.1 to 1 W per particle rating,
3% to 127 FIMA,* 70 to 700 days, 1300 to 1800 K, 0.1 to 4 x 1025 m_z’
fluence (EDN+). épecifically, there is no burnup dependence and no depend-
ence on the cesium concentration in the buffer/lnner pyrocarbon layer for
the D' value obtalned The results shown in Fig. 2-1 also indicate that
LTI coatings result in higher cesium releases from the kermel (Brown,v
1977b; Reitsamer, Falta, and Nabielek, 1978), which cannot be explained

by the higher diffusivity of Cs in LTI pyrocarbon.

. Friskney (1975c) determined the distfibution of cesium in the kernel
9 particles irradiated at a high rating (1 W per par-
ticle; Friskney and Simpson, 19753) and‘at low rating (0.1 W per particle; -
Friskney, 1975¢) for a 1dnger time. The measured amount of cesium retained
in the UO2 kernel is in good agreement with that deduced ffom Eq. 2-1 up to
1700 K. However, there are indications of a tempereture-independent
limiting value of the effective diffusion coefficient in o, at temperatures

>1700 K.

©2.1.2. Comparison With Other Data

Figure 2-1 shows goqd agreement'between the data ontained‘on porous,
powder-agglomerated UO2 and dense,vgel—precipitated, high—enriched.(Th,U)O2
(HTI-BISO coatings irradiated to 13% FIMA) (Reitsamer, Falta, and Nabielek,
1978). Good agfeement also exists between these data and those for dense

9 and UC2 partlcles irradiated to 50% FIMA (Zoller, 1976) However. the
main reference data at GA and KFA for dense ThO and high—enriched (Th, U)OZ'
fuels differ significantly from that expressed by Eq. 2-1.

The diffusion coefficients of cesium in dense. sol-gel ThO2 and HEﬁ

(Th, U)O kernels have been determined by GA and ORNL from postirradiation

kernels, coated ThO kernels,

anneallng results, using irradiated bare ThO

2 2

*Fissions per initial heavy metal atom.
tEquivalent Dido nickel.



and coated (Th,U)O2 kernels (Myers and Bell, 1978a). The results:are:
plotted in Fig. 2-2, and the GA data can be expressed by the equation

= - . L . _
log, i = ~2.42 = 14,000/T . | , (2-2)

While the GA data indicate no signifiéant depéndence of D' on bufnup, the
ORNL data do.’ Furthefmore; the D' values of GA are significantly larger

than the D' values of ORNL, particularly for FIMA values of about 1%.

When Fig. 2—1'is éompared'with Fig. 2-2, it can be seen that there is
a difference in the' D' values by over two orders of magnitude. This could
be due to the &ifference in the grain sizes (i.é;,’the gffectiﬁe diffusion
distances) in these different types of irradiated kernels, but more studies

are needed to resolve this discrepancy.

Furthermore, the KFA. reference figures for kernel cesium release from
400 um diameter (TH,U)O2 at burnups greater than 57 FIMA are calculated by

using the equation (Stover and Hecker, 1977)

1 - - - . . - /
log;oDeg = =5.93 A4100/T s | - (2-3)

)

- which yields Dés values much higher”thén thosé given by qu.AZ-J and 2-2.
Stover and Hecker point out that at low burnups (<5% FIMA) cesium retention
in the kernel is high in the temberature fange of 1200 to 1400 K;‘and_phat
at high burnuﬁs the data are much more scattered. No attembt has been

made to explain this scatter and the,différence in D! values obtained from

Cs
Egs. 2-1, 2-2, and 2-3.

The fission product release méasurements on kernels or coated particleé
.in general yield the reducea diffuéion éoefficient-D' on éhe basis of the
equivalent spﬁere model.. The D' value is related to the in-grain diffusion
coefficient D, which is an inherent material property, and the‘effe¢tive
diffusion distance (or grain size) "a" by the equation D" = D/az. The D'

value can also be related to the effective diffusion coefficient Deff and
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the kernel radius r by the equation D' = Deff/rz._dlu reviewing the fission
product release data obtained from kernels and coated particles in this
report, we shall give the D' Values deduced directly from'experimental_
release data instead of the D or the D of f values. This is because (1) we

do not know the mean value of the grain size in the kernel or how it w111
change durlng irradiation, and (2) we do not think the whole kernel struc-—
ture can remain unchanged dur1ng 1rradlat10n. Therefore, cautlon has to

be exercised in applying the D' values obtained on one type of kernel struc-
ture to calculate the fission product release from the kernel of a different
structure (i.e., for a certain "a" value) unless we are sure that no matter
what the initial kermel. structures are the irradiated kernels have essen-
tially the same "a'" value. - This is an important point to remember when

literature D' values are used for calculating fission product release.
2.2. SILVER RELEASE

2.2.1. Silver Release From LEU"Particlee o

The silver inventory is one order of magﬁitude_higher in 20% enriched
fuel irradiated to 27% FIMA. than in 93% enriched fuel irradiated to 80%
FIMA. Use of LEU fuel, therefore, increases the need to deal with the

silver release problem.

The experimental evidence of silver kernel release from oxide fuel

comes from three sources:

1. Fission product content in kernel and coating of intact TRISO
particles (Brown and Faircloth, 1976; Reitsamer, Falta, and

Nabielek, 1978).

2, Measurement of Ag-110m and Ag—111 (Nabielek and Brown, 1975)
released from BISO partlcles in fuel bodies and trapped in
graphite (Nabielek, Brown, and Offermann, 1977; Groos et al.,

S 1977).



3. Annealing at 1770 K of BISO particles irradiated below 920 K (Fig.
2-3) (Brown,’Bfownsword, and Hooper, 1977a). ’The study demon-—
strates that only kernél retention is limiting the particle
rélease rate and yields the: ‘reduced d1ffu51on coefficient

= (9.3 x 10 )/s. The results are identical for methane-

and propene—derived pyrocarbon coatings.

The reduced diffusion coefficiemt Df of silvgr in U02 amd‘(U,Th)Ozﬂqan'
be represented by the equation (Nabielek, Brown, and Offermann, 1977;
Reitsamer, Falta, and Nabielek, 1978) . 5 : o

log Dsq = 1-26 = 11,040/ , - o (2-4)

wheré'T is the irradiation or annealing temperature in K (Fig. 2-4). The
results are based om the evaluation of low-enriched UO2 in the témperatufe'
range of 1300 to 1700 K and of high-enriched {U,Th)’O2 of Th/U = 3 to 25. in
the temperature range of 1100 to 1400 K. It is possible that more detailed
sfudigs may reveal differences'due to different fabrication romtes and ker-
nel composition. The most qompiéte and definitive evaantiom,of the
behavior of fission pfmduct'silvér is contained imfa recent papef by
Nabielek, .Brown, and Offermann (1977). The conclusions from this‘work are

stated below:

1.  Silver release from BISO particles is higher than from TRISO par-
ticles (Fig. 2-5). There is practically no retention of silver by

pyrocarbon (see also Offermann, 1977) at temperatures >1100 K.

2. There is higher Ag-release from carbide fuel than from oxide fuel

(Fig. 2-6). y '

3. The retention of silver in intact TRISO particles is not as com-
plete as for all othervfission products, at least at irradiation
Atemperatures above 1450 K (Flg 2-7). High density silicon car-

bide (>3200 kg x m ) with minimum content of free silicon (<0.3
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weight %) is required for minimum release, but the SiC property

responsible for Ag permeation through SiC has not been identified.

An undetectably small amount of free silicon‘(é0;1 weight %) is likely
to be still present in grain boundaries and small pores of SiC coating. "It
can be arguedAthat this leads to a breakthrough type of mechénisﬁ (Nabielek,
1976a; see also Fig. 2-8) which depends on a certain critical Ag concen-
tration to be reached at the inner SiC.surface. Silver release fractions
below 10—3 can be achieved by eifher reducing the free silicon in SiC or
by‘reduciné kernel release (low irradiation temperéture/SiC.gettef in ker-

" nel; Brown and Faircloth, 1976).

Ag moves through graphite like a gas, but is trépped in irradiated
nuclear graphite at temperatures around'1300 K (Fig. 2j9; Nabielek and
Brown, 1975). The same is true for unirradiaﬁed»graphite and matrix
‘materials at some temperatures below 1100 K, but there is no reteﬁtion in -
compacts, sticks, and spherical fuel elements at typical operating

temperatures.

2.2.2. Recommendations for Improving Silver Retention

As indicated earlier, the release from BISO particles is practically
identical to kernel release observed in the temperature range 1100 to-
1800 K. While intact silicon carbide produced under "optimum'" conditions
(Voice and Scott, 1972; Ford, Hibbert, and Martin, 1972) retains all other
fission products complefely, silver is released to a variable degree at
_irradiétion temperatures above 1450 K#* (NaBielek, Brown, and Offermann,
1977). - A . S S

This necessitates the use of sblely TRISO fissile particles and the

development of means for improving silver retention in fuel bodies. The

*The annealing of TRISO particles at 1773 K (Fig. 2-3) showed a break-
through time of 10 days, while cesium did not break through after 250 days
(Brown, Brownsword, and Hooper, 1977a).
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5

develépment program should include the careful study of silver transport in
as-produced silicon carbide (irradiation plus postirradiation examination)

and further investigations of the following observationms:

1. SiC addition to the kernel has shown a gettering effect (Brown
and Faircloth, 1976) while other additions are ineffective

(Forthmann et al., 1977).

2. Improved SiC produced by depositing the outermost layers very
slowly (reduction of surface flaws to give increased strength)

showed some improvement in silver retention* (Brown, 1977b).

3. Thicker (90 um) SiC gives some improvement in silver retention'

(Nabielek, Brown, and Offerménn, 1977).

4. Nitrogen-doped SiC (reductioh of free silicon) has 207 increased
'burstiﬁg strength (Hick, 1976) and is expected to show improve-

ments in silver retention.

5. Silver is trapped in irradiated nuclear graphite (Nabielek and
Brown, 1975) and by metallic getters in matrix materials

(Forthmann, Grubmeier, and Stover, 1977). = "
2.3. STRONTIUM AND BARIUM RELEASE

Dragon project measurements of Sr-90 in kernel and coating (irradiated
at T < 1750 K) after the cracking Qf intact TRISO particles revealed that
(after correction for recoil and contamination) strontium is retained vir- -

tually completely in UO, kernels surrounded by an intact céating layer

2
(Nabielek et al., 1974; Brown and Faircloth, 1976). Microprobe analysis
failed to detect strontium in the inner pyrocarbon coatings (Friskney  and

Simpson, 1975b), but showed it to be evenly distributed in the UO2 matrix

*The improvement is probably negligible for long-term irradiation.



‘(Friskney and Simpsoﬁ, 1976). It appears that the recoil fraction is
reabsorbed in the kernel‘at irradiation temperatures up to 1750 K and that
strontium is largely retained in the UO (Forthmann et al., 1975; Frlskney

and Slmpson, 1976)

Above 1750 K some strontium is‘lost from the oxide kernel. .This can
be described approximately by a reduced diffu31on coeff1c1ent D' w1th (Fig.
2-10; Brown and Faircloth, 1976) C
2’

log, D' [Sr in UO,, 1770 < T < 1920 K] = 10.5 - 36,100/T . (2-5)

In this temperature range, Kr, Xe, and Cs are still retained in TRISO
particles, but Sr and Ba are lost from the partlcle. These.elements (Sr
and Ba) are released froém the kernel in suff1c1ent concentration to attack
the SlC layer. When the SiC layer -is completely penetrated, it -is no
ldnger a barrier to these nuclides or to Cs release (Broﬁn and Faircloth,

1976).

At General Atomic Company, the diffusion coefficients for strontium
(Myers and Bell, 1974) and barium (Myers, 1977b) in HEU (Th,U)0,, (Th/U =
14, 17) kernels have been determined in the temperature range 1760 < T <

1920 K (see Fig. 2-10). The results can be expresseduby the equations:

log10D' [St in (Th,U)OZ, 1670 < T < 1920 K] 9.29 - 31,030/T , (2-6)

log, D' [Ba in (Th,U)0,, 1670 < T < 1920 K] = 8.33 - 29,100/T . (2-7)

Barium release'hae been observed to be higher than Sr release from
porous U0, fuel by Friskney and Simpson (1975a, 1976), but it is difficult

to quantify the electron'micrdprobe observations made there.

Strontium release of 98% has been observed during the irradiation of

loose, bare, carboh-diluted.kerneis at 1640 K (Nabielek, 1976b).
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Fig. 2-10. Reduced diffusion coefficients of strontium in UO, (Brown
and Faircloth, 1976) and of strontium (Myers and Bell, -
1974) and barium (Myers, 1977b) in (Th,U)O2
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2.4. SHORT-LIVED FISSION GAS RELEASE FROM FAILED PARTICLES

The reléase of short-lived fission gases (Kr-88, Kr-85m, etc.) from
" failed fuel particles represents one of the principal contributors to the
radioactivity of the circulating helium cqolant and must be limited during
normal operations. Furthermore, R/B measuféments (R = release rate,
B = birth rate) provide important information about particle breakage ‘
 during irradiation tests, and they can be used to confirm .the validity of
- stress-strain model calculations of particle failure fraction (Hick,

Nabielek, and Harrison, 1973; Bongartz, T977),

In a fundamental study, J. R. Findlay at Harwell (Brown éﬁ.ﬂl;’ 1971)
measured the fission product isotopes Kr-85m, Kr-87, Kr-88, Kr—89, Kr-90,
Kr-91, I-131, 1I-133, Te-132, Xe-133, Xe-135, Xe-137, Xe-138, and Xe-140
(half lives from 14 s to 8 d) réleased infpile from bare kernels. After
producing powder route kernels with LTI and HTI TRISO_coatings'and sol-gel
kernels with HTI TRISO coatings, the coatings were cracked off and the‘bare>
_kernels, mixed with graphite powder, were irradiated 'to approximately 1%
FIMA at temperatures of 973, 1273, 1523, and 1773 K. Purified CO was added
to the hglium flow to mainfain~the stoichiometry in the bare UO2 kernels.
The measured release rates over this temperature range can be interpreted in

terms of the equivalent sphere model with the steady state release given by

n1/2 : :1/2 n1/2 . | _
% =3 (];—) [coth (-g—') - (%—) ] s ' (2-8)

where A = 1n 2/t1/2

flux correction for Xe-135. The D' values deduced from the expefimeﬁtal

(s_1) is the decay constant, which has to include ‘a

release results can be fitted by the equation

log, D' ™" = -a -{% : : 2-9)



The numerical values of a and b* obtained from the least-squares-fitted
linés are given in Table 2—1f The diffusion coefficients are plotted'.

versus 1/T in Figs. 2-11 and 2-12.

As seen in Fig.v2—11, the diffusion characteristics of short-lived
fission gases are not influenced strongly by the kernel fabrication routé
or heat treatment during coating. Despite the limitations of this work |
_(low burnup, no»qarbgrization of the kernelvsurface), these data have suc-
cessfplly,been used to describe‘total core release from the Dragon reactor
(Shepherd, 1971; Nabielek et al.,‘1974) and the out-of-pile release measure-
ments of Dragon test fuel (Good and Giles, 1975). Furthermore, no burnup

-dependence was observed with porous, light-enriched UO, fuel.

2
The,expressions shown in Eq. 2-9 with the constants given in Table 2-1
represent an overdll fit to the release data for all isotopes over the tem-
perature range 1000 to 1800 K. These fits imply an activation energy for
diffusion in the range 80 to 120 kJ/mol. More carefulrtréatment of "the '
data might permit differentiation between the effects of volume Qiffusion,
grain boundary diffusion, and recoil. It is assumed that volume diffusion
[with activation energies of approximately 280 kJ/mol (Nabielek et al., .
1974) ] operates above 1550 K, while the release rate becomes very nearly
independent of temperatures at low temperatures (Burnette, Bell, and. |

Baldwin, 1973; Pointud and Chenebault, 1977).

Mﬁllgr (1976) investigated short-lived fission-gas release rates from
the THTR ball tests in R2 Studsvik (dense mixed oxide fuel). The measure;
ments include the isotopes Kr-85m, -87, -88, -89, -90, -91; Xe-133, -135,
—137, -138, -139, -140; and I-133, -135, and led to an assumption of dif-

fusion coefficients (see Table 2-1 and Figs. 2-11 and 2-12)

log10D' (Kr, Xe in (Th,U)Oz, 1000 < T < 1500 K) = -7.60 —K2187/T » (2-10) .

*Care must be taken not to confuse the activation energy of D', given
by 19.14 x b kJ/mol, with the activation energy of R/B, which is one-half
of the value above when R/B = 3(D'/A)1/2.
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Note: UO9 figures from in-pile release of bare kernels (Brown et al.,
1971). (Th,U)0y figures from release of broken particles in
spherical fuel elements (Miiller, 1976).

Fig. 2-11. Reduced diffusion coefficients of Kr, I, Te, and Xe effective
in the release of short-lived fission gases
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Reduced diffusion coefficients of Kr and Xe versus irradiation
temperature. Comparison of overall fit for dense oxide fuel
(Myers, Baldwin, and Bell, 1977c¢c; Miller, 1976) to measured
Kr-85 m (Pointud and Chenebault, 1977), and fit for porous

'low-enriched oxide fuel (Brown et al., 1971)

2-23



log10D' (I in (Th,U)Oz, 1000 < T < 1500 K) = -4.70 - 6560/T -, . (2-11)

for an overall fit to the data on 15 spherical fuel elements.» It is con-
cluded fhat these diffusion coefficients are relevant (if somewhat approxi-
mate) to the predictlon of R/B w1th1n the equivalent sphere model formula
(Eq. 2-8) for 1n—p11e broken fuel at end-of-life burnups of 10/ to 18%
FIMA. Ma831ve particle breakage >50% occurred only in one case (R2- K4,
ephere 3), but end-of-life Kr-88 and Kr-85m from broken fuel remained <1%
(EOL temperatures 1000° to 1150°C).

The behavior of fission gas release from failed fuel particles has
been reviewed by Myers, Baldwin, and Bell (1977e). An upper limit on the
release rates -of Xe, I, Te, Br, and Se is given by assuming effective dif-
fusion coefficients, which are shown for burnups 0%, 7%, and 147 FIMA in
Table 2-1 anleig. 2-12. From these, in-pile release rates for short-
lived fission pfoducts can be predicted according te Eq. 2-8, and the same
diffusion coefficients also hpply~to_the calculetionzof the fractional

release of stable gases in terms of the equivalent sphere model.

Studies on the felease'of short-lived fission gases (Kr-85m,‘Kr—88,
and Xe-133) have been conducted by CA and CEA (Burnette,‘Bell, and Baldwin,
1973; Harmon and Scott, 1975; GA, 1975; GA, 1976; fointud and Chenebault,l
1977) on bare oxide and cafbide kernels, laser-failed oxide ahd carbide
fuel particles, and in;pile broken oxide and carbide particles. The
release rates are found to be a function of the substrate‘surrbundiﬁg the
kernel, the porosity of the kernel, and burnup. Tﬂe results lead to the

following conclusions:

1. At temperatures greater than 1300°C, the release of short-lived
| fission gases from failed fuel particles in fuel rods occurs pri-
ﬁarily by recoil and knock-out from the kernel into the porous
carbon buffer layer, followed by gas phase diffu31on (below
600°C) and bulk diffusion (above 900°C).
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2, The activation energy for bulk diffusion in fuel rods is 33 +8
kcal/mol for Kr and 27 #8 kcal/mol for Xe in the temperature
range 1000° to 1500°C. " The activation.energy for the gas phase
diffusio; is 0.7 kcal/mol for Kr and Xe at temperatures bélow
400°C. These activation energy values for bulk diffusion are in
»good‘agreément with those obtained bnyFA workers (Groos-et al.,
1977). No activation energy measurementé“have been made dirécti&

on failed fuel particles.

. 3. The steady-state fractional release depends on a power of thé
nuclide half-life, with the exponent equal to 0.2 +0.1 at tempera-
tures between'250° and 350°C, and app:oaching 0.5 .%0.1 af tem-
perétures between 850° and 1300°C. -

4. For failed particleé containing dense kernels in fuel rods at
low burnups, the_R/B value for Kr-85m at 1100°C is 0.005 *0.003.
At high.Burnups, the initially dense kernels become porous and

the R/B value increases significantly.

For Th02 and 8 ThOé,—41 UOZ; Myers (1977f) obtained the following formula -
to relate the R/B with the burnup F (% FIMA) for F < 11% on the basis of’
data from CEA and GA:-

(RF/B')T ”F = [0.133 + 0.828 F>*® 4+ 0.867 e—ZOSF](R/B)T o
’ - : . o

where,(R/B)T F R/B for temperature T and burnup F (% FIMA),

’

(R/B)T‘ R/B for temperature T and zero burnup.
‘This formula, however, is found not applicable to oxide fuel of higher

uranium content.

In agreemeht with the Dragon project, Pointud and Chenebault (1977)
noticed that the release rates of {nitially porous kernels did not change

;
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with .burnup, but that iﬁitially dense kernels showed a large increase in
release réte with burnup. Similar effects can be observed with internal
cesium release and the 1nternal release of stable Xe and Kr. This is not
.unexpected.« In1t1ally, the releasing unit of the dense kernel is of the
size of the whole kernel, while with high  burnups the kernel is proken up
into crystallites 3 to 30 Hm in size with fesulting higher releases. A
unified concept describing all fission product: transport within particle

kernels would contain:

1. Crystallite size as a function of pfoduction route, burnup, and
‘temperature. '
2. "True" diffusion coefficient in U02, etc.

3. Hold-up in grain boundaries (if applicable).

The above treatment disregards the reaction between the oxide kernel
and the coating in failed particles. Upon continuous operation at high tem-
perature in the reactor core, the oxide kernels of tﬁe failed particles will
be converted to carbides -if the equilibrium CO pressure ofrthé reaction is
higher than the partial pressure of CO in the helium coolant, which is in turn
controlled by the reaction between the graphite and the moisture in the
helium coolant. The rate of conversion is temperature—depehdent and the
converted carbide kernel will have a much ﬁigher R/B value if exposed to
" helium coolant containing high moisture content.. The rate of conversion
of ThO2 kernels in failed particles has been determined under various con-
ditions at different temperatures (Burnette, 1978). The kinetics of the
reduction of UO2 by carbon was studied by Lindemer, Allen, .and Leitnaker -
(1969). The effect of hydrolysis on the fission gas release rate of con-
verted ThO2 kernels is under 1nvest1gat10n (Montgomery, 1978). Similar
work should be carried out on failed fuel particles containing LEU ox1de
kernels in order to provide information on how the R/B value is affected

' by conversion to carbide and the suBsequeﬁt hydrolysis by moist helium.

Carburization of broken or bare oxide particles has been observed By the
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Dragon project in loose particle irradiationms, butineither the Dragon pro--
ject nor KFA have found it within fuel bodies (compacts/spherical fuel

elements).

The burst release of the inventory of sbort—lived fission gases upon
particle failure is of interest to reactor safety analysis. At high-tem-
peratures (>850°C)Ameasured R/B values are:in general proportionalvro the
square root of the half life (= T?}g). During the in-pile burst of a
significant number of partlcles, the sudden escape of stored flss1on gases
(inventory « ?/2) should produce a short time T:/; dependence. This has
been observed in a Dragon project particle test in Studsvik (Nabielek,
1976b). |

v

2.5. RELEASE OF SOLID FISSION PRODUCTS FROM IN—PILE-BROKEN,PARTICLES

2.5.1. Observations on Strontium

While the release of strontium and barium from U02 kernels remains

below 1% in intact ox1de partlcles (T rr < 1700 K), about 507 loss of
strontium has been observed when partlcles break dur1ng 1rrad1at10n (T, irr R
1570 K; Baker, 1974). This possibly is due to a partial conversion of the

oxide kernel to carbide (in loose particle irradiations).

2.5.2." Observations on Cesium

~ No drastlc loss of cesium could be detected from 1n—p11e broken ox1de :f;”A

partlcles (Reitsamer, Falta, and Nablelek 1978) See Table 2-2. »The'
higher release from broken particles is assumed to be due to the loss from

kernel voids.

2.6. RELEASE OF FISSION PRODUCTS FROM FAILED OXIDE PARTICLES DURING
TEMPERATURE TRANSIENTS

Myers (1977e) has-proposed;a»model for.makingle conservative estimation
of fission product release from failed particles during temperature ‘

"transients.
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ThO2 BISO particles irradiated at 1270 K to bﬁrnups'of 1.5%Z and 15%
FIMA are laser-failed and reirradiated at low temperatures for the measure-
ment of the release rates of short—lived_Xe; Kr, and I isotopeé. The
release rates afe measured both isothermally at 14303; 1740°, and .2030°C
and for temperature ramps from 1000° to 2300°C (5 or 24 hours). The release
behavior is idenpical for Xe and I isdtopes and similar with Cs. The time-

dependent released fraction consists of a slow component and a fast phase.

The contribution of the fast phase is determined experimentally as a
function of aﬁnealing temperature with burnup as a parameter. The release
~during temperature transients is estimated by Myérs (1977e) on the bééié
of the fast phase contribution taﬁing into account the difference between
the annealing and irradiation temperatures and the burnﬁp. :Together withf
data on particle breakage duringvﬁemperature tfansients, this provides the

information on fission product release needed for a safety analysis of

'reactor operation. : o - o B ' B L | O T H E K -

It is suspected that the apparent increase of the cesium diffusion
coefficient in (Th,U)O2 in the case of tempefature—éycled experiments
(750°C/900°C/1050°C) with burnup >10% FIMA is also related to the existence
of a fast diffusion path (Reitsamer, Falta, and Nabielek, 1978; see dashed
line in Fig. 2-13). ' | ' ‘

At KFA, Schenk (1978) has observed that the Kr-85 réleaée during post-
irradiation annealing 6f high—burnup (Th,U)Oé brokeﬁ patticleSais very '
sensitive to the steepness of the temperature ramp. High—burnup,‘dense,
low-enriched U02 fuel shows Kr-85 release results independent of the
heating procedure, and, up to 1800°C, the release fraction 'is less or
equal to the measurement of §téble gas release after crushing at the
irradiationbtemperature (see compilation of,SGAE'measureménts by fessler,~

1976).
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Fig. 2-13. Reduced diffusion coefficient of Cs in high-burnup (Th,U)O2
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2.7. FISSION PRODUCT RELEASE FROM CARBON DILUTED UO2 FUEL
The influence of kernel poroéity on fission prodﬁct retention in the
kernel has been demonstrated in the Dragon FPR 2 experiment (FPR = fission
preduct retention). Fission product release was considerably higher from
the porous (3,g/cm3), carbon-diluted U02‘than in undiluted UOZ' This
result was expected (Nabielek et al., 1974). Fractional Cs-137 release
from diluted and undiluted UOé‘is COmpered in Fig. 2-14. ‘Reledse yalues
approaching 100% were measured for the carbon-diluted fuels at temperatures
>1300 K. N |
. The fractional release was determined by gamma spectrometric measure-
‘ments of.the fission product inventory in TRISO coated particles and bare -
kerne;s irradiated to 5.9% FIMA (Lamb and Nabielek, 1976), shown on the toﬁ

of Fig. 2-15.

.At temperatures above 1330 K, there wae a near-complete loss of'Cs—f37,
Sb-125, and Sr-90. Ce-144 was partlally lost, but Zr-95, Ru-103, and
Ru-106 stayed with the fuel. From the drop in the Cs-134/Cs-137 ratio
(bottom of Flg. 2-15), it can be essuﬁed that xenon was released from the
bare kernels in the early 'stages of irradiation. During the annealing for
fission gases, there was only an initiel burst, but no steady release rate
could be obtained Silver was below the detectlon 1imit in the bare kernels.

It is expected that s1lver also was not retained in carbon-dlluted kernels.

REFERENCES -
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3. FUEL PARTICLE MECHANICAL PERFORMANCE
3.1. MECHANICAL PERFORMANCE MODELING

Successfulvmodeling depends on the realistic.input of material data‘
and environmental conditions, and the correct and comsistent specification
of the relevant phy51cal laws. In-coated-particle fuel, the stresses in
the coating layers due to 1nternal gas pressure are calculated Breakage of
a coatlng 1ayer is predicted when the max1mum stress exceeds the given value
of the material's strength.. Particle failure in a number of 1rradiation
experiments has been successfully ‘described for TRISO particles (chk
Nabielek, and Harrison, 1973; Martin and Hobbs, 1977; Bongartz, 1977) and
d1mensional changes of BISO particles can be predlcted (Kaae et al., 1977)
The work of Kaae, Martin, and Bongartz combines the spread in particle
properties as obtained from production data with the strength (Welbull)
statistics of PyC or SicC (neasuredﬁor from the literature) to predict

in—pile failure rates.

The application of stress model predlction is acceptable only. for
existing particle types where the required’ material data are available.
'Extrapolation to new coated particle concepts (e.g., the selection of a’
new low—enriched particle) is acceptable in the case of applying parametrlc
variations to optimize the partlcle design because: '

1. The actual\broken particle fraction will be obtained from irradi-

atijon tests,

-

2. The change of material parameters is approximately known after
many years of experience w1th an extremely wide variety of
coated-particle designs and irradiation conditions in the U.K.,

FRG, and U.S.
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A sensitive point is .the structure and the strength of coating layers
(especially pyrocarbon), which are known to depend on the radius of the
coating layer according to the Weibull statistics and the fine details of
coating conditions. ‘

To improve neutron economy and to.increase heavy metal loading, the
LEU fissile kernel has to be larger than the HEU fissile kernel;ktherefore;

the LEU fissile particle diameter and coating volume are_also’larger.

‘Peach Bottom irradiation resnlts (holzgraf:et al 1977) obtained on_
TRISO coated weak acid resin (WAR) particles of various d1ameters showed .

the OPyC ‘survival fraction decreased with the increase of coat1ng volume

‘'under stress (Fig. 3- 1D Other TRISO coated particle 1rrad1at10n data

(Harmon and Scott, 1975) 1nd1cated that the cr1t1cal anlsotropy of OPyC for
failure decreased as the partlcle dlameter 1ncreased (Flg: 3- 2) Srnce the
stress levels during irradiatlon are hlgher for more anlsotroplc coatings,
this 1mp11es that the coat1ngs on larger partlcles fall at lower stress
levels. The need of low an1sotrop1c coatlng for the OPyC coatlng to sur—l
vive on large particles has also been substantlated by Dragon and CEA data

(Sayers, 1973 Janvier, 1973a, Graham, 1973) | The sharp drop 1n surv1val
-11

fraction of OPyC volumes >5 x 10~ m 9 x 107 um3 in F1g. 3-1) is sur—<

prising by comparison to 1007 surv1val of- propene—der1ved PyC at tempera—
tures 800° C/1000 C/1200°C to doses 6 7 m 1025 EDN 1n Corall VI (Janv1er,
Moreau, and Vo1ce, 1973a) with' OPyC volume 18 X 10 -1 3 (34 rn the un1ts .
of Fig. 3-1). Further 1nvestigat10ns are needed to clar1fy thlS dlscrepancy.
Low—enrlched (9:5%) UO 600 um LTI BISO particles have been 1rrad1ated to_'_

extremely high values of burnup and fluence in the KFA BR2 P12 experlment

(see Table 3-1 for variation of PyC thlckness) No complete assessment is

available at this time. Pre11m1nary v1sua1 m1crorad10graph1c, and
ceramographlc observations show no coating damage at all deSp1te the
increase of in-pile gas release. For interpretatlons of fa1lure ~mechanisms,
see Schenk (1978), Thiele and Bradley (1976), and Bradley and Th1e1e

(1977) '
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Fig. 3-1.

Survival fraction of outer pyrocarbon layer versus parameter
proportional to PyC volume (batch OR 1694, WAR)
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SAMPLE .  PARTICLE
DIAMETER
(um) -
41556 - 131 438
4155 - 138 442
4155-135 448
4155 - 149 446
4000 - 219 489
6151 -00 - 0t 595
6151 -00 - 02 561 .
6151-01-01 500
6161 -02-02 648 C
6151-04-01 - 99
o
4000 - 217 670 . Q
4000 - 199 774 [ m— - |
4000 - 215 783 - ¢|n
" 6252-00 - 02 833 3 B
6155-02- 02 840 e
6252 - 02 - 02 880 oEe=a
6155 - 01 - 02 85 Chemn
l L L 1 L 1 1
1.01 1.02 1.03 1.04 1.0 1.06 - 1.07
BAFopT
Nofe: Bars représent 95 percéntile limits for anisotropy values within

a batch of particles. Darkened region represents fraction of

- batch having failed OPyC coatings after irradiation to > 6 x

1021 n/cm? at temperatures between 1050° and. 1250°C. The
approximation is made that the coatings having the highest
anisotropies failed during irradiation. The larger diameter

particles experience failure-at lower BAFOPT values.

Fig. 3-2. Outer pyrocarbon critical anisotropy values for different

size TRISO fuel particles
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It appears, from the point of view of particle design requirements,
that the larger low—enrlched uranium particles might require development
work to produce coatlng structures and strengths (especially PyC) ‘to survive

the requlred service limits.
3.2 STABLE AND LONG-LIVED FISSION GAS RELEASE FROM THE FUEL KERNEL

The yield of stable and loné—lived Kr and Xe isotopes is about 0.31
atom per fission. The release of Kr and Xe from the fuel kernmel into the .
porous buffer represents a major cause 0f the pressure vessel failure of g
the fuel part1c1e coatlng Experimental measurements of the release of Kr
and Xe isotopes in 1rrad1ated oxide particles. showed that the internal
release of Kr and Xe isotopes. is burnup- and temperature-dependent. Con-
servative design practices requirelthe assumption of 100% gas release from-
the kernel for purposes of stress calculations in theicoating layers.
Numerous studies of the gas release data have been conducted to- correlate
gas release with such parameters as burnup, temperature kernel density, .
kernel diameter, particle heat rating, grain s1ze,.etc.;'To date no com-

plete model has been developed.

. The assessment of noble gas release from low—enriched_UO2 was: attempted

at different stages:

1. . As a function of burnup (Janvier, Bruch, and Blanchard, 1973b)

with irradiation temperature as a parameter (Formann, 1971).

2. As a function of irradiation temperature (Flowers, 1973; Wagner—

Loffler et al., 1973a).

3. As a function of irradiation temperature and burnup and estimates

on the influence of kernel density (Turnbull and Shipp, 1974).



In the final evaluation, Turnbull and Shipp (Horsley et al., 1976)

proposed the following two-stage procedure:

B I

burnup in % FIMA.

A fraction FB of gas atoms escapes from the grain interior to the

grain boundaries by -diffusion with

v

and (U,Pu)0,, 1100 < T < 1820 X

v .
log10D (Xe? Kr in UO2
= -2.30 - 8116/T o (3-1)
. 1 6 e‘“Z"ZD't | |
Fp=1-1%pt ot z : 4 4 ' , (3-2)
: &t n'm

where t irradiation time, s,
T = irradiation temperature, K,
D' = reduced diffusion coefficient, s .

There is retention at the grain boundaries. Only a-fraction_ng

gB'varieswith the total number of gas atoms

of FB is released. F
reaching the grain boundaries given by F

B ¥ Bu, where Bu is the

‘¢

For low valueS'of_FB X Bu, the retention at grain boundaries

is complete; i.e.,

F. =0 v for Fp x Bu < A . (3-3)

Above a critical saturation level Az,vno further retention is

effective.

(3-4) -

F = 1 for F_, x Bu > A

gB B 2



For simpiicity, a linear function is assumed in the intermediate

region: : T e ks
FB X Bu - A1
= —_— < -
ng A for é1 < FB X Bu £ A2 (3-5)

The overall release is given by F = ng X FB .

Using A1 = 0.5 and A2 = 5.0, a large number of measured Xe and Kr
release results on 600 to 800 um kernei'diameter; low-enriched UO2 (20%
. porosity) HTI TRISO particles can be described by this mechanism, the

irradiation conditions being:

Irradiation time 60 to 300 days
Burnup 1.3% to 13% FIMA
Irradiation temperature 880° to 1500°C-

Higher density (5% porosity) kernels were shown to have better retentidn.
If this model is applied to dense U0, kernels of diameters £600 um, the term

_F x Bu has to be corrected for kernel volume and den51ty.

For dense ThO, and (Th,U)0, fuels, Myers et al. (1977) derived an
expression on the basis of Lindemer's data, which predict the release of
long-lived and stable fission gases with the.eqeivalent sphere formula and
a single burnup and temperature dependent diffusion coefficient (see Figs.

2-12 and 3-3).

'iog1oﬁT {Xe,Kr,T,Te,Se,Br in (Th,U)0,, 1170 < T < 1650 K}

_ 5463 3.24 _
= C5.% - 2T TR | (3-6)

This type of representation has been chosen to compare a number of
exberimental results. The effective dlffu31on coefficient D' computed via
the equivalent sphere model from measured release values (and irradiation

time) is plotted versus irradiation temperature with burnup (% FIMA) as a
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Note:

» i
1600° 1400 = 1200 1100 1000 900 800
<———-—|rrod1c1'non temperature - (°C)

Myers 1977

Turnbull & Shipp model \ \
(Horsley 1978) \ \
10* ITK) —— \
! | S— } !
6 7' ' 8 9 10

ThlS effective reduced dlffu51on coefficient, when applled

- within the equivalent sphere model, gives the internal

fractional release of xenon (and krypton) wh1ch is measured
after crushlng of coated particles.

Fig. 3-3. Reduced dlfqulOn coefficient of xenon versus irradiation

temperature in the Myers formalism and in the Turnbull &
Shipp model

i
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parameter (Figs. 3-4 and 3-5). The pred1ct1on of the Turnbull- Sh1pp model
can be shown on the D' versus 1/T plot by assuming a relat1onship between
burnup Bu and irradiation time t. For the purpose of Fig. 3-3, the »w
relation t (days) = 20 x Bu (/ FIMA), which is typical for the evaluated
tests, is used. Myers' pred1ct1ons were meant to represent_upper-llmits
and are therefore higher in the HTR operating range of 1000° to -1250°C and
10% FIMA. More recent Dragon and UKAEAmpartlcles show better retention,of‘
xenon than.predicted by the Turnbull- -Shipp model. ﬁ(SeevFig.~3—4; for HTR3
Xe release, see also Fig. 3- 8) ' Results .on dense, sol—gel UO2 fuels.are
shown in Fig. 3-5. The DR-P4 (Met &4 stress model experlment) kernels pro-
duced by KEMA were coated by HOBEG; DR-P5 was produced by KFA; and fuelvfor
experiments BR2- P11 BR2-P12, and FRJ2 P15 was produced by HOBEG. Only ‘the
latter produces a con51stent set: of results. Further measurements and
evaluation of results on already irradiated, lowfenrlched, dense, UO2 fuel
should be completed when poStirradiation“measurements on the new design of

the low—enriched.fissile particles are planned.

While the above treatment describes the stable fission’gas release
characterlst1cs on the. bas1s of the reduced diffusion coefficient D',
A empirical formulas have also been given by various authors to correlate _
the fractional release F with the burnup. Janvier et al. (1973b) ' measured
) kernels (JO%
‘to 207 porosity) irradiated at 1000° to 1400°C to 2% to 4% FIMA. The frac- °

the release of stdble and long-lived fission gases from UO

tional release F can be related to the burnup (% FIMA) by the equation

= 0.16 (% FIMA) - 0.2 for burnup between 1.5% and 7% FIMA. Above 7%
FIMA, the release is almost 100% of the stable flssion éas formed during
the irradiation. No significant influence of .temperature (1000° to 1400°C)
and porosity (10% to 20%) was observed.. Kanla,et‘al.h(1976),measured the

release of stable Kr + Xe from sol-gel ThO, and Th kernels,

2 0.81 0 19 2
wh1ch were 1rrad1ated in the temperature range 1150° to 1600°C in ORNL HT 12
through HT-15 and HRB-6 . capsules and test GAC P13LC4T6 The upper bound of

the data points can be described by the relationships i

B
-

= 0.10 (% FIMA) for 0 < FIMA £ 6



1600 1400 1200 1100 100C 900 800
~———irradiation temperature (°C)
DRAGON Reference Particle

570d irc, 7.7% FIMA
- kernel density 80%

10-7'— o -
DRAGON HTR3 . .
" kernel-density 73%
8 ’g 210d irr, S-8%FIMA
10 8% -
: 2
410;9_‘ . ~UKAEA gel route particle _
150 dirr, 7% FIMA
\JBO%
\\\x )
.~10 ‘\\x |
10" FUKAEA dry route particle \x\ | , R

kernel density 95% /.80% %
150 d irr, 3-5% FIMA

10 |- o
107 D, (s -
10%/TIK) ——
| ' 1 i

S 6 7 8 g 10

> Fig. 3-4. Reduced d1ffusion coefficient of xenon versus irradiation
temperature from gas measurements of Dragon and UKAEA LEU
particles that have not been included in Turnbull & Shipp fit
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kernel dia. 600 top:without,
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10 5 (- 160 B - 1
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‘kernel-dia. 400p 0| OO |
‘ . S0ue|m|o
04TIK) ——> |
L 1 | ! :
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Note: KEMA/HOBEG particles: DR-P4 (Met 4) experiment ‘
KFA particles: DR~P5 (Met 5) experiment
HOBEG particles: _ BR2-P11, BR2-P12, FRJ2-P15

Numbers adjacent to symbols indicate burnup (% FIMA) _

Fig. 3-5. Reduced diffusion coefflclent of xenon versus irradlation
i temperature for dense, low-enriched UO2 particles
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F = 0.45 + 0.025 (% FIMA) for 6% < FIMA < 227 .
These émpirical formulas séem to indicate that for’ﬁhe burnups (1OZ_to
20% FIMA) required for the LEU fuel under consideration, the fractional
release of the stable fission gases can be expected to be very high.

3.3. . INTERNAL CO RELEASE

3.3.1. CO Release Measurements

The relgase of CO from irradiated.oxide kernels represents a major
contributor to the gas pressure inside an irradiated fuel particle. When
fissile atoms undergo fissioning in an oxide kernel, there are not enough
fission produgt atoms'produced,vwhich:can tie up the released oxygen gtoms
by férming stable oxides. The excess oxygen atoms then react with the carbon

buffer to form CO (also a small amount of COZ*) inside the fuel particle.

Becauée of the difference in fissioﬁ producf yields, the heavy fissile
atoms sugh as the plutonium~isotopes pfoduce more excess oxygen atoms than
the uranium isotopes. The design of LEU fuel particles, which contain more -
plutonium atoms bred from U-238 than the HEU fuel particles, has to take |
the cqntribution of CO pressure into account. 'In addition to the mechanical
effect of CO pressure buildup, the presence of CO may be required for the
oxygen transport from the hot to the cold side during the amoeba miération
of the kernei. |

The theoretical number of excess oxygen atoms formed per fiésioh event
'in an oxide kernel can be calculated from the fission"yieldg,‘the isotopic
composition of the kernel, and the valence states of .the fission products.

'

It can be assumed'withvsome certainty that in oxide fuel the following

oxides exist at HTGR operating conditioﬁs:‘ Zroz, Sr0, Ba0, and (Y, Lla,

RE'I')O2 (in solid solution with UOz)l The ZrO Sr0, and BaO do not interact

2!

*The COp contribution is less than 1% except at low temperatures and
high burnup. \ ,
tRare earths Ce, Pr, Nd, Pm, Sm, Eu, Gd, and Tb. -
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with other fission products to tie up additional oxygen as solid oxides
(Lindemer, 1977). (Cs Rb) U04 sh0u1d be stable at temperatures below
1000°C (L1ndemer, 1977), which helps reduce the oxygen and cesium pressures

considerably.

The yields of oxygenebinding fission products from various fissile
isotopes (Meek and Rider,.1977) and the calculated number of "free'" oxygen
atoms per fission are shown in Table 3-2. From the data in Table 3-2, the

(theoretically minimum) number of free oxygen atoms per fission is given'by
O/F = 0.09 X (fraction U-233 fissions) +‘O.13 X (fraction'U—235 fissions)
+ 0.62 x (fraction Pu-239 fissions) + 0.60 x (fraction Pu—241 fissiens)'

_and the number of CO moles released can be calculated by mult1p11cat10n
with burnup and kernel volume divided by heavy metal molar volume (24.6 cm3

for UOZ)'

The determination of CO content in irradrated’particles is not a simple
matter. When it was suspected that the 10-minute heat treatment before
crgshing the perticle and making the gas measqrement migﬁt not‘achieve‘the
iﬁ—pile Cco eqeilibriem value, the annealing temperature was raised ro
1800°C. . Eventually, it was realized that this procedure led to values for
the CO release that were too high. A series of comparative measurements
were therefore made in different laboratories to. establish the techniques
and procedures (Hick, Nabielek,'and Wagner—LBffler, 1975; Horsley et al.,
1976; Lindemer, 1977; Strigl and Proksch,;1977), which are believe& to yield

the true CO release in the particle at the end of the irradiation.

The reversibility of the attainment of thermodynamie equiliﬁrium has
‘been demonstrated (Proksch and Strigl,'1975;-1600° to 1200°C; Lindemer,
1977, 2000° to 1400°C and 1700° to 1100°C). However, irreversible changes
can occur {(Proksch and'Strigl 1975) when the inner pyrocarboﬁ layer is
damaged and CO is gettered by SiC, or when the release of Sr (and perhaps

Cs) reduces the oxygen getters in the partlcle
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. TABLE 3-2 o .
YIELD OF OXYGEN .BINDING FISSION PRODUCTS FROM THE VARIOUS
FISSILE'ISOTOPES_(MEEK AND RIDER, 1977) AND CALCULATED
- NUMBER OF FREE OXYGEN ATOMS PER FISSION

Number, of Atoms Formed per Fission

U-233 | U-235 | Pu-239 | Pu-241

Zr 0.326 | 0.310 | 0.189 0.157
Sr 0.124 | 0.096 | 0.035 0.026
Ba 0.060 | 0.068 | 0.061 0.069
(a) 0.536 0.542 0.452 0.496

Y, La, RE

Free Oxygen Atoms per Fission

0.360 | 0.403

For trivalent RE- 0.849 -0.847 theoretical
, » _ maximum N
For tetravalent RE | 0.092 0.132 0.623 0.599 theoretical
' minimum
Cs, Rb 0.185 . 0.165 0.151 0.157
(a)

RE = rare earths

3-15



7

Kania et al. (1976) measured the oxygen from 1rradlated ThO2 and HEU
ThO 81U0 1902 particles (Flg. 3- 6). Lindemer (1977) proposed the follow1ng
equation to correlate the'oxygen release as' CO in these'particles.

3214

i log10 (Bu) | 1 ‘3—7)

10510(0/F) =.f0.13 -
for the burnup (% FIMA) range 3 < Bu < 23%, and equilibration temperature
1325 < T < 2270 K with O/F £ 0.36 +‘0,05 (U-235 fission fraction). The
oxygen release represented.by Eq. 3-7 was showm”(Lindemer, 1977) to be

reasonably consistent with that predicted from thermodynamic data for the

"~ . oxides of the fuel and.the fissiou products., Figure 3-7 shows the plots

of Eq. 3-7 for Bu = 5%, 10%Z, and 20% FIMA. The same figure shows the CO

measurement results from HEU Dragon driver fuel (Strigl, 1977) The oxygen
release from the carbon-dilute driver fuel is lower than that for the ThO2
and (Th,UO)O2 particles. 1In the Dragon project, it has always been assumed
that CO production and amoeba migration are to a large deg:ee suppressed in

.carbon-diluted fuel (Wagner-Loffler, 1976).

.Iu Fig. 348, the measured.releases of okygen.per plutonium fission in
low-enriched fuels are plotted against annealing temperatures. Following
Horsley et al. (1976), the contribution of U-235 fissions is neglected.

No systematic dependence on irradiation temperatureband'burnup can be
recognized. The measured values in most cases are significantly lower(
- than the‘theoretical minimum value of 0/F = 0.6. For each singie experi—'

ment; the release is higher at higher irradiation (or annealing) temperature.

A number of interesting effects can be noticed with the Dragon advanced.
coating experiment Colibri HTR3 (Strigl, Proksch, and Peschta, 1975; see
Fig. 3-9). These are:

1. The irradiation temperature dependence of internal CO and Xe

release.
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Fig. 3-6. Experimental atomic oxygen release per fission in ThO2 and
Thp, 81Up, 1902 particles as a function of U-233 plus U- 235
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1800 1600 1400 1200 1000
1 T | T 1

| THEORETICAL MAXIMUM

. 05
U-235 fissions
U-233 fissions
— 02 |  THEORETICAL MINIMUM 02 -
‘ \ U-235 fissions
: o I~ 37% FIMA
— 0.1 J U-233 fissions S 01—
— 0.05 7 0 1 005 -
Dragon Driver Fuel 20%FIMA
Strigl 1977 (ThU) 0,
. \ Lindemer
A )
| 002 o I | v10/oFIMA 1977 _
L6 % FIMA :
~ oxygen
001 atoms released I S%FIMA] 001—
- per U fission '
— 0.005 : - 0.005
1047 (K) ——— | '
| | | 1
5 6 7 8 9

Note: Horizontal lines ('theoretical') from Table 3-2, sloping parallel
lines from Eq. 3-7, single measured values from CO measurements
on Dragon Driver fuel (FE X055: 37 % FIMA, 1350 - 1400°C
irradiation temperature, 200 days irradiation; FE X157: 46 %
FIMA, 1130 - 750°C irradiation temperature, 550 days irradiation)

_ Fig. 3-7. Free oxygen atoms per uranium fission versus equ111brat10n
‘temperature before crushlng particles for CO measurement
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© Fig. 3-8. Free oxygen atoms per plutonium‘fissidn versus equilibration
temperature measurements from G. W. Horsley (GWH), T.. B.

Lindemer (nat. Auoz’ BISO/TRISO), and A. Strigl (others)
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irradiated in the Osiris reactor for 207 days
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2. Increased CO with higher (x2) internal release of cesium in

variants V, W (LTI BISO) versus U -(HTI BISO).

3. Coﬁplete suppression of CO'Whén.IPyC is brbkén (varianté L;'M;”-'

no corrosion of SiC).

Neglecting enhanced and suppressed CO release, the irradiation tempera-
ture depehdence of CO release responsible for the pressure contribution is
shown in Fig. 3-10. An estimated mean value through the shaded area is

given by

N

for 1270 < T £ 1670 K and Bu £ 8% FIMA.

4 By comﬁarison, only a small number of Cd measurements are available for
dense, sol-gel, low-enriched U_O2 kernels. The results from-DR-P4 (Meg 4)
and DR-P5 (KFA contribution to the MET 5 experiment) are below the line

given above. The CO measurements on BRZ—P12 and FRJ2-P15 9.5% enriched UO2

fuel have not yet been reported.

Further work on CO release is required because the prediction of CO

. pressure is one of the most important aspects of LEU fuel particle

development.

3.3.2. Oxygen Getters and Buffers

The CO pressure in irradiated fuel particles can be reduced by using
oxygen getters or buffers, which combine with the oxygen released from the
kernel during irradiation. The getters and buffers-that have been demon-

strated and the consequences of using them are:

1. +8iC addition to the kernel or the buffer.layer (Horsley et al.,

1975; improved silver retenﬁion, quwn-and Faircloth, 1976).
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Fig. 3-10. Free oxygen per plutonium fission versus irradiation
temperature with burnup as a parameter
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2. Carbon addition to the kernel (Dragon drlver fuel,\see Flg 3- 7
A‘Strlgl,and'Proksch[ 1977,‘1ncreased Sr, Cs, Ru, Ce release,

Nabielek, 1976). ,

3. Carbide addition in dense kernels (Naoumfdis} 1972§:Naopmidis and -
Thiele, 1974 increasedfstrontium:release;VThiele,‘1975).A
. ‘ : ; _
4, Carbide addition in WAR kernels (Homan et al., 1977, increased
ifission éas release due to porosity in kernel).

R <

3. Irivalent rare earths (Steemers, 1975). .

‘Estimates for the minimum amoUnts of additiﬁes for gettering the free
oXxygen atoms released during irradiation are given'ianable 3-3. 1In-pile
eyaluation of various oxygen gettérs and buffers has been carried ont in
various laboratories; The results obtained appear to‘be very pronising;

TRISO coated,. low- enrlched (4%) U0, kernels containing Ce (5 mole %)

as an oxygen getter, and SiC (5 mole /)2and ZrC (2.5 to 5 mole /) as oxygen
buffers, have been 1rrad1ated by Harwell and Dragon workers in thelr D1do
“918/8 experlment (Steemers, 1975; Horsley et al. 1975) at temperatures up
to 1250°C and burnup of 6/ FIMA Postlrradlatlon gas analysis in the tem-
perature range of '1000° to 1600°C showed’ that $icC, 2rC, and Ce203 were\
equally effectlve in reducing CO pressure in 1rrad1ated particles to.negli-
gible values. The ZrC addltlve did not stop ‘the amoeba migration of the
UO2 kernels, but the SiC and the Cezo3 additives eliminated or reduced it.
Moreover, the SiC additive also lowered substantially the release of
Ag-110m frOm the U02'kernelSa Thus, the use of oxygen buffers and getters
offers an effective means for lowering the CO pressure in irradiated oxide
particles, and at the same t1me provides other benefits to the ‘irradiation

performance of oxide fuel particles.

Carbide containing (3% UC). low-enrlched dense oxide kernels has been

1rrad1ated in the DR-P5 and FRJZ P12 experlments (max1mum 8/ FIMA) and
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TABLE 3-3-
MINIMUM FRACTION OF KERNEL GETTER OR BUFFER REQUIRED FOR
COMPLETE SUPPRESSION OF CO (AND AMOEBA) 'IN OXIDE KERNELS
.(CALCULATED BY USE OF INFORMATION FROM TABLE 3-2)

Assumptions:,'ZOZbe\nriched'UO2 fissile particle
"'27% FIMA final burnup

33% relative contribution of plutonium fissions

Silieoﬁ Carbide in UOerernel (sic ~ SiOz)

[(1/3) x 0.62 + (2/3) x 0.13] x 0.27

2 oxygen atoms per silicon atom = 0.040

Minimum fraction SiC =

Oxycarbide Kernel -

With carbide additions, the trivalent state of rare earths is assumed

(i.e., 0.85 oxygen atoms per Pu fission).

= 0.074

Minimum fraction UC =_[(1/3)-x 0.85 + (2/3) x Q;QO] x 0.27
. 2 2 oxygen atoms per uranium atom

Trivalent Rafe‘Earths

Accordlng to Llndemer (1977), the maximum oxidation state should be

'=Ce O to control M09 enough to prevent amoeba. Therefore the

1.65

minimum fraction initial Ce O1 5 is

[(1/3) x 0.62 + (2/3) x 0.13] X 0.27 _ ( o
0.15 oxygen atoms per cerium atom °© -
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similarvkernels of ﬁédium enrichment have been irradiated in BR2-~P14/16/
18/19 and R2-P5 (maximum of 70% FIMA) experiments. Preliminafy-investi—
gations (Gfﬁbmeie} EE_él;; 1978) show qualitafively that the UC addition
suppresses CO formation and amoeba migrations, but causes a small release
of barium and rare earths. 1In the absence of a UC.additive, the releasé of

barium and rare earths in U0, is suppressed. The slight increase in barium

2
and rare earth release is probably caused by the lowering of the oxygen

potential in UOZ by the UC additive.
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4. CHEMICAL PERFORMANCE

This section discusses two physico chemical phenomena that can affect
the irradiation performance of LEU oxide particles: (1) the migration of
oxide kernels in'a temperature gradient and (2) the interaction of fission

products with SiC coatlngs.
4,1. THERMAL MIGRATION (AMOEBA) IN OXIDE SYSTEMS

4,1.1. Migration Mechanism

‘When coated oxide patticles are irradiated at high temperatures in-a
thermal gradient (e.g., in a fuel red), the kernels tend to migrate towards
the hot side, leaving a carbon deposit on the cold side. If'the migration
continues through the buffer layer and_the kernel‘comes into contact with
the inner pyfocarbon coating, the interaction with fuel components and

fission products weakens the coating and leads to coating failure.

The mechanism contrelling oxide kernel migration is ‘not as well defined
as that for the carbidé kernel migratien (Gulden, 1972). The merits and theb
drawbacks for the various mecnanisms proposed»were'presented at a meeting’
organized by the Dragon project in i975 (Hick, Nabielék, and Wagner—LSffler;'
1975), but no general agreements were reached. Lindemer and his co—morkers
at ORNL (Lindemer and Olstad, 1974a; and de Nordwall 1974b; and de Nordwall
and Olstad{ 1975; and Pearson, 1976, 1977) derived the carbon transport
ratee from the first principles for CO—CO2 diffusion contrel, €O dis-
proportionation control, and solid state diffusion control, and compared
the experimentallf determined transpert rates as a‘function of radial
positions in a fuel rod with the predicted rates. Theybconcluded that the
SOlld -state diffusion process controls the kernel mlgratlon rates in UO2

ThO,, PuO , and Th

2, a0, o 2 particles and that the kernel migration

0.8 0.2
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coefficient (cm2 K/s), which is used for describing carbide .kernel migra-
tion data, can adequately correlate the oxide,kernel migration data.
‘Smith (1976) of GA made several intereéting observation§'op the thermal
.migratioh of ThO2 kernels. He found that ThO2 kernels could exhibit two
types of migration modes. These modes were characterized by kernel shape
during'migration and the kernel-coating interface at the hot side, although
the migration kinetics were not affected. The kernel became eloﬁgated in
the direction of the temperature gradient in some caseé, and carbon .
- precipitates were found in the grain boundaries of the kernel. There_was
an incubation period for the migration process, and it decreased with fhe
increase of burnup and temperature. It was concluded that solid-state

diffusion of carbon down the temperature gradient and Th and O up the tem-—

perature gradient controlled the migration rate.

' Regardless of what.the controlling mechanism for the migration is, the
presence of high oxygen potential in the oxide appears to be essential to

the migration process for U0, since the lowering of the oxygen potential by

adding oxygeh getters or buf%ers (Steemers, 1975; Horsley et al., 1975a;
Noaumidis, 1973)‘t0 the kernel does suppress kernel migration. Howevef;

the UO2 kernel migration behavior does not seem to be affected by'bqrgup

and fuel enrichment. This seems to imply that the migration process is
insensitive to oxygen potential once the oxygen potential is above a certain

threshold.

4.1.2, Thermal Migration Data of Oxide Fuel

A wealth of thermal migration data for a variety of fuel‘types is
included in the references cited earlier. Figure 4-1, a summary of the data
for oxide fissile fuels, is similar to the plot drawn by Wagner—LBffler
(1977). The Y-axis of Fig. 4-1 consists of the kernel migration coefficient
(KMC), which was first used by Gulden (1972) to describe the solid-state
diffusion-controlled thermal migration in carBide fuel, Use.of the KMC to
describe the thermal migration in fuel systems withqup aQHestablished.‘ ; \

controlling mechanism is discussed in detail by Lindemer and Pearson (1977).

s
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The GA,'ORNL, and Dragon project UO2 data all fall close to one

another, although the fuel enricpment of the Dragon U02~is much lower than

that of the GA and ORNL UOZ' On this basis it is probably safe to assume

that all the kernel migration coefficients of HEU oxide fuel particles can

be used for establishing LEU/MEU oxide fuel particle design This assumption
should be confirmed with further experiments us1ng dense LEU/MEU U02,
(Th,U)Oz, and uranium oxycarbide kernels. The Belgonuclealre U0, data are

. 2
"higher and the KFA UO, data are considerably lower than the ORNL, GA, and

2
Dragon project UO2 data in the plot. Further experiments should be planned

to resolve these discrepancies.

The variation of kernel migration coeff1c1ent with temperature,

accordlng to Lindemer and Pearson (1977), can be wrltten as

Hle

log10(KMC) = a -

Table 4-1 lists the "a" and "b" valueS'for'the plots shown in Fig.‘4—1.

It should be eﬁphasized that.Fig. 4-1 represents a large volume of data,
and that the amount of scettering around each-plot is substantial. Inter--
ested readers can refer back to the referegces cited for details. From
Fig. 4-1, it can be seen thaE at temperatﬁres below 1350°C UO, exhibits a

2
larger tendency to migrate under a thermal gradient than (Th,U)OZ.

4.1.3, Means for Reducing Oxide Kernel Thermal Migration

The migration of oxide kernels in aﬂthermal gradient can be reduced
by lowering the oxygen potential of the kernel. Various means for achieving
this goal are described in Section 3. '

4.2. SiC CORROSION

When the inner high density pyrocarbon layer of an oxide fuel particle

is broken or permeable, the silicon carbide layer is exposed to the



KMC PARAMETERS. FOR

TABLE 4-1

THE PLOTS SHOWN IN FIG. 4-1

, Temp. Range
Source of of Experiment
Fuel Type Data (°c) . a b Reference
. HEU (Th,U)0, ORNL 1100 - 1900 | -0.82 | 7830 | Lindemer and
. ' Pearson, 1977
HEU * UO GA 900 - 1350 | -3.58 | 3540 | Scott, Harmon,
2 ' . :
, and Holzgraf,
1976
HEU U0 - ORNL 900 - 1200 | -2.77 | 4800 | Lindemer and
- ) Pearson, 1977
LEU U0, Dragon 1100 - 1700 | -2.05 | 6300 | Wagner-
_ | Loffler, 1977
, LEU | UO2 Belgonucleaire 1200 - 1350 0.36 9000 Thomson, 1975
LEU U0, KFA 900 - 1400 | -2.09 | 7650 | Mehner, 1977
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gaseous rare gas/CO/CO2 environment within the particle as well as the

fission products and the oxide kernel.
Corrosion of an SiC coating layer dauses two effects:

1. A certain thickness of material is converted to a reaction pro-

duct of probably lower strength.

2. ' The reaction front procéeds along grain boundaries and introduces

the equivalent of large microcracks.

In terms of mechanical performanée, the first effect can be described by
assigning a reduced thickness to the SiC coating layer, and the seécond
effect can probably be deécribed'by aséigﬁing a modified Weibull modulus to
the statistical description of the strength distribution. "Both of these
descriptions will have to be based on an evaluation of SiC quélify control
data (grain size, free silicon, etc., Weibu}l distribution of unirradiated
material) together with metallographic observations:(corrosion‘depth,
microcrack size)’and bﬁrsting strengthfméasureménts.(Weibull distribution

of irradiated and annealed material).

Two modes of SiC corrosion have been observed in irradiated coated

particles (Hick, 1976):
1. In oxide fuels, SiC corrosion involving the formation and trans-
. port of Si0 gas due to a thermal gradient when the internal CO

has access to the SiC because of failed inner PyC coating layer.

2. In carbide fuels, SiC corrosion due to a chemical reaction with

fission products (Ce, Nd, La, and Pr).

Other fission products (e.g., Sr and Pd) may react with SiC in either

an oxide or a carbide fuel environment.
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4,2.1. Reaction With CO

Two mechanisms of SiC corrosion involVing_CQ and §5i0 have been estab-
lished at typical HTGR operating conditions. In both mechanisms, it is
assumed that the initial breach in the PyC and the subsequent corrosion

’

of the SiC occur at the hot end.

The first mechanism (Flowers and Horsley, 1968) involves the oxidation
of SiC by high pressure CO to form a protective layer of silica: '

2 CO + Sic 2 sio, +3 C . ' ‘ (4-1)

2

This silica is then reduced to silicon monoxide by SiC:

5i0, + SiC 2 2810 +C | (4-2)
which diffuses tﬁrough the void volume of the particle to the cool .end of

the temperature gradient, where it reacts with CO to reform silica:

CO + Si0 7 SiO

, +C . | SRR €5 )

Reaction 4-3, therefore, acts as a sink for SiO formed in reaction 4-2.°
Reaction 4-1 eventually stops because it reduces the‘CO'pressure to its
equilibrium value. However, when all the SiO2 has been removed from the
site of corrosion by reaction 4-2, more Si0 is formed either by the low -
pfessure corrosion reaction between/CO and SiC by reaction 4-4 or by the

sicC exfracting okyge_n ffom the ﬂO kernel.

2
CO+'SiC 2 Si0+2C . . - ‘ (4-4)
The second mechanism involves a different route for the formation of
Si0, and relies on intimate contact between the kernel and the SiC layef.
In low CO pressures, UO2 and SiC react to form SiO according to reaction
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U0, + 2 SiC 2 UC, + 2 Si0 | o (4-5)

uc, +2¢C02U0, +4C , ' (4-6)

provided that (1) the CO pressure is above that in Eq. 4-6 and (2) reaction

4-6 1is kinetically feasible. UO2 will be reformed and carbon deposited(
In fact,  the UO2 behaves as a catalyst. The Si0 formed reacts with CO in
the cooler regions of the particle by either reactdion 4-3 or reaction 4-7,

depositing §i0, + C or sio, + siC, respectively.

3810 + CO T SiC + 2 si0 (4-7)

2

At temperatures below 1600 K (PCO < 1 MPa), both gas and solid phase
corrosion mechanisms are thermodynamically possible and the SiC layers
' should, therefore, be protected from contact with either the kernel or the

gaseous atmosphere within the particle (Crofts and Swan, 1973).

SiC is probosed as a getterbfor the'excess,dxygen formed as a result
of uranium and plutonium thermal fissioning (Hofsley, 1973). If the gas
phase corrosion mechanism operates, it will be sufficienf to include SiC
anywhere within the free gas space of the‘particle; The effectiveness of
SiC gettering CO haé been demonétrated by a series of. irradiation experi-
ments at Harwell! both with SiC in the kernel and in thé buffer layer

(Horsley, Dévies, and Weldrich, 1975b).

Surprisingly, no Signs of SiC corrosion were observed in the Dragon
Colibri HTR 3 experiment with low—enriched uranium TRISO fuel particies
(207 days, 9% FIMA, maximum particle surface temperature 1250°C), even in
the case with direct UO2 kernel/SiC contact. This particle variety hgd
only a 20-um inner PyC layer designed to break within the first days of

irradiation (Voice, 1975).

On the wﬁble, extremeiy iittle SiC éorrosion has been observed in the

Dragon project's high-temperature irradiation experiments with porous,
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low-enriched and carbon-diluted, high~enriche§ (driver) UO2 fuel (tempera—
_tures up to 2000 K) (Wagner-Loffler, 1975). Furthermoré, chlorine (see
Section 4.2.3) could not be'detected in Dfagon and UKAEA HTI/TRISO par-
ticles, but traces of SiC were shown to be present iq the kernel and buffer
(Rosé, 1973). The corrosion of SiC in the DR-P5 experiment (KFA particles
in the Dragon MET 5 experlment) cannot ‘be explalned other than by the poor

quality of the silicon carblde

4.2.2. Strontium Corrosion

Strontium has been ehown to be the most ‘influential in attacking SiC
in high-temperature irradiations (>1750 K) even when the pyrocarbon layer
is intact. Eighteen percent enriched UO2 TRISO particles (800 um kernel
_ d1ameter) irradiated for one year to 4% FIMA at a mean temperature of 1820 K
were found to have retained the rare gases (Kr and Xe), but had released
strontium and barium.

The results implied that the pyrocarbon coatings had remained intact,
but the silicon'carbidevcoating had losf its integrity. Ie substantiate
~ this apparent failure of the silicon carbide coating, particleé wefe
examined for the distriﬁﬂtionlpf fission products in the coatihg layers.
Micfoprobe scans indicated that aithough cesium was presentrpre&ominantly
in the inner pjrocarbon-layer, it was not detectable in the silicon carbide
‘and outer pyrocarbon layers. Radiochemical analysis showed that stroq;ium
release from the particles as Sr-90 was variaBle, Beihg as much as 202 in
some cases, Metailographic examination of the coating layers showed attack
of the silicon carbide layey,.alsd to a variable extent. Most pafticles
showed some indication of attack occurring on the inner side of the silicon
carbide layer, nearest to the kernel, but for others the complete iayer had
been affected. The miérobrobe scans showed that the attack could be
associated with the presence of strontium since this element could not be
detected beyond‘the point at which attack was no longer visible. No
significént amounts of strontium were found in the pyrocarbon layers. It
is tentatively proposed that strontium reacted Qith the silicen carbide,

forming strontium silicate or silicide. At the inmer pyrocarbon-silicon
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carbide interface, ruthenium, rhodium, and palladium were found. It is
generally assumed that these:metals, because of their refractory nature, -
stay preferentiailv with the UO_2 kernel. As they. were not detected in the
inner pyrocarbon layer,‘the actual transport mechanism to the interface is .
open to speculation, but it could be associated with carbon monoxide pres-
sute and carbonyl formation. It is possible that the mechanism needs only .
to account for ruthenium movement because, once at the interface, rhodium
and palladlum w1ll be produced as a result of beta decay of ruthenlum.
These elements, especially palladlum, are well known for their catalytic
activity, and they could have some bearing on the strontium-silicon carbide
reaction. However, since both the strontium reactions with silicon carbide
and the possible migration of ruthenium reqnire the presence of carbon
monoxide, the suppression of CO formation by the addition of oxygen getters

in the kernel could eliminate the silicon carbide attack (Brown and

Faircloth, 1976).

Suzuki and Iseki (1973) studied the reaction between sicC and;SrO. They
found the reaction between SiC and SrO began at ‘about 1000°C, and the pro-
ducts varied with the oxygen content in-the atmosphere, In air, strontium
silicate was formed,‘while in an oxygen—free atmosphere-strontium'cafbide:
and strontium silicate were observed The reactions between SiC and these
fission products in an irradiated fuel ‘particle are, therefore, strongly

dependent upon the oxygen potential in the partlcle.

4.2.3. Rare Earth Attack

The interaction of the rare earth fission products with SiC, and the
subsequent corrosion, have been studied in great deta11 in carbide fuel
partlcles. These effects are practically absent in oxide fuels because of
the greatly 1mproved kernel retention of Sr and rare earths as ox1des.

Two reactions have been observed

1. Reactlon of the inner SiC surface on the cooler side (Pearson

and L1ndemer, 1977)



2. . Reaction with the inner SiC surface on thie hotter side when -

¢hlorine isAﬁresent'(Grﬁbmeier, Naouﬁidis, and Thiele, 1977).

Reactions between SiC and CeO, have been studied by Suzuki and Iseki (1973).
When heated in a1r, no reaction between SiC and CeO2 was observed up to
1500°C. 1In vacuum, the reactlon between SicC and CeO2 began at about 1100°C,
and with 1ncreas1ng temnerature, Ce4 (5104)3, CeSi,., and CeC2 phases were

2
successively observed.

4.2.4. Palladium Attack

bué to the difference‘in fission product SPectrun between uranium and
plutonium isotopes, the irradiated LEU fuel particles are expected t6 con-
tain more néble metal fiSsion<products such as Ag and Pd. Ag is known to
diffuse ranidiy throuéﬁ'pyrocarbon coating (seée Section 2). It is Beiieved
that Pd fiay do the same: 'Pé has been shown to attack SiC. When Pd is ..
brought into contact with SiC at high temperatures (1000° to 1300°C), the

Si moves into the Pd to form the Pd-Pd,Si liquid eutectic phase (melting

boint 800°C), leaving a carbon reSiduez(Yang, 1976). The reaction between
bd and SiC has also been studied by Suzuki, Tseki, and Imanaka (1977). The
rédction was found to begin at 1000°C, and the products were PdZSi and ‘
'-PdBSi . 8ilver also foriis a low melting eutectic (melting point 830°C) with
§ilicon and has a hlgh diffusion rate 1n SiC (Nablelek 1977). However, no
chemlcal compat1b111ty study between Ag dind SiC has been reported

Pd phase was found at the SiC inner pyrocarbon interface in plutonium~
containing fuel partlcles 1rradiated in FTE-13 in the Peach Bottom reactor,
and locallzed attack of SiC was observed. Pd attack of SlC coating was
foudid it low-enriched (6%) UC, :
HRB-4 capsule to burnups of 85% U-235, 20% U-238, and 147 Th-232 (Homan

et al., 1976). Details on Pd-SiC interaction observed at ORNL are given

WAR particles irradiated in fuel rods in the
in Appendix C.

It is interesting to néte that no Pd-SiC reaction was observed in the

Dragon project's irradiation tests on TRISO low-enriched U02,’and in the
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Studsv1k irradiation of TRISO partlcles conta1n1ng plutonlum oxide (20%
2 3, 807 Puoz,
37% FIFA at 1200° to 1450° C and 20% FIFA at 1850°C (Barr et al., 1967).

dlspersed in carbon at Pu/0 ratios of 1:30. 5 and 1 21) to

It appears that more controlled 1rrad1at10n tests of LEU fuel par—
tlcles are needed in order to define the cond1t10ns for the Pd- SlC 1nter—

action to occur, in addltlon to the study of Ag transport through SlC
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- 5. CONCLUSIONS‘AND,DISCUSSION
This review has re&eaied that a large amount of available information
" can be used for the prediction of the irradiation perfbrmance of.LEU/MEU
fuel particles. Some- of the information; however, needs fﬁrther confirmation
and refinement. Furthermore, some of the problem areas covered are nqt ‘
unique to LEU/MEU fuel particles. Solutions’ to these problem areas are
therefore beﬁeficial‘to both LEU/MEU and HEU systems. The essential

findings are discussed below.
5.1. PLUTONIUM TRANSPORT

Pu-238, which is derived from U-235, repreéents a potential radio—(
logical hazard if it is released in significant quantities to the primary
circuit. Since the U-235 inventofy in a LEU/MEU. core is approximétely the
same as that in.a HEU core, ﬁlutonium'release‘is important to both

LEU/MEU and HEU systems.

Plutonium release from intact TRISO particlés is probably negligible
at typical HTGR operatihg femperatures. for failed particles, the release
should vary with the composition of the phases in the.kernel, with carbides
having a h;ghef release rate than oxides; Oxycarbideé may haféva much
‘higher release rate than either carbides or‘oxides. However, this has to
be confirmed experimentaliy since the measured vapor pressure of plufonium o
oxycarbide appears to be in error. The compositions of: the ﬁhasés present
in irradiated uranium oxycarbide kefnels,‘and the vapor pressure of plutonium
over these phases, have been calculated from thermodynamic data (see
Appendix A). Besmann concliuded that plutonium islpre;ent in solid solution -
in thé corresponding uranium phases, and plutonidﬁ release should be much
iess than that for plutonium carbide (see Appendix A). 1In view of the
uncertainties in the thermodyﬁamic data, and tﬁé neélecp'of'the fission

product effect, experimental measurements of plutonium release from
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/ . v .
irradiated and laser-failed uranium oxide, carbide, and oxycarbide (of

varioug 0/U ratios) particlés in helium are needed to check these calcu-
. lations. Moreover, the releasé rate should be affected by the conversion
~ of the oxide or oxycarbide phase to carbide andvthe hydrolysis of the
éarbide in moist helium. The measurements should, therefore, be carried
out as a function of the CO and moisture contents of the helium environ-
ﬁent. These results will providé impoftant inputs during the selection
of our primary LEU/MEU fuel candidate. '
. : . .
Preliminary observation indicates that graphite surrounding the fuel
body may be an effective trap for plutonium. However, no detailed measure-
ments of the sorption characteristics of plutonium over graphite have been
made. For cases where plutonium release from heavy metal contamination in -
a fuel body is higher than the allowed release, it is importént to be

able to show that graphite can traphthe plutonium released.
5.2, FISSION PRODUCT TRANSPORT

The diffusion of cesium, bariﬁm, étrontium, and fission gases'in'oxide
kernels is of interest to both LEU/MEU énd ﬁEU fuel systems. Data (reduced
diffusion coefficient D') available from fuel kernels of different enrich-
ment (LEU or HEU), density (porous kernel prepared by powder agglomerationm,
dense kernel prepared By gel-precipitation method), and composition [U02,
(Th,U)Oz,tand Th02] have been compared. Agreement is observed in some cases,
but not in others. Since the grain size and diffusion distance vary with
kernel fabrication method,:composition, and burnup, caution has to be exer-
cised in using D' valies for one type of kernel structure to célculéte'the
release from other types of kernel structures. To gain a better understanding
of how D' varies with kernel structures, controlled experiments should be
carried out at low burnups with kernels of well-characterized porosity,
surface area, composition, and grain size. The étudies should then be
extended to high burnups, and the kernels should again be carefully examined
for .their structure and composition after the irradiation. The results will
provide the basis for extrapolating available D' values to kernels of dif-

ferent structures. Urénium'dxycarbide, which reptesents one of the LEU/MEU
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- fuel candidates, may have two or three uranium-containing phases, depending
upon the‘compositiod and stoichiometry of the fuel. It would be extremely
interesting to study the fission product release from such a multiphase

fuel material.

The release'of fission gases from failed particleslis eipected to be
dependent upon the susceptibility of the kernel to hydrolysis. Oxide fuels
that do not react with moisture may, be converted to carbide after coatingr
failure, and the carbide fuel can then react with the moisture. Infor--
mation on the effects of kernel conversion and hydrolysis on fission pro-
duct release is extremely useful in cdntrolling helium coolant activity and
fisgion product plateout. Experiments designed for providing such infor-
mation are qf great importance to both LEU/MEU and HEU fuel development.

Of the major LEU/MEU fuel candidates, UO, is not subjected to hydrolysis

2
inlmoist helium, but the behavior of uranium oxycarbide may vary with
composition and stoichiometry. All promising LEU/MEU fuel materials should

be included in these studies.

Because of the high inventory of silver in irradiated LEU/MEU fuel
particles and its hard gamma irradiatibn; silver reiease is much more
important-in LEU/MEU fuel than in HEU fuel. Like plutonium, silver releéase
from BISO particles is much higher from BISO. than TRISO particles, and
graphite is also an effective trap. Silver, however, is released from TRISO
pérticles to various degrees at irradiation temperatufés above 1450 K{_ To
prevent silvé; release from setting the pérfdrmance liﬁit, a developmental
program must be initiated to improve silver retention in fuel bodies. - This
~includes studies of silver transport in SiC, improvement of SiC coating |
(e;g., nitfogen'doping) for silver retention, use of additives to' the oxide
kernel to reduce silver release, énd determinaéion of sorption character-

istics of silver in graphite as a functioh of temperature.
5.3. FUEL PARTICLE MECHANICAL PERFORMANCE

The development ofVStress—stréin models for predicting fuel particle -

performance is of interest to both LEU/MEU,and_HEU fuel systems. .The"
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LEU/MEU fuel particles, however, are in general larger than the HEU fuel
particles because 6f neutronic and fdgl cycle cost requirements. There are
indications that, in agreement with Weibull's statistics on the strength of
brittle materials, coatings of larger diameter have lower strength and - ‘
higher failure probability. waevér, this is not substantiated by some of
the experimental results available. More work is needed to relate pyro-
“carbon and SiC strengths with coating volume (or area) and coating condi-
tions. Controlled irradiation 'experiments using particles of various sizes
and coating strengths shoﬁld be carried out to provide information for
checking the validity of the stress-strain models and to establish the

- relationship between coating diameter and failure probability.

Stable fission gas release, which is one of the major contributions to
pressure vessel failure of the fuel particle, is also a problem of interest
to both LEU/MEU and HEU fuel systems. Models,-diffusibn'equations,’and
empirical formulas describe the observed results. For the burnup planned
for the LEU/MEU fuel system, the release appears to be high. More care-
fully planned experiments, however, are needed fo relate the structures of
the kernel, temperature, and burnup with the release. :

Because of the high free'bxfgen yield for plutonium fissioning, the CO
pressure in irradiated LEU/MEU fuel particles is' expected to be much highef
than\that in irradiated HEU fuel particles of the same design. Higher CO A
pressure leads to pressure vessel failure and amoeba failure. The theo-"
retical maximum and minimum values of ‘excess oxygen per fission can be
calculated from the fission yields of different fissile nuclides.  Most

of the experimentally observed values for porous UQ,., dense (Th,U)Oz,'ahd

2!
dense ThOZ, however, fall below the theoretical minimum values, More:CO
measurements. on irradiated dense UO, and uranium oxycarbide particles

. 2
should be made for comparison. It is expected that bétter understanding

by careful evaluation of existing and additional experimental data may
overcome the present pessimistic assumptions on CO release.
The use of oxygen getters or buffers (SiC, ‘UC, ZrC, and Ce203) for

lowering the CO pressure have shown promise in a number of irradiation
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experiments. The lowering of oxygen-potential(in the kernel, however, does
cause a small increase (compared with that for UO ) in the release of
barium and rare earth fission products Further 1rrad1at10n experiments
and postirradiation studies are needed to select the getter (or buffer)
material, to define. thé optimum concentration, and to assess the overall .

consequences of using oxygen getters or buffers.

_5.4.> FUEL PARTICLE CHEMICAL PERFORMANCE
~ o , /

The kernel migration coefficients of HEU oxide fuel particles can
probably be used for establishing the LEU/MEU oxide fuel particle design.
This assumption, however, should be confirmed with further experiments.
using dense LEU/MEU UOZ’
discrepancy between the Belgonucleaire, KFA, and ORNL-Dragon-GA UO2 KMC

(Th,U502, end uranium<oxycarbide kernels. The

data should be resolved. Complete understanding of the U02 migrétion
mechanism is still lacking. No data exist for the KMC values of uranium
oxycarbide particles of various compositions and stoichiometries. -Efforts
should -be made to obtain this informatidn'forla better understanding

of the UO2 thermal migration process. Oxygen getters.and buffers shoul&
be developed to reduce the. oxygen potential in LEU/MEU fuel particles,

. which will diminish the amoeba effect and lower CO pressure.

The locelized attack of the'SiC coating by the noble metal fission prod-
uct Pd may put a limit on fuel performance. More work is needed to deter-
mine whether the releese of Pd varies with kernel composition (carbide, A
oxide, or oxycarbide) or if, like Ag, it can be reduced by use of kernel
additives. The development of a better coating (e. g., ZrC) that might resist
- Pd attack could 1mprove the performance of the LEU/MEU fuel particles. In-~
pile 1rradiat10n experiments should be planned to define the temperature
and burnup -for the Pd-SiC reaction concurrently with the study of 31lver

transport through SiC.

The LEU fuel particle performance information available in the liter-
ature has provided a broad data base for the development of LEU/MEU fuel

systems. With confirmation and refinement of these %ata, and a carefully
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planned program for resolving the critical problems uncovered by our past
experiences, it should not be difficult to dévelop a licensable fuel system

to meet the demand of LEU/MEU HTGR systems.



- 6. RECOMMENDED LEU/MEU FUEL'DEVELOPMENT PROGRAM

The critical problems that may limit the performance of the LEU/MEU

fuel particles have been established as:

)

1;- Plutonium release from failed fuel particles.
Silver release from fuel particles. ‘

. Failure of pyro;arbon coatings on large LEU/MEU fuél particles.
Excessivé CO'pressure in(LEU/MEU fﬁel particles.

.©  Amoeba migration of LEU/MEU oxide kermels.

A U W
. . . .

) Pd attack of the SiC coating.

The LEU/MEU‘fuel development program should be formulated with these

critical problems in mind. The recommended program is summarized below.
6.1. PLUTONIUM RELEASE

1. Determine the plutonium release from irradiated and laser-failed

UC, particles, U0, particles, and uranium oxycarbide particies

2 2 A
of different compositions and stoichiometries as a function of

temperature and impurity contents (CO, H20) in the helium

environment.

2. Compare ‘the phases present and the plutonium release data with

that éalgulated from thermodynamic information.
3. Study the sorption and diffusion of plutonium in graphite.
6.2. SILVER RELEASE

1. Study the diffusion of silver in SiC, improved SiC (nitrogen-

doped), and ZrC coatings.
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6.3.

6.4.

Develop silver getter in the kernel (e.g., SiC) or in the carbon

buffer coating.

Study the sorption»énd‘diffusion behavior of silver in graphite

as a function of temperature.

COATING FAILURE ON LARGE PARTICLES

1.

t

Determlne the Weibull parameters for pyrocarbon and SiC coatings

dep051ted under various conditions.

- Irradiate LEU fuel particles of various diameters and compare

the failure fractions with those deduced from the stress-strain

model, using coating strength data generated under item 1.

\

Develop stronger coatings (e.g., a Si-alloyed pyrocarbon coating)

to replace the outer pyrocarbon coating of TRISO particles.

Improve the strgngth of the SiC coating by optimizing production

techniques.

co PRESSURE IN LEU/MEU FUEL PARTICLES

1.

Determine the amount. of CO released from irradiated.denselLEU/MEU

sol-gel kernels.

Develop carbide-buffered LEU/MEU fuel particles with lower

oxygen potential and CO pressure. Examples are (1) uranium
oxycarbide of various compositions and stoichiometries and (2) SiC
and ZrC buffered UO,. '
Study metallic fission product release (e.g., Cs, Sf, and rare

earths) from carbide-buffered LEU/MEU fuel particles.



6.5. AMOEBA MIGRATION OF LEU/MEU OXIDE KERNELS

1. Study the amoeba migration of LEU/MEU UO, kernels to gain a better

. _ ) 2
understanding of the migration mechanism and to explain the
discrepancies that exist in some of the literature data on UOZ' K
2, Develop carbide-buffered LEU/MEU. fuel particles of lower oxygen
potential and reduced amoeba migration. - Study the amoeba migra-
tion of uranium oxycarbide of various compositions and stoichi-

ometries, and SiC and ZrC buffered uoz,

6.6. Pd ATTACK OF SiC COATING

1. Establish the degree and morphology of Pd attack on SiC coatirgs’
as a function of fuel kernel'composition (carbide, okide, and
oxycarbide), temperature, and burnup. »

2. Develop Pd getters (e.g., SiC and ZrC) for trapping Pd in the.
kerrniel or the buffer coating. ' '

’

3. Develop coatings that are resistant to Pd attack (e.g., ZrC).
6.7. ADDITIONAL EFFORTS

In addition to tﬁe program outlined above for resolving the problem -
areas that limit LEU/MEU fuel particle performance, additional efforts are
needed to establish the fission product (metallic and gaseous) release as
a function of kerneirfabricétion'methods and kernel structures (porosity,
surface area, density, grain size, etc.). This work is of géneric interest

to both LEU/MEU and HEU fuel systems.

To implement the above-described program, four major tasks are -

!

required.
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Kernel Development ‘

This task is mainly process—oriented. The main objective is to
develop the process forntﬁe preparation of.the large LEU/MEU
kefneis needed and the chérécterization of these kernels.
Uranium oxycarbide kernels and carbide-buffered kernéis for CO

pressure and amoeba migration control are of particular interest.

Coating Development

This task is also mainly ﬁrocess—orientedf The main objective
is to develop the processes for the deposition of Si-alloyed
pyrocarbon for higher strength, ZrC ddating for resisting Pd
attack, and carbon buffer coatings containing oxygen getters for
reducing co pressure and the,ambeba effect, and the éharaéteri—

zation of these coatings.

Fuel Irradiation

Thg\main objective of tﬁiS'task is to'evalﬁate the in-pile irradi-
ation performance of various LEU/MEU fuel particle designs, either
in loose particle form or in fuel rods. Particle‘breakage, fis~
sion product-coating interaction, and amoeba migrafion as a func—
tion of kernel composition, particle diameter, and tempefature
burnup are of partiéular interest. The results, when combined
with‘thé postirradiation énnealing results, serve as the basis

for the selection of the reference LEU/MEU fuel.

Postirradiation Annealing Studies

~This task includes the study of:

a. Plutonium release from irradiated and 1aser—failed LEU/MEU

fuel particles as a function of kernel composition and the

6-4



impurity contents (CO, H20) of a helium environment. The
sorption characteristics of plutonium in graphite will also

be determined.

Amoeba migration and CO pressure measurements to determine

the effectiveness of oxygen getters and buffers.

Silver and other metallic and gaseous fission products
released as a function of kernel‘compositioﬁ, structures, and

coating. structures.

Short-lived fission gas release.from irradiated and laser-

failed LEU/MEU fuel particles as a function of kernel com-

‘positions, structures, and impurity contents (CO, H20) of

a helium environment.

SiC—fiSsion product intEractién. The informafion defines the
temperaturé and burnup for which the Pd-SiC interaction
becomeswaﬁpreciéble. The effectiveness of ZrC to resist Pd
attéck; and thelposéibility of trapping Pd and Ag in the
kernel or the buffer coating, will be evaluated. The effect
of oxygen getters and buffers on the release of.rare earths
from oxide kérnels; and the reaction with the SiC coating,
ﬁill be sfudied. The reported temperature threshold for

the attack of SiC by Sr will be checked.
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APPENDIX A
THERMOCHEMICAL EQUILIBRIA IN MEU HIGR FUEL

T.. M. Besmann

Oak Ridge National Labofatory

‘A chemical thermodynamic assessment of the '‘U-Pu-C-0 system was made in
the range ‘of compositlons of interest to MEU HTGR fuel. The computer.brogram
. SOLGASMIX—PV (Besmann, 1977), which calculates complex chemlcal equllibrla,
was used to determine the stable phases. in the system and calculate partial

\

pressures.

SOLGASMIX-PV was run at 1400, 1600, 1800, and 2000 K using the species
and thermodynamic data listed in Table A-1. The outputs for the four cases

giveh.below are given in Table A-2.

%

Overall Composition conversion Pu/(U + Pu) Phases Determined to be Present

Y0.937%0.07%.19%1.8 10 o007 Ty Py s UiyPY 00,5y

Y0.937%.07%.475%1.5 % 0.07  Uy_Pu,Cy 5+ Ui yFuy09 0.5y

. . ‘
Y0.99""0.01%.19%1.8 10 . 0. U5 T UiyPy 00,5y
Uo.935%0.07%0.1%1.8 -, 00 Uy Puly s U R0 sy t

U1-2"C1-0%

. Initially, the fuel was assumed to be 10% or 25% converted to UC1 9 with

no excess carbon. Plutonium ratios [Pu/(U + Pu)] of 0.01 and 0.07 were con-
sidered to represent bred-in plutqnlum. The calculations were performed
assuming that the following ideal solid or liquid solutions represent the

: , +
respective condensed phases: 1 5 + PuC1,5 represents U1 Pu C1 5 UC1 9

uC1.5 represents U1 kPukC1 9-0. 4k’ UO2 + Pu01.5‘represents U1 Pu 02 0. 5y

+ Pu0 + ' : Pu .
UQ\ u0 UC + PuC reprgsents.U1?2PuzCl_202, ang U + Pu repregents,U1_m u
These are considered reasonably good assumptions in the light of available

data'(Potter and Roberts, 1968; Potter, 1970; Besménn, 1977).

A-1

+ C

+ C

+C



TABLE A-1

THERMODYNAMIC DATA

the AH® and S°

)

298

A-2

AH® AS®
Temperature f f
Species (X) (kJ/mol) | (J/mol-K) Reference
CO 4y 1800 ~117290 84.39 | JANAF (1971)
coz(g) 1800 -396220 0.13 | JANAF (1971)
U(g) 1800 493230 113.1° | Oetting et al.  (1976)
Pu(g) 1800 326800 88.83 Oetting et al. (1976)
PuO, 1600-2150 —119000 41.0 Ackerman énd Chandrasekharaiah
(g) L . .
(1974) _
PuO 1600-2150 471100 -28.0 Ackerman and Chandrasekharaiah
2(g) : .
(1974)
PuC 1 210.
CPuCyeny 800 569000 10.0 (a)
uo, . 1800~-2200 =-37000 43.1 Ackerman and Chandrasekharaiah
(g) - :
(1974)
o 1600-2200 | -508400 | -22.8 | Ackerman and Chandrasekharaiah
- 2(8) , . :
(1974)
Uvo 1200-1500 -840000 -81.2 Ackerman and Chandrasekharaiah
3(s)
(1974)
UCZ(g) - 642300 162.0 Tetenbaum et al. (1975)
uc ;) 1800 -110000 -0.86 | Tetenbaum et al. (1975)
Uo(s) 1800 ~544100 | -96.43 | (b)
PuC ) 1800 -32550 | .123.0 | Tetenbaum et .al. (1975)
PuO(S) 1800 -557300 -92.33 | (b)
uc, o 1800 -100900 10.6 | Tetenbaum et al. (1975)
'PuC1 5(5) 1800 -82130 -3.92 | Tetenbaum et al. (1975)
Uc; o(s) | 1800 ~89100 11.2 | Potter and Rand (1977)
U0, (¢, 1800 - -1088230 | -175.41 |Rand et al. (1977)
PuoO 1600-2150 -83600 -133.5 Ackerman and Chandrasekharaiah
1.5(s)
(1974)
(a)

Calculated frsm the free energy functions.of Faifcloth et a1.1(1968) and
of Schumm et al. (1973) for the analogous species CeCz(gS.

Calculated following the method of Potter (1972).



TABLE A~2

U-Pu-C-0 SYSTEM OUTPUTS FROM -PROGRAM SOLGASMIX-PV

Mole fraction of each spec1es in each solution.

(T = 1400.00 K; P = 1.000D 00 ATM)

x*/moLE® | y/moLe (P p/aTn'®) acrrviTy (9
AR 0.10000D-01 | 0.10000D-01 0.99998D 00 0.99998D 00
co ' 0.0 0.16305D-06 0.16305D-04 0.16305D-04 -
co2 0.0 0.44273D-14 0.44273D-12 0.44273D-12
U 0.0" 0.15260D-18 0.15260D-16 0.15260D-16
PU 0.0 0.29197D-14 0.29197D-12 0.29197D-12
02 0.90000D 00 | 0.71822D-29 0.71820D-27. 0.71820D-27
PUO 0.0 ' 0.10667D-13 0.10667D-11 0.10667D-11
PUO2 0.0 0.97486D-18 0.97485D-17 0.97485D-16
PUC2 0.0 0.57283D-17 0.57282D-15 0.57282D-15
uo 0.0 0.54743D-16 " 0.54742D-14 0.54742D-14
uo2 0.0 0.20525D-15 0.20525D-13 0.20525D-13
Uo3 10.0 0.11535D-19 0.11535D-17 0.11535D—17
UC2 0.0 0.14996D-21 0.14996D-19 | 0.14996D-19

_ _ " | MOLE FRACTION(e) ,

uc- 0.0 0.0 0.0 0.0 -
uo - 0.0 0.0 0.0 0.0
PUC 0.0 0.0 0.0 0.0
PUO o 0.0 0.0 ~ 0.0 0.0 .

; o ' MOLE FRACTION o
Uct.5 | 0.0 0.82032D-01 '0.99245D 00 0.99245D 00
PUC1.5 0.0 0.62398D-03 0.75491D-02 0.75491D-02

. MOLE FRACTION
uct.9 0.0 0.0 -0.0 0.0
PUC1.5 0.0 0.0 0.0 0.0
, ' - MOLE FRACTION T _
U02 0.0 0.84797D 00 0.92437D 00 0.92437D 00
. PUO1.5 0.0 0.69376D-01 | 0.75627D-001 0.75627D-01
MOLE FRACTION -
U 0.93000D 00 { 0.0 - 0.0 0.0
PU 0.70000D-01 { 0.0 - 0.0 0.0
c 0.19000D 00 | 0.66016D-01
(a)Quantities of each element in its reference state.
(b)Moles of each species present at equilibrium.
(C)Partial pressure of the gases.
(d )Chemlcal activity of each species.
(e)



TABLE A-2 (continued)

(T = 1600.00 K; P = 1.000D 00 ATM)
X*/MOLE Y/MOLE P/ATM ACTIVITY

AR 0.10000D-01 | 0.10000D-01 0.99907D 00 | 0.99907D 00

co 0.0 0.92853D-05 0.92767D-03 | 0.72767D-03

co2 0.0 0.25283D-11 0.25260D-09 | 0.25260D-09

U 0.0 0.90022D-16 0.89939D-14 | 0.89939D-14

PU 0.0 0.27231D-12 0.27206D-10 | 0.27206D-10
- 02 0.90000D 00 | 0.28896D-24 0.28869D-22 | 0:28869D-22

PUO 0.0 0.16624D-11 0.16608D-09 | 0.16608D-09

PUO2 0.0 0.69441D-15 0.69376D-13 | 0.69376D-13

PUC2 0.0 0.71998D-14 0.71931D-12 | 0.71931D-12

Uvo 0.0 0.21793D-13 | . 0.21773D-11 | 0.21773D-11
- U02 0.0 0.10372D-12 0.10363D-10 | 0.10363D-10

U03 0.0 0.33203D-16 0.33173D-14 | 0.33173D-14

uc2 0.0 0.43853D-18 0.43812D-16 | 0.43812D-16

‘ MOLE FRACTION

uc 0.0 0.0 0.0 | 0.0

Uuo 0.0 0.0 0.0 0.0

PUC 0.0 0.0 0.0 0.0

PUO 0.0 0.0 0.0 0.0

MOLE FRACTION A .

UC1.5 0.0 0.81946D-01 0.99129D 00 | 0.99129D 00

PUC1.5 0.0 0.72026D-03 0.87109D~-02 | 0.87109D-02
) o MOLE FRACTION : :

Uc1.9 0.0 0.0 0.0 0.0

PUC1.5 0.0 0.0 . 0.0 0.0

MOLE FRACTION ,
U02 0.0 0.84804D 00 0.92448D 00 | 0.92448D 00
PUO1.5 0.0 0.69280D-01 0.75524D-01 | 0.75524D-01
. | MOLE FRACTION

U 0.93000D 00 | 0.0 0.0 0.0

PU 0.70000D-01 | 0.0 0.0 0.0

C 0.19000D 00 | 0.65964D-01




TABLE A-2 '(éont inued)

(T = 1800.00 K; P =

1.000D 00 ATM)

X* /MOLE Y/MOLE P/ATM - ACTIVITY
AR 0.10000D-01 | 0.10000D-01 0.$7850D 00 | 0.97850D 00
co 0.0 0.21975D-03 0.21502D-01 | 0.21502D-01
€02 0.0 0.35951D-09 0.35178D-07 | 0.35178D-07
U 0.0 0.13124D-13 0.12842D-11 | 0.12842D-11
PU - 0.0 0.94567D-11 0.92533D-09 | 0.92533D-09
02 0.90000D 00| 0.11245D-20 0.11003D-18 | 0.11003D-=18
PUO 0.0 - 0.86071D-10 0.84220D-08 | 0.84220D-08
- PUO2 - 0.0 '0.11724D-12 0.11472D-10 | 0.11472D-10
PUC2 0.0 0.18904D-11 0.18497D-09 | 0.18497D-09
U0 0.0 0.23402D-11 0.22899D-09 | 0.22899D=09
v02 0.0 0.13409D-10 0.13120D-08 | 0.13120D-08
U03 0.0 0.16611D-13 0.16254D-11 | 0.16254D~11
uc2 0.0 0.22206D-15 0.21728D-13 | 0.21728D-13
o MOLE FRACTION |
uc 0.0 0.0 0.0 0.0
Uo 0.0 0.0 0.0 0.0
PUC 0.0 0.0 - 0.0 0.0
PUO 0.0 0.0 0.0 0.0
: . MOLE FRACTION
Uct1.5 0.0 0.82005D-C1 0.99026D 00 | 0.99026D 00
.PUC1.5 0.0 0.80619D-03 0.97353D-02 | 0.97353D-02
3 A MOLE FRACTION
Uc1.9 0.0 0.0 .. 0.0 0.0
PUC1.5 0.0 0.0 0.0 . 0.0
- MOLE FRACTION
U02 0.0 0.84799D 00 0.92456D 00 | 0.92456D 00
PUO1.5 0.0 0.69194D-01 | 0.75441D-01 | 0.75441D-01
: MOLE FRACTION
U 10.93000D 00| 0.0 0.0 0.0
PU 0.70000D-C1 | 0.0 0.0 0.0
c 0.19000D 00| 0.65563D-01




TABLE A-2 (continued)

(T = 2000.00 K; P = 1.000D 00 ATM)
X* /MOLE Y/MOLE P/ATM 'ACTIVITY
AR 0.10000D-01 | 0.10000D-01 '0.73420D 00 | 0.73420D 00
co 0.0 0.36202D-02 0.26580D 00 | 0.26580D 00
co2 0.0 0.24862D-07 .0.18253D-05 | 0.18253D-05
U 0.0 0.92584D-12 0.67975D-10 | 0.67975D-10
PU 0.0 0.21203D-09 0.15567D-07 | 0.15567D-07
02 0.90000D 00| 0.10979D-17 0.80609D-16 | 0.80609D-16
PUO 0.0 -0.26563D-08 0.19503D-06 | -0.19503D-06
PUO2 0.0 -0.93147D-11 0.68389D-09 | 0.68389D-09
PUC2 0.0 0.21382D-09 0.15699D-07 | 0.15699D-07
Uo 0.0 0.12926D-09 0.94901D-08 | 0.94901D-08
v02 0.0 0.85912D-09 0.63077D-C7 | 0.63077D-07
U03 0.0 0.31422D-11 0.23070D-09 | 0.23070D-09
uc2 0.0 0.42414D-13 0.31140D=11 | 0.31140D-11
. MOLE FRACTION ,
uc 0.0 0.0 0.0 ‘ 0.0
Uo 0.0 0.0 0.0 0.0
PUC 0.0 0.0 6.0 0.0
PUO 0.0 0.0 0.0 0.0
v o : MOLE FRACTION
uct.5 0.0 - 0.83635D-01 0.98934D 00 | 0.98934D 00
~ PUC1.5 0.0 0.90080D-03 0.10656D-01 | 0.10656D-01
, : . ~ | MOLE FRACTION C
Uc1.9 0.0 0.0 ©0.0. 0.0
PUC1.5 0.0 0.0 0.0 , 0.0
- | MOLE FRACTION
Uo2 0.0 0.84637D 00 0.92452D 00 | 0.92452D 00
PUO1.5 0.0 0.69099D-01 0.75480D-01 0.75480D-01
MOLE FRACTION
U 0.93000D 00| 0.0 0.0 0.0
PU 0.70000D-01 { 0.0 0.0 0.0
C 0.19000D 00| 0.59577D-01
IHCO02I STOP 00000




_ " TABLE’ A-2 '-(‘conti'nued)‘
(T.= 1400.00 K; P = 1.000D 00 ATM)

ACTIVITY

X*/MOLE Y/MOLE P/ATM

AR 0.10000D-01 | 0.10000D-01 0.99998D 00 | 0.99998D 00
co 0.0 - | 0.16202D-06 0.16202D-04 | 0.16202D-04
co2 0.0 ] 0.43715D-14 0.43714D-12 | 0.43714D-12
U 0.0 | 0.15239p-18 0.15239D-16 | 0.15239D-16
PU 0.0 0.34516D-14 0.34515D-12 | 0.34515D-12
02 0.75000D 00| 0.70915D-29 0.70914D-27 | 0.70914D-27
“PUO - 0.0 0.12530D-13 0.12530D-11 | 0.12530D-11
PUO2 . 0.0 ° 0.11379D-17 0.11379D-15 | 0.11379D-15
PUC2: 0.0 0.67718D-17 0.67717D-15°{ 0.67717D-15
vo* 0.0 0.54321D-16 0.54320D-14 | 0.54320D-14
. U02. 0.0 0.20238D-15| 0.20238D-13 | 0.20238D-13
Uo3 0.0 0.11302D-19 0.11302D-17 | 0.11302D-17
uc2 0.0 0.14975D-21 0.14975D-19 | 0.14975D-19

, MOLE FRACTION o
uc 0.0 0.0 0.0 0.0

o 0.0 0.0 0.0 0.0

PUC 0.0 0.0 0.0 0.0

PUO ~ 0.0 0.0 0.0 0.0 -

. MOLE FRACTION :
Uc1.5 0.0 0.23094D 00 0.99108D 00 | 0.99108D 00
PUC1.5 0.0 0.20795D-02 0.89243D-02 | 0.89243D-02
MOLE FRACTION
Uc1.9 0.0 . 0.0 . 0.0 '0.0
PUC1.5 0.0 0.0 0.0 0.0
MOLE FRACTION :
vo2- 0.0 0.69906D 00 0.91144D 00 | 0.91144D 00
PUO1.5 0.0 0.67920D-01 0.88556D-01 | 0.88556D-01
.| MOLE- FRACTION '

U 0.93000D 00| 0.0 0.0 0.0

PU 0.70000D-01 | 0.0 - 0.0 0.0

Cc 0.47500D 00| 0.12547D 00



TABLE A-2 (continued)

(T = 1600.00 K; P = 1.000D 00 ATM)
X* /MOLE Y/MOLE P/ATM ACTIVITY
AR 0.10000D-01 | 0.1000D-01 0.99908D 00 | 0.99908D 00
€O 0.0 0.92288D-05 0.92203D-03 | 0.92203D-03
co2 0.0 0.24977D-11 0.24954D-09 | 0.24954D-09
U 0.0 0.89881D-16 0.89798D-14 | 0.89798D-14
PU 0.0 0.32078D-12 0.32048D-10 | 0.32048D-10
02 '0.75000D 00 | 0.28545D-24 0.28519D-22 | 0.28519D-22
" PUO 0.0 0.19464D-11 0.19446D-09 | 0.19446D-09
PUO2 0.0 . 0.80809D-15 0.80735D-13 | 0.80735D-13
PUC2 0.0 0.84813D-14 0.84735D-12 | 0.84735D-12
U0 0.0 0.21627D-13 0.21607D-11 | 0.21607D-11
- U02 0.0 0.10230D~12 0.10221D-10 | 0.10221D-10
' Uo3. 0.0 0.32550D-16 0.32520D-14 | 0.32520D=14
uc2 0.0 0.43784D-18 0.43743D-16 | 0.43743D-16
o . MOLE FRACTION | - '
uc 0.0 0.0 0.0 0.0
vo 0.0 0.0 0.0 0.0
PUC 0.0 0.0 0.0 0.0
PUO. 0.0 0.0 0.0 0.0
MOLE FRACTION
Uc1.5 0. 0.23071D 00 0.98974D 00 | 0.98974D 00
PUC1.5 0. 0.23920D-02 0.10261D-01 | 0.10261D-01
MOLE FRACTION | .
Uc1.9 0.0 0.0 0.0 0.0
PUC1.5 0.0 0.0 0.0 0.0
V02 0.0 0.69929D 00 0.91184D 00 | 0.91184D 00
PUO1.5 0.0 -0.67608D-01 0.88158D-01 | 0.88158D-01
MOLE FRACTION
U 0.93000D 00 | 0.0 0.0 0.0
PU 0.70000D-01 | 0.0 0.0 0.0’
C 0.47500D 00 | 0.12534D 00




TABiE A-2 (contlnued)
(T = 1800 00 K; P = 1. OOOD 00 ATM

1

0.47500D 00

X*/MOLE Y/MOLE' P/ATM ACTIVITY- .
AR {o. 10000D—01 0.10000D-01 0.97862D 00 | 0.97862D 00
Cco-. 10.0. 0.21843D-03 0.21376D-01 | 0.21376D-01
co2 {0.0 . 10.35526D-09|  0.34767D-07 | 0.34767D-07
U {0.0 - | 0.13100D-13 0.12820D-11 | 0.12820D-11
PU 0.0.., 0.11104D-10{ . 0.10867D~08 | 0.10867D-08
02 0. 75000D 00 0 11112D-20 0.10875D-18 "0.10875D~18
PUO , 0.0 ; 0.10048D-09 0.98327D~08 | 0.98327D-08
PUO2 0.0 10:13606D-12 0.13315D~10"| 0.13315D-10
PUC2. 0.0 0.22198D=11|  0.21723D~09 | 0.21723D~09
vo, 0.0 '0.23222D-11 0.22725D~09 | 0.22725D~09
U02 0.0 0.13227D~10| -0.12945D~08 | 0.12945D=08
Uo3 10.0 0.16290D-13|  0.15942D~11"[ 0.15942D~11
uc2 10.0 10.22165D-15| 0.21691D-13 | 0.21691D~13

' : MOLE FRACTION
uc 0.0 0.0 0.0 0.0
vo 0.0 ] 0.0 0.0 - 0.0
PUC 0.0 0.0 0.0 0.0
PUO - 10.0 0.0 0.0 0.0
oL {- Ce LE FRACTION o
UC1.5 0.0 0.23061D 00| 0.98857D 00 | 0.98857D 00
PUC1.5 0.0 . 0.26670D-02 |  0.11433D-01 | 0.11433D~01
- MOLE FRACTION
Uc1.9 0.0 0.0 0.0 0.0
PUCT.5 . 0.0 0.0 0.0 .. |o.0
o . ... .. | MOLE FRACTION LT
U02 0.0 0.69939D 00| 0.91218D 00 | 0.91218D 00
PUO1.5 0.0 0.67333D-01 .. 0.87819D~01 | 0.87819D-01
L . MOLE., FRACTION :

U 0.93000D 00| 0.0 0.0 0.0
PU 0.70000D-01 | 0.0 . 0.0 0.0
o 0.12487D 00

/



TABLE A-2 (continued)
(T = 2000.00 K; P = 1.000D 00 ATM)

X* /MOLE Y/MOLE P/ATM ACTIVITY
AR 0.10000D-01 | 0.1000D=-01 0.73572D 00| 0.73572D 00
Co. 0.0 0.35922D-02 0.26428D 00 | 0.26428D 00
co2 0.0 0.24528D-07 0.18046D-05 | 0.18046D-05
U 10.0 - 0.92223D-12 0.67850D-10 | 0.67850D-10
PU 0.0 0.24789D-09 0.18237D-07 | 0.18237D-07
02 0.75000D 00| 0.10832D-17 0.79694D-16 | 0.79694D-16
-~ PUO 0.0 0.30878D-08 0.22718D-06 | 0.22718D-06
PUO2 0.0 0.10766D-10 0.79209D-09 | 0.79209D-09
PUC2 0.0 0.24998D-09 0.18392D~07 | 0.18392D-07
Uo 0.0 0.12802D-09 0.94186D-08 | 0.94186D-08
vo2 0.0 0.84605D~09 0.62245D-07 | 0.62245D-07
Uo3 0.0 0.30767D-11 0.22636D-09 | 0.22636D-09
uc2 0.0 0.42248D-13 0.31083D-11 | 0.31083D-11
' ) ' MOLE FRACTION | - :
uc 0.0 1 0.0 0.0 0.0
uo 0.0 0.0 0.0 0.0
PUC 0.0 0.0 0.0 0.0
PUO 0.0 0.0 0.0 0.0
uc1.5 0.0 0.23210D 00 0.98752D 00 | 0.98752D 00
PUC1.5 0.0 0.29340D-02 0.12484D-01 | 0.12484D-01
‘ _ MOLE FRACTION
Uc1.9 0.0 0.0 0.0 0.0
PUC1.5 0.0 0.0 0.0 0.0
_ MOLE FRACTION
002 0.0 0.69790D 00 | "~ 0.91233D 00| 0.91233D 00
PUO1.5 0.0 0.67066D-01 0.87671D-01 | 0.87671D-01
: ' ' MOLE FRACTION
U 0.93000D 00| 0.0 0.0 0.0
PU" 0.70000D-01 | 0.0 0.0 0.0
C 0.47500D 00 | 0.11886D 00
IHO002I STOP 00000
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TABLE A-2- (continued)
(T = 1400.00 K; P = 1.000D 00 ATM)

X* /MOLE Y/MOLE P/ATM ACTIVITY

AR 0.10000D-01 { 0.10000D-01 0.99998D 004 0.99998D -00

co 0.0 0.16811D-06 0.16811D-04 | 0.16811D-04

€02 0.0 0.47062D~14 0.47061D-12 | 0.47061D-12

U 0.0 0.15360D-18 | 0.15360D-16 | 0.15360D-16

PU 0.0 0.40446D-15 0.40446D-13 | 0.40446D-13

02 0.90000D 00| 0.76345D-29 0.76344D-27 | 0.76344D-27

PUO 0.0 0.15235D-14 0.15235D-12| 0.15235D-12

PUO2 0.0 0.14355D-18 0.14355D-16 | 0.14355D-16

PUC2, 0.0 0.79354D-18 0.79353D-16 | 0.79353D-16

vo 0.0 0.56811D-16 0.56810D-14 | 0.56810D-14

vo2 0.0 0.21961D-15 0.21961D-13 | 0.21961D-13

U03 0.0 0.12725D-19 0.12725D-17 | 0.12725D-17

uc2 10.0 0.15094D-21 0.15094D-19 | 0.15094D=19
MOLE FRACTION

uc 0.0 0.0 0.0 0.0

Uo 0.0 0.0 0.0 0.0

PUC 0.0 0.0 0.0 . 0.0

PUO 0.0 0.0 0.0 0.0

: ' ‘ .| MOLE FRACTION :

uct.s 0.0 0.97424D-01| 0.99895D 00| 0.99895D 00

PUCT.5 0.0 0.10199D-03 0.10458D-02 | 0.10458D-02
MOLE FRACTION| -

UC1.9 0.0 0.0 0.0 0.0

PUCT.5 0.0 0.0 0.0 0.0

_ MOLE FRACTION

vo2. - 0.0 0.90258D 00 0.98903D 00| 0.98903D 00

PUOT.5 0.0 0.98980D-02 0.10968D-01| 0.10968D-01
MOLE FRACTION

1SN 0.99000D 00| 0.0 0.0 + 0.0

PU 0.10000D-01| 0.0 - 0.0 0.0

C’ 0.19000D 00 0.43711D-01
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© TABLE A-2 (continued)

(T = 1600.00 K; P = 1.000D 00, ATM
X% /MOLE Y/MOLE P/ATM ACTIVITY
0.10000D-01'1 0.10000p-01 |  0.99904D 00 | 0.99904D 00
0. o 0.95683D-05 | - 0.95591D-03 0. 95591D—03
0. o 26847D-11 0-26821D= 09 0. 26821D 09
0. 0-90706D-16 |  0.90620D-14 0. 90620D- 14
0.0 - 0. 37746D-13 0.37710D-11 | 0.37710D~ 11
0.90000D 00| 0.30683D-24 | 0.30654D-22 | Q. 30654D-22
0.0 . 0 23745D-12 | 0.23722D=10 | 0. 23722D-10
0. 0.10221D-15| 0.1021iD-13 | 0- 10211D- 13
0. 0-99801D=15| 0.99706D- 13| 0.99706D-13
0. 0.22628D-13 |  0.22606D-11 | 0. 22606D 11
0. 0.11097b-12 |  0.11086D-10 | 0.11086D-10
0.0 ©0.36605D-16 |  0.36570D=14 | 0.36570D-14
0.0 0.44186D-18 0.44144D-16 | 0. 441440 16
‘ : MOLE FRACTION
0.0 0.0 0.0 0.0
0.9 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
. MOLE FRACTION_
0.0 0.97416D-01 0.99879D 00 | 0.99879D 00
0.9 0.11777D-03 | 0. 12074D-02 0.12074D-02
| MOLE FRACTION
0.9 0.0 0.0 0.0
0.0 0.0 0.0 - 0.0
MOLE FRACTION
0:-89258D 00 |  0.98905D 00 | 0.98905D 00
0.98822D-02 |, 0.10950D-01 | 0. 10950D-01
- MOLE FRACTION
9000D 00 | 0.0 0.0 " 0.0
ggquuzg! 9'0 p 0 0. O

)00D 00 | 0. 43683D-o1
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TABLE A-2 (cont inued)

(T = 1800.00 K; P = 1.000D 00 ATM)
 X*/MOLE Y/MOLE P/ATM ACTIVITY
AR 0.10000D-01 | 0.10000D-01 0.97785D 00 | 0.97785D 00
co 0.0 | 0.22648D-03 0.22146D-01 | 0.22146D-01
c02 0.0 0.38162D-09 0.37317D-07 | 0.37317D=07
U 0.0 0.13244D-13 0.12951D-11 | 0.12951D-11
PU 0.0 0.13124D-11 0.12833D-09 | 0.12833D-09
02 0.90000D 00| 0.11936D-20 0.11672D-18 | 0.11672D-18
PUO 0.0 0.12302D-10 0.12030D-08 | 0.12030D-08
PUO2 0.0 0.17259D-13 0.16877D-11 | 0.16877D-11
PUC2 0.0 0.26234D-12 0.25653D-10 | 0.25653D-10
vo 0.0 0.24323D-11 0.23784D-09 | 0.23784D-09
. uo2 0.0 0.14353D-10 0.14036D-08 | 0.14036D-08
" Uo3- 0.0 0.18314D-13 0.17909D-11 | 0.17909D-11
uc2 0.0 0.22408D-15 | 0.21912D-13 | 0.21912D-13
MOLE FRACTION
uc 0.0 0.0 0.0 0.0
vo 10.0 0.0 0.0 0.0
PUC 0.0 0.0 0.0 0.0
PUO 0.0 0.0 0.0 0.0
_ MOLE FRACTION _
uct.5 0.0 0.97514D-01 0.99865D 00 | 0.99865D 00
PUC1.5 0.0 0.13184D-03 |  0.13501D-02 | 0.13501D-02
' MOLE FRACTION |.
uc1.9 0.0 0.0 0.0 0.0
PUC1.5 0.0 0.0 0.0 0.0
- MOLE FRACTION o
Uo2 0.0 0.89249D 00 0.98906D 00 [ 0.98906D 00
PUO1.5 0.0 0.98682D-02 0.10936D-01 | 0.10936D-01
: MOLE FRACTION
U 0.99000D 00| 0.0 0.0 0.0
PU 0.10000D-01| 0.0 0.0~ 0.0
C 0.19000D 00| 0.43304D-01
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(T 52

TABLE A=2(continued)
000.00, K3 B = 1.000D, 00 ATM)

IHCO2T STOP

X* /MOLE Y/MOLE P/ATM ACTIVITY

AR’ ' q.1ooooq -01°] 0.10000D-01|  0.72635D 00 | 0.72635D 00
Co, 0.0 | 0.37675D=02|  0.27365D, 00 | 0.27365D 00 -
€02 0.9 0.26638D-07|  0.19348D-05 | 0.19348D-05
U 0.0 0.94453D-12|  0.68606D-10 | 0.68606D-10
PU 0.0 0.29738D-10|  0.21600D- 08 | 0.21600D-08
02 0.99000D, 09| 0.11763D-17 | 0. 85444D-16 | 0.85444D- 16,
PUO, 0.0 0.38357D-09 | 0.27860D-07 | 0.27860D-07
PUO2 0.0 0.13848D-11|  0.10058D-09 | 0.10058D-09
PUC2 09, 10.299900-10|  0.21783D-08 | 0.21783D-08
uo 0.0, 0.13576D-09| 0.98611D-08 | 0.98611D-08
uo2 0.0 q.92904D -09|  0.67480D-07 | 0.67480D-07
uo3, 0.0 1 0.349830-11|  0.25410D-09, | 0.25410D-09
uc2 0.0, 0.43270D-13|  0.31429D-11 0.31429D-11

; MOLE FRACTION
uc 0.0 0.0 0.0 0.0
U0 0.0, | 0.0 0.0 0.0
PUC 0.0, 0.0; . 0.0 0.0
PUQ 0.9 0.0 0.0 0.0

? MOLE FRACTION
uet. 5 0.0 0.99274D-01 | 0.99852D, 00, | 6,.99852D, 00
PUCt. 5 0.0 | 0.14700D-03| 0.14785D-02 ;”.14785D—02

3 . - MOLE FRACTION
uct.9 09, . 0.0, 0.0’ 0.0
PUCT.5 0.0, 0.0, 0.0 0.0

' r o ' MOLE FRACTION |
yo2 0.0 0.89073D 00| 0.98906D, 00 | 0.98906D, 0O,
PUOL. 5 0.0, :0.98530D—02‘ 0.109410-01 | 0. 10941D~01
| g o | MOLE FRACTION
U 0.99000D, 00, 0.0, 0.0 0.0.
Py 0-100000-01 | 0.0, - 0.0 0.0
: i B , .
¢ 0-19900D, 09| 937102001 |
00000
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TABLE A-2 (continued)
(T = 1400.00K; P = 1.0000 00 ATM)

o " X*/MOLE 'Y/MOLE " P/ATM ACTIVITY
AR 0.10000D-01 | 0.10000D-01 0.10000D 01| 0.10000D O1
co 0.0 0.20570D-07 | - 0.20570D-05 | 0.20570D-05
co2 10.0 "0.22981D-15| 0.22981D-13| 0.22981D-13
v 0.0 0.90118D-18 0.90118D-16 | 0.90118D-16
PU 0.0 1 0.11099D-13 0.11099D-11 | 0.11099D-11
02 | 0.90000D 00| 0.12158D-29 0.12158D-27 | 0.12158D-27
PUO 0.0 0.16684D-13 0.16684D-11{ 0.16684D-11
PUO2 0.0 0.62738D-18 | - 0.62737D-16 | 0.62737D-16
PUC2 0.0 0.20474D-17 '0.20474D-15| 0.20474D-15
R1[0) 0.0 0.13301D-15 0.13301D-13{ 0.13301D-13
o2 0.0 0.20520D-15 0.20519D-13 | 0.20519D-13
103. 0.0 0.47448D-20 -0.47448D-18 | 0.47448D-18
uc2 0.0 0.83262D-22 0.83262D-20 | 0.83262D-20
' : MOLE FRACTION
ucC 0.0 0.47089D-01 0.98967D 00| 0.98967D 00
uo 0.0 0.25558D-03 0.53714D-02 | 0.53714D-02
PUC 0.0 0.41620D-04 0.87472D-03 | 0.87472D-03
"PUO 0.0 0.19428D-03 0.40832D-02 | 0.40832D-02
MOLE FRACTION
UC1.5 0.0 0.35074D-01| .0.99513D 00| 0.99513D 00
PUC1.5 0.0- 0.17175D-03 0.48728D-02 | 0.48728D-02
- ' MOLE FRACTION| .
Uc1.9 0.0 0.0 0.0 -~ | 0.0
PUC1.5 0.0 0.0 0.0 0.0
: “MOLE FRACTION
U02 0.0 0.84758D 00 0.92412D 00| 0.92412D 00
PUO1.5 0.0 0.69592D-01 0.75877D-01| 0.75877D-01
‘ . . MOLE FRACTION S
U 0.93000D 00 | 0.0 0.0 . 0.0
PU 0.70000D-01 | 0.0 ‘0.0 0.0
C 0.10000D 00| 0.0
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TABLE A-2 (continued)-

(T = 1600.00 K; P = 1.000D 00 ATM)
X* /MOLE Y/MOLE P/ATM ACTIVITY
AR 0.10000D-01 | 0.10000D-01 0.99991D 00 | 0.99991D 00
co 0.0 0.85427D-06 0.85420D-04 | 0.85420D-04
Co2 0.0 0.83608D-13 0.83601D-11 | 0.83601D~-11
U 0.0 0.69609D-15 0.69603D~13 | 0.69603D-13
PU 0.0 -] 0.12660D-11 0.12659D-09 | 0.12659D-09
02 0.90000D 00| 0.37299D-25 0.37296D-23 | 0.37296D-23
PUO 0.0 0.27779D-11 0.27777D-09 | 0.27777D-09
PUO2 0.0 0.41707D-15 0.41704D-13 | 0.41704D-13
- PUC2 0.0 0.21969D-14 0.21967D-12 | 0.21967D-12
Uo 0.0 0.60569D~13 0.60564D-11 | 0.60564D~-11
Uo2 0.0 0.10361D-12 0.10360D-10 | 0.10360D-10
U03 0.0 0.11922D-16 0.11921D-14 | 0.11921D-14
uc2 0.0 0.22255D-18 0.22253D-16 | 0.22253D~16
K MOLE FRACTION '

. uc 0.0 - 0.46651D-01 0.98155D 00 | 0.98155D 00
. Uo 0.0 0.50159D-03 0.10554D-01 | 0.10554D~-01
PUC 0.0 0.83547D-04 0.17579D-02 | 0.17579D~02
PUO 0.0 0.29187D-03 0.61409D-02 | 0.61409D-02

. MOLE FRACTION

UC1.5 0.0 0.35323D-01 0.99474D 00 | 0.99474D 00

PUC1.5 0.0 0.18663D-03 | 0.52557D-02 | 0.52557D-02
MOLE FRACTION S

uct.9 0.0 0.0 0.0 0.0

PUC1.5 0.0 0.0 " 0.0 0.0

N : ’ MOLE FRACTION -

o2 0.0 0.84752D 00 0.92427D 00| 0.92427D 00

PUD1.5 0.0 0.69438D-01 0.75726D-01 | 0.75726D-01
MOLE FRACTION

U 0.93000D 00| 0.0 0.0 0.0

PU 0.70000D-01.| 0.0 0.0 0.0~

C 0.10000D 00 0.0

A-16



TABLE A-2 (cortinued)

1800.00 K; P = 1.000D 00 ATM)

(T. =
X* /MOLE Y/MOLE P/ATM ACTIVITY
AR 0.10000D-01{ 0.10000D-01 0.99843D 00 | 0.99843D 00
co 0.0 1 0.15769D-04 | ~ 0.15744D-02 | 0.15744D-02
- €02 0.0 0.84040D~11 0.88908D-09 | 0.83908D-09
U 0.0 0.12120D-12 0.12101D-10 | 0.12101D-10
PU 0.0 0.49922D-10 0.49843D-08 | 0.49843D-08
02 0.90000D 00| 0.11694D-21 0.11676D-19 | 0.11676D-19
PUO 0.0 0.14801D-09 0.14778D-07 | 0.14778D-07
PUO2 0.0 0.65676D-13 0.65572D-11 | 0.65572D-11
PUC2 0.0 0.50422D-12 0.50343D-10 | 0.50343D-10
U0 0.0 ~0.70397D-11 0.70286D-09 | 0.70286D-09
U02 0.0 0.13139D-10 0.13119D-08 | 0.13119D-08
U03 0.0 0.53024D-14 0.52941D-12 | 0.52941D-12
uc2 . 0.0 0.10361D-15|  0.10345D-13 | 0.10345D-13
: ' | MOLE FRACTION ;
uc 0.0 0.46108D-01 0.97085D 00 | 0.97085D 00
Uo 0.0 ! 0.84183D-03 0.17726D-01 | 0.17726D-01
PUC 0.0 0.14339D-03 0.30192D-02 | 0.30192D-02
PUO 0.0 0.39893D-03 0.84000D-02 | 0.84000D-02
MOLE FRACTION :
UC1.5 0.0 0.35622D-01 0.99441D 00 | 0.99441D 00
PUCT.5 0.0 0.20019D-03 0.55885D~-02 | 0.55885D-02
MOLE FRACTION
uc1.9 0.0 0.0 0.0 0.0
PUC1.5 0.0 0.0 0.0 0.0
’ : MOLE FRACTION
V02 10.0 0.84743D 00 0.92445D 00 | 0.92445D 00
PUO1.5 0.0 0.69257D-01 0.75552D-01 | 0.75552D-01.
' A - MOLE FRACTION
U 0.93000D 007 0.0 0.0 1 0.0 -
PU 0.70000D-01| 0.0 0.0 0.0
C 0.10000D 00| 0.0
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TABLE A-2 (continued)
(T = 2000.00 K; P = 1.000D 00 ATM)

X* /MOLE Y/MOLE P/ATM ACTIVITY
AR 0.10000D-01 | 0.10000D-01 0.98353D 00 | 0.98353D 00
co 0.0 0.16741D-03 0.16465D-01 | 0.16465D-01
co2 0.0 0.34857D-09 0.34283D-07 | 0.34283D-07
U 0.0 0.75196D~11 0.73957D-09 | 0.73957D-09
PU 0.0 0.94661D-09 0.93103D-07 | 0.93103D-07
02 0.90000D 00| 0.75339D-19 0.74099D-17 | 0.74099D-17
PUO 0.0 0.35955D-08 0.35363D-06 | 0.35363D-06
PUO2 0.0 0.38227D-11 0.37597D-09 | 0.37597D-09
"PUC2 0.0 0.39851D-10 0.39195D-08 | 0.39195D-08
U0 0.0 0.31829D-09 | - 0.31305D-07 | 0.31305D-07
. U02 0.0 0.64141D-09 | 0.63085D~07 | 0.63085D-07
uo3 0.0 0.71125D-12 0.69954D-10 | 0.69954D~10
 UC2 0.0 0.14380D-13 0.14144D-11 | 0.14144D-11
, MOLE FRACTION
uc 10.0 0.45887D-01 0.95795D 00 | 0.95795D 00
Uo 0.0 0.12768D-02 0.26656D-01 | 0.26656D-01
PUC 0.0 0.22250D-03 0.46451D-02 | 0.46451D-02
PUO 0.0 0.51483D-03|. 0.10748D-01 | 0.10748D-01
- o . .MOLE FRACTION '
uc1.5 0.0 0.35605D-01 0.99411D 00 | 0.99411D 00
PUC1.5 0.0 0.21080D-03 0.58856D-02 | 0.58856D~02
‘ MOLE FRACTION
Uc1.9 0.0 0.0 0.0 0.0
PUC1.5 0.0 0.0 0.0 , 0.0
, MOLE FRACTION
Uo2 - 0.0 0.84723D 00 0.92464D 00 | 0.92464D 00
PUO1.5 0.0 . 0.69052D-01 0.75361D-01 | 0.75361D-01
] ' MOLE FRACTION
U 0.93000D 00| 0.0 0.0 0.0
PU 0.70000D-01 | 0.0 0.0 0.0
C 0.10000D 00| 0.0
TIHOO021I STOP 00000
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A.1. U~Pu-C-0 PHASE EQUILIBRIA

Potter (1970) has drawn a pseudo—ternary phase diagram for the U- Pu~C-0
system in which he suggests’ that the sesquicarbide (MC .5 where M is the
actinide) is stabilized with respect to the dicarbide by the presence of
plutonium. This appears likeiy because of the similar free energies of
formation of UC1.9 and UC1;5, and the fact that plutdnium does not form a
dicarbide. The presence of plutonium would thus increase the %tability of
the sesquicafbide, and since the difference in the free energies of forma-
tion of the phases is small, tﬁe MC1 5 phase probably forms. _This is‘l
supported by the results of the SOLGASMIX—PV calculations where free carbon
plue U1_XPu};:C1.5 forms in preference to U1 kPukC1 9-0.4k"

In his phase diagram, Potter (1970) does not ihdicate the plutonium
éoncentration at which the’ dicarbide decomposes yielding carbon and the
sesquicarbide. The.calculatiqns indicate that the limit is at a value of

Pu/U + Pu < 0.01, which seems reasonable.

~ The most important conclusion,  therefore, is that at equilibrium a
dicarbidedioxide fuel, which initially contained no free carbon, reacts to

form éesquiéarbide and free carboh due to bred-in plutonipm.
‘A.2. FISSION PRODUCT EFFECTS ON PHASE EQUILIBRIA

Using the thermal fission product yields of Meek end Rider (1974) and
the analysis of Homan et al. (1977), it is_possible to determine the influ-
ence of the fisSioq products on the phase equilibria of the fuels. The ‘

fission yields of the metals and the compounds they form are listed below.

’

Species Percent/U-235 Fission
(RE ,La Y)O1 5 61
ZrC ’ 37
Bap2 ‘ §.8
| srC, o 9.6

*Rare earths
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Thus 0.915 oxygen atoms and 0.698 carbon atoms are required per fission"
to form the fission product phases. Table A-3 illustrates an oxygen and

carbon balance for fuel at 20% FIMA.

The balance of the released oxygen shown iﬁ Table A-3 must react with
the actinide carbide to form free carbon and oxide.' 1f thisaoccurs, the
fraction of carbon ato@s released equals 0.160 and 0.109 for the 15% and
25% converted fuel, respectively. The fuel, therefore, still contains free
carbon since that feleased by the formation of the oxide exceeds the deficit
in the carbon balance for the converted fuel. Note that the results of the
SQLGASMIX—PV calculations indicate some partitioning of plutonium among the
phases; but this has been ignored as it does not significantly influence

the results.
A.3. PARTIAL PRESSURES OF PLUTONIUM-CONTAINING SPECIES"

The equilibrium partial preséures of the various vapor species are
indicated in the output from the SOLGASMIX-PV calculations. The sums of the
pressures of the plﬁtonium—containing species (essentially PuO and Pu) are
plofted versus reciprocal temperatures in Fig. A-1. It can be seen from
these results that the pressures are somewhat sensitive to both plutonium
concentration in the condensed phases and to the phases present, but only
slightly sensitive to the amouﬁt of each phase. Dropping the plﬁtonium
concentration from a Pu/U + Pu = 0.07 to the value Pu/U + Pu = 0.01
decreases the pressuré by a factor of 7. Moving from the phase field con-
taining monoxycarbide to that containing carbon instead reduces the pfessure

by a factor of 2.
A.4. AREAS OF UNCERTAINTY AND SUGGESTIONS FOR FUTURE WORK

The greatest uncertainty is in the concentration of plutonium neces-
sary to make the sesquicarbide plus carbon more stable that the dicarbide.
In the unlikely event that it is appreciably greater than Pu/(U + Pu) = 0.01,
the sesquicarbide would only form if there were insufficient available

carbon to form the dicarbide (i.e., after some burning). In.the even more
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unlikely situation.that the sesquicarbidelis.unstable with respect to the
d1carb1de and monoxycarbide, as appears to be the case in the. U-C-0 system
‘(Potter, 1972), then the system would enter a d1carb1de plus monoxycarblde
plus dioxide phase region. The plutonium-containing spec1es pressures.
over this regionAwould be less than those over that containing the

sesquicarbide. : s

The questlons about phase equ111bria noted above could be answered with
a series of experiments in which samples are prepared with comp051tions in
_the ranges of interest and annealed at the appropriate temperatures. . Exami-
'natlon by X-ray diffractometry, of the phases present should 1nd1cate the

proper phase equ111br1a

The next most important question is whether the various solutions,
treated as ideal, do exhibit ideal'solution behavior. There is still a
question as to the ideality of the UCI—xOx solid solution (Potter, 197?) as
~ well as to the U1 Pu Cl 29y solid solution. This is presently under inves-
tigation by L1ndemer and Besmann of ORNL using equ111br1um CcO pressure

measurement over systems of various compositions.

A.5. CONCLUSIONS

1. Although an MEﬁ fuel may initially contain only UC and U0, the breed-

1.9 2°
‘ing in of significant amounts of plutonium (>1%) will, at thermodynamic
equilibrium,'likely cause the dicarbide to decompose to the seSquicarbide

plus carbon.

2. 'F1331on products generated in the fuel will react to form ox1des and
carbldes. Even at 1ow initial concentrations of UC1 9 (10/ conversion).
and considerable burnups (20% FIMA), however, enough carbon is free to
form f15$1on product carbides without decomp031ng the actinlde sesqul—

carb1de to monoxycarblde.
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3. Should the monoxycarbide form, its effect on the plutonium-bearing
species partial pressures is not great, increasing their sum by only a
factor of 2. The pressures are considerably more sensitive to the con-

centration of plutonium in the system.
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APPENDIX B
IRRADIATION TEST OF LOW-ENRICHED FUEL IN THE FRG

R. Gontard

. Kernforschungsanlage Jilich

Irradiation tests carried out in the past years have led to the accum-
ulation of extensive experience with LEU oxide fuel. Spherical fuel elements
were used in different material test reactors to test the coated particles,

which were in the form of compacts or coupons as well as loose. The reactors

used were:

1. BR2, Mol, Belgium
. HFR, Petten, Netherlands
. R2, Studsvik, Sweden

IS

2

3

4. DR Dragon reactor, Winfrith, Great Britian v ‘
5. FRJ2 (Dido), KFA JuUlich, Federal Republic of Germany
6

AVR, KFA JUlich, Federal Republic of Germany

Particle design and irradiation experiment data are given in Tables B-1
 (HOBEG fuel) and B-2 (fuel produced at KFA) along with remarks on post-

irradiation examination results.

The designation used to identify experiments consists of three parts:
(1) the reactor used, (2) the kind of experiment (P = particle, K = sphere,
M = matrix), and (3) the number of the experiment. For instance, BR2-P10

means particle experiment number 10 in the BR2 reactor.



TABLE B-1

LEU FUEL PRODUCED AT HOBEG

Coating
Kernel Buffer N Inner PyC si€ Outer PyC Irradiation Postirradiation Examination
Enrich- Diam— | Thﬂszfss ?5751§§ Thic{ness ?e7Si§¥ Thickness ?e7si§§ Thﬁfkness Deysigy Total | Particle Temper- Fluence Particle
Compo- | ment Density | eter | BIvo/ D umfro . gcc; D uﬁg . gcc: D (U?) N C;;;izl D umé .(gccz ) Coating | Diameter | Experi- | Capsule/ | Time ature Burnup 1021 em2 Failure
Particle Batch | Experiment | sition| (%) | (g/cm3) | (um) | TRIso |-28P- from: CoH, ep. trom: Gty |Dep. from: (LH51CL41 Dep. from: C4Hg (um) (im) ment Sphere | (£pd) (°c) (% FIMA) | (B > 0.1 Mev) Failure Mechanism %5 State
BR2-P11 BR2-P11 2 366 1210-850 24 9.9 Amoeba radial cracks 69 Completed
in buffer & PyC. 98
R 31
DO 760 t uo, 9.5 10.56 591 B 82 <0.7 100 1.94 - - - - 182 957 22 98
BR2-P12 BR2-P12 1 541 1100-1150 ) 19 1.5 x 10 Annealing test indi- In progress
cates broken particles.
FRJ2-P15 FRJ2-P15 2+ 4 444 1250-850 20/19 <2 All particles intact In progress
BR2~P12 _ _ BR2-P12 | 1+ 2 541 | 1100-1150| 19 1.5 x 1022 - - In progress
bo 761 ¢ FRJ2-P15 uo, 9.5 10.56 390 B. 8o 0.9 154 1.92 - 234 1030 FRI2-P15 | 3 444 | 1150-800 | 21 <2 Broken particles In progress
BR2-P11 BR2-P11 3 366 1200-950 18-22 6-8 Amoeba 30 Completed
Amoeba 95
Radial cracks 21
DO 765 t vo, 9.5 10.56 603 B 160 <1.1 98 1.93 - - - - 258 1102 Tangential cracks 15
Tangential cracks 60
Burst test 0
BR2-P11 BR2-P11 i 366 1225-900 20-22 , 7-8 Amoeba 37 ‘Completed
Amoeba 82
DO 767 t U02 9.5 10.56 591 B 40 <1.2 100 1.95 - - - - 149 850 Radial cracks 31
Damage 18
Burst test 59
BR2-P12 BR2-P12 1+ 2 541 | 1100-1150| 19 " 1.5 x 1022 | Reaction kernel/coating 3 In progress
55
DO 787 t A o, 9.5 10.56 595 B 79 <0.7 52 1.99 - - - - 131 868 3
FFJ2-P15 : FRJ2-P15 1 444 1200-1000| 16 <2 Possibly some broken In progress
particles.
R2-K5 R2-K5 1 438 1000 11.2 Y7.44 Particles intact 0 At USGAE
EO 241/243/244 t | DR-S2 vo, 6.6 10.7 596 B 76 0.94 92 2.02 - - - - 168 800-1000| DR-S2 270 1100 2-4 2.7 ) Completed
HFR-M5 HFR-M5 143 239 | 970/980 | 6.8/5.1 3.1/2.7 In progress
BR2-P15 BR2-P15 1+ 2 375 | 130071150 11.2/8.2| " 10.7/6.4 Comp. 8 + 13 disintegration. 6 In progress
. T/C-corrosion Comp. 2 50-60
. Comp. 5 25-30
. . _ _ { Comp. 6 15-20
EO 249/250/251 ¢ vo, 9.49 10.3 616 T 67 42 34 3.19 36 1,935 174 800-1000 ] Conp. 7 15
| Amoeba penetration 65 um.
, Tang. cracks in buffer.
DR-S4 DR-S4 656 920 5.8 4.1 - 0 At AERE
EO 391 t DR-K5 uo, 9.51 10.9 602 B 90 0.94 73 2.02 - - - - 163 800-1250 | DR-K5 1-27 334 1210 3.2-5.5 | " 1.1-2.7 Particles intact In progress
DR-S3 900-1250 | DR-S3 334 1100 3-4 2.5 - 1] Harwell
EO 403-405 t DR-56 vo, 6.65 10.47 615 T 86 - 46 - 29 0.21 38 1.94 199 900-1250| DR-S6 550 1160 4-6 4.1 -
HFR-M5 HFR-M5 2 239 990 9.7 ! 5.0 - In progress
AVR VI 0.714 AVR VI 1200 3.2 v 0.5-1.0 - In progress
Ef 14— 10. B 8 1. 77 1.97 - - - - .b.
0 414-428 € rriz-ks | %2 v, | 107 | o8 9 05 o 97 | FRi2-k8 | 5+6 | 137 | 1260-800 | 7.7/7.1 | ' o.m - In progress
AVR VI AVR VI 1200 3.7 0.5-1.0 Radial cracks in buffer 0-25 In progress
0-10
EO 431-441 t o, 14.95 10.39 618 B 98 1.01 80 1.96 - - - - n.b. 944 . 0-25
FRJ2-K8 FRJ2-K8 5+ 6 137 1240-800 | 7.7/7.1 ' 0.01 - - In progress




TABLE B-2
LEU FUEL PRODUCED AT KFA

Coating i
Kernel Buffer Inner PyC sSic Outer PyC Irradiation , Postirradiation Examination
Enrich- Diam- Thiff:fss ?e7si§y Thi;kq:ss De7si§§ Thickness ?eysigy Thickness 3e7515§ Total | Particle Temper- L Fluence Particle
ment Density eter BISO/ D H £ . gc°: ) D Umf -(chE (2) CH ;%é?? ) D(umk . SCC: Coating | Diameter | Experi- | Capsule/ | Time ature Burhup 1021 em~2 Failure
Particle Batch | Experiment | Composition [¢3] (g/cm3) (um) TRISO ep. trom: 272 ep. trom: 376 Dep. from 39101, €p. Lrom: 36 (um) (um) ment Sphere | (fpd) (°c) % FIMA) (E > 0.1 MeV) Failure Mechanism (%) State
DR-P5/3 " DR-P5/3 336 | 1390~-1100 3.i—7.8 1.1 : - - Completed
PAUOC 881 FRI2-P16 | U0p * 32 UC| 11.01 | 10.1 604 B 83 - 101 1.952 - N - 184 96 | prya-pie 207 | 1600-960 | 10-12 0.34-0.46 | Amoeba 60-85 | Completed
DR-P5/3 DR-P5/3 22 336 | 1390-1100 | 3.1-7.8 1.1 Slight amoeba - Completed
PAUO 882 FRI2-P16 | V02 1.01 | 10.6 614 B 70 - & 2.008 - - - - 145 860 | rry2-pis 207 | 1600-960 | 10-12 0.34-0.46 - 50 | Completed
DR-PS/3 DR-P/3 ’ 336 1390~-1100 3.1-7.8 1.1 ~ - Completed
~ PAUC 883 FrI2-P16 | U%2 11.01 ) a.b. 600 B 61 - 105 1.836 - - - - 166 1037 | pry2-p16| 1 - 4 | 207 | 1600-960 | 10-12 0.3420.46 | Reaction with PyC layer | - Completed
DR-P5/3 DR-P5/3 336 1390-1100 3.1-7.8 1.1 8iC corrosion on outer - Completed
PSPAUO 1024 U0, 11.01 10.6 614 T 75 - 30 ) - 50 3.114 39 1.917 194 984 §iC surface.
FRJ2-P16 - FRJ2-P16 1 -4 207 1600-960 10-12 0.34-0.46 Amoeba - Completed
DR-P5/3 _ _ _ "1 DR-P5/3 336 | 1390-1100 | 3.1-7.8 1.1 Drastic SiC corrosion - Completed
PSPAUC 1027 | DREILS | uc, 11.01 | n.b. |580-610| T n.d. 31 31 3.202 36 1.888 | n.d. 970 | 2 opl6 | 1 -4 | 207 | 1600-960 | 10-12 0.30-0.46 | Aooeps - Comleted
DR-P5/3 ) ) DR-P5/3 336 | 1390-1100 | 3.1-7.8 1.1 Outer SiC surface - Completed
PSPAUOC 1042 . uo, + 3% ucC 1.0 10.1 610 T 80 - 37 - 49 3.211 25 1.969 191 1069 (temp. dep.)
FRJ2-P16 . FRJ2-P16 1 -4 207 1600-960 10-12 0.34-0.46 Amoeba - Completed
PAUC 1260 FRJ2-P17 UO2 15 10.91 684 B 60 - 120 2.01 - - - - 180 1040 FRJ2-P17 2 114 1200 8;3 0.2 ’ - - In progress
PAUASiO 1261 FRJ2-P17 o2 15 9.5 671 B 60 - 118 2.025 - - - . - 178 1040 FRI2-P17 3 114 1140 7.9 0.2 - - In progress
+10%Z A10q 5 "
+10Z 510,
PAUASiO 1262 FRJ2-P17 uoy 15 9.31 668 B 60 - 116 2.02 - B - - - 176 1000 FRJ2~P17 4 114 1140 8.2 0.2 ) - - In progress
+15% 4104 5
+ 5% 510, ‘
PAUZO 1263 FRJ2-P17 UO% 15 9.77 682 B 65 - 134 2.05 - . - - - 199 1040 FRJ2-P17 1 114 1180 . .7!1 0.2 - - In progress
+26% zro, |- i




B.1. EXPERIMENT BR2-P10 - L
Objectives

1. Investigate the irradiation behavior of propene PyC with different

parameters in comparison with methane PyC.

2. Determine the influence of different positions of the sealing layer.

'

3..* Compare with particles irradiated in othef'experiments;

t

- 4. Compare loose and bonded particles.
5. Determine the dependence of kernel swelling on porosity and enrichment.

6. Determine the influence of CO pressure in.carbide-doped oxide’

kernels.

7. Investigate the irradiation behavior of particlés without inmer

" pressure-(graphite particles).
- Loading

Thirty-six particle variants with different kernel compositions and
coatings were tested, but dnly four of them were medium—enriched (20% and
40%) uo,, kernels- (M2AUO 411, 412, 427, and 431 produced at KFA); They were
loaded in two magazines of the lower, uninstrumented capsule of the irradiation
facility. The particies were irradiatgd in coupons (LEU) as well as loose -

in graphite magazines with annular grooves.

. Irradiation Dafa<(20%'Enriched Fuel)

Irradiation time, fpd ~ ° o ' 258 -
Burnup, % FIMA : 11-13

B-7



Fast fluence, 1021 cm—2 (E>0.1 MeV) 10-8.6
Temperature, °C 1150

In—pile R/B, (Kr-88) 5}(10_6 to 2x10—'2

Postirradiation Examination

The PIE work on the MEU fuel, carried out only with respect to kernel

swelling, produced the following results:

Enrichment Increase 0f Kernel Diameter Initial KernelﬁPorosity
%) %) ‘ (%)
20 , . 8-10 1
40 4-16 1

20 - 4.5-7.5 = ’ 5-10
B.2. EXPERIMENT BR2-P11
Objectives

1. Determine particle endurance as a function of the thickness of

the porous PyC layer and compare with stress model calculations.

2. Determine the influence of the outer HDI layer on the integrity

of the particles at the HTR burnup dose.

3. Determine the incidence of particle failure as a function of free

volume (in the buffer layer).
Loading

Three BISO particle variants with identical kernel geometry but
different buffer layer thicknesses were used. The particles were pressed
in monolayer coupons, and each variant was separately loaded in one

_ capsule. ‘ C o -,

B-8



Cépsule Batch No. (HOBEG) Buffer Layer Thickness (um)

1 DO 767 t 40
2 DO 760 t 80

3 DO 765 t - 160

Irradiation Data

5

Capsule
1 2 .3

Irradiation time, fpd 366 366 366

Burnup, % FIMA ~20.2-22.6 264.2-24.5  18:6-22.2
Fast fluence, 1021cm-_2

(E>0.1 MeV) © 7.37-8.75 9.75-9.90  6.68-8.65
Temperature, °C . 1225-900 1210-850 . 1200-850

3 2x107%-7x107>  s5x1077-3x10”

In-pile R/B, (Kr-88) 2x100-2x10”

Postirradiation Examination

CapSule 1 (Buffer Layer 40 Um)‘

Only smali amoeba migration was found, but it increased with highér

‘fluence. In the upper part of the capsule, all particles were intact.

The particles in the middle part showéd radial cracks in the buffer layep.
These cracks sometimes led to breakage of ‘the whole coating. In.the lower
part, the crackg were smaller and amoeba migration was only detectea
within the bufférilayer due to different temperatures and temperéture
gradients. The annealing test showed Rarticle bursts at temperatures
higher than 1000;C. A number of particles had released 35% to 55% pf

the total Kr-85 inventory; After disintegratioﬁ, defective particles were

found only in this variant (approkimétely 25%) depending on irradiation



. temperature, fission gas pressure, and the interaction between the kernel

and the buffer layer.
Capsule 2 (Buffer Layer 80 um)

Because of high temperatures and fluences, a stronger amoeba effect
ﬁas detected,. sometimes up to 55 um. Tangential cracks were found within
the buffer layer as well as on thé surface buffer/HDI, and gaps were found
between the kernel and the buffer layer, but no failure caused fission
product release. Particle burst during the annealing test began at 1200°

to 1400°C. See Table B-3.
Capsule 3 (Buffer Layer 160 um)

yAﬁsmaller amoeba attack was noted, and tangential cracks within the
‘Bﬁfferilayer wefe found. 1In the upper part of the capsule, the kernels
had large fission gas bubbles and gaps between the kernel and the buffer
layer. In the lower part, all particles were intact. No particle failed-
during annealing of the coupons up to 1800°C, but when particles were
annealed after disintegration the burst began 300° to 400°C. This may have

been caused by a poor disintegration method. See Table B-4.
Conclusions

1. The large volume of the buffer layer improves the high-temperature

behavior of coated particles.

2. Different failure behavior of particles from the same coupon
indicates the buildup of cracks in the outer HDI layer was

caused'by neutron-induced embrittlement.

3. Fission gas pressure and accompanying mechanical stresses

affect the permeability of the coating.
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New microstructural investigations by small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM) of the as-deposited OLTI
'coatings.showed a high number of cracks indicating a subsequent irradiation

performance (either failed coatings or cracks, leading to permeability).
B.3. EXPERIMENT BR2-P12
Objective

Test particles with different thicknesses of dense PyC (LTI) layer
in connection with stress model calculations and correlation with burnup,

temperature, and fast fluence.
Loading .

In one swept capsule dividediinto three capsule units, 162 éoupons
with annularly arranged particles, each loaded with three particle variants,
were tested. In a second uninstrumented capsule, loose particles were
irradiated. The particle variants (all HOBEG) were DO 760 t (100 ym HbI),
DO 761 t (154 pm), and DO 787 t (52 um), all with BISO coatings.

Irradiation

It was planned first to irradiate the experiment up to a fast fluence
of 9x1021 n/cm—2 (E > 0.1 MeV). After 311 fpd, the R/B values of 10_5‘ :
indicated 100% intact particles. Therefore, the irradiation was continued

up to a fast fluence of 1.5x1022 to get a significant number of particles.

Irradiation Data

Irradiation time, fpd 541
Burnup, 7 FIMA ) ' 19.

" yn21 -2 22
Fast fluence, 10 cm (E>0.1 MeV) 1.5x 10
Temperature, °C 1100 - 1150
In-pile R/B, Kr-88 3x10 05x1073
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Postirradiation Examination
~Capsule 1

The particles with the thinnest outer HDI layer had the highest failure
_rat;.e (Table B-5), _and the particles with thicker HDI layers showed large
amoeba attack, depending on'thei; position in the capsule. The buffer layer
often had tangential cracks; which partly led to decoupling between the buf-
fer and the HDI layer. The tendency to cracking in, the HDI layer inéfeased

with fluence.
-Capsule 2

Little amoeba migration occurred in all three variants, and tangential

cracks in the buffer layer.

" Capsule 3

The same,effééts were observed as in capsules 1 and 2, but more
defined.- In 14 particles, radial cracks had propagated through the

whole coating.

Ihe~annealing test onﬂbatch DO 760 t (HDI layer 100 um) showed a -
clear dependence of particle endurance on burnup and faét fluence (Table B-5).
Table B-6 givés coupon annealing test results.

The particles in the capsule were positioned as follows:

Upper: bursts at temperatures higher than 1500°C
Middlg: bursts at temperatures higher than 1300°C

Lower: no bursts up to 1800°C.

New SAXS and TEM studies showed pronounced differences in the LTI
préperties of these three coatings. The effect of LTI variation, therefore,
may be added to the influence of coating thickness on irradiation performance.

(P. Krautwasser, personal communication).
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B.4. EXPERIMENT BR2-P15

Objecfives '

" 1. Test TRISO LEU particles up to maximum power reactor conditions;
i.e., burnup 12% FIMA, fast fluence 8x1021 cm_2 (E > 0.1 MeV),

‘temperature 1300°C.

PyC.

2. Compare the particles with SiC in propene-PyC and SiC in methane-

Loading

The particles were pressed in compacts with a fuel-free zone of 3 mm.
Eight compacts at a time were loaded in instrumented éapsules. The

particle batch was EO 249/250/251 t (HOBEG).

‘

Irradiation (Similar to BR2-P11)

. . ‘ -
"Because parts of the loading failed after 18 months of irradiation

time, the experiment was terminated.

Irradiation Data

Capsule
1 2
" Irradiation time, fpd o - 375 375
_ Burnup,.% FIMA | 11.05 "8.15
Fast fluence, 1021cm_g (E>0.1 MéV) 10.7 6.41
" Temperature, °C o 1300 - 800 1150
In-pile R/B, Kr-8$' oL 4x1078- 1:6x10-2 R
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Postirradiation Examination

The particle damage in instrumented capsule 1, caused by corrosion
of thermocouples (Cr-Ni), was between 57 and 60%. The thermocouples weré
mounted in the fuel-free zone of the compacts. The amoeba effect was
"detected mostly in the ouﬁér part of the compécts oficapsule_1 (up to
65 um), but no amoeba effect was found in capéulé 2. After électrolytical
: disintegratién of two compacts from 1000 particles, 60 froﬁ each were

observed to be damaged.
B.5. EXPERIMENT FRJ2-P15
Objective

Determine the influence of burnup on the lifetime of particles with

different outer PyC layer thicknesses.
Loading
Three particle variants pressed in coupons were loaded in four

separately swept capsules, each containing 32 coupons. Particle batches

(HOBEG) were as follows:

Capsule Batch .
1 DO 787 t
2 DO 760 t
3 DO 761 t
4 DO 760 t

‘

Irradiation
The target values of this experiment -~ irradiation to 10-30% particle

breakage - could not be reached because of particle failures in capsules

1 and 3.
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Irradiation Data

i Capsule _

1 2 34
Irradiation time, fpd 444 444 4ht |44
Burnup, % FIMA 16.58 = 20.37 20.63 . 19.18
Fast flﬁence, 1021 cﬁ-z '
(E>0.1 MeV) : 1.5 1.5 1.5 1.5
Temperature, °C 1200-930  1200-850  1100-800  1250-870~
In—piie R/B, ‘Kr-88 first 306 fpd constant 10_5, then

. continous increases to 1x10~2

Postirradiation Examination

‘Postirradiation annealing showed that particles in capsules 2 and
4 (DO 760 t) were completely intact, while failures occurred .in capsules
1 and 3. Kr-85 release from broken particles increased steadily from

25% at 1000°C to 50%. at 2200°C.

~ B.6. EXPERIMENT FRJ2-P16

Objectives |

1. Determine the iﬁfluence of différent kernél compositions and .
coatings under varéable irradiatipn temperatures on the‘amoeﬁa,

kinetics.

2. Determine the influence of carbide dopihg'in the kernels.

i
'

3. Compare high- and low-enriched kernels.
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Loading

The particles were partly preésed in coupons and partly put loose in
graphite magazines with annular gaps. Into each of the four separately

swept steel capsules, 24 coupons and 6 graphite magazines were loaded.

Particle batches‘(KFA) were: PSPAUO 1027, PSPAUOC 1042, PAUOC>881,
PAUO 882, PAUO 883, and PSPAUO 1024.

Irradiation

Temperature was kept-constant (He-N2 mixture), independent fission

gas measurement was possible in all four capsules.

Irradiation Data

Capsule

1 2 3 4
Irradiatidn :
time, fpd 207 207 207 207
Burnup, ) '
% FIMA 10.0 11.9 *12.0 1.5
Fast fluence,
1021 cm~2 L . -
(E>0.1 MeV)  0.34 0.41 0.46 - 0.36
Temperature, _ S .
°c 1480-1020 1590-1190 1600-1130 1470-960
In-pile .
R/B, Kr-88  5x107°-2x10"% 2x107%-2x10™> 3x107%-2x1073 3x107>-107%
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Postirradiation Examination

Carbide-doped and UC,-BISO particles did not show any amoeba attack.

Extremély large kernel mizration was observed on UO2 particles if there
was a significant kernel/coating gap. This gap was more,defined on
particleé.with thicker buffer layers because of higher shrinkage‘of these
layers. The TRISO variants showed less amoeba attack above 1500°C. Oxide ::
kernels with added carbides did not show any improvement with respect\to
the amoeba effect above 1000°C.. There was a stronger tendency to kernel
migration in HEU (U,Th)O2 kernels than in LEU oxide kernels.:

CO measurements in.TRISO particles at Seibersdorf demonstrated the

effectiveness of the carbide additions in gettering oxygen:

o/F
O/F

0.045 in UO kernels‘

2
0.001 in UQ2 + 3% UC kernels. s

B.7. . EXPERIMENT FRJ2-P17
Objective

Test fuel kernels with oxide additives A1203, Zr02, and‘SiOZ.

Loading

\
_ TheseAadditiVes éhduld decrease the ;elease-of'solid fission products
liké Sr, ﬁa, and Cs. The particles were designed to have the same geometry
but different kernel compositions to get well-defined statements abbutin:

the influence of kernel material on release of solid fission products.

Eight particle variants (fdur variants with low enriched fuel) were
pressed'in\coupbns. They werée stacked into four separately swept.capsules.
Each capsule contained two particle variants separated by Mo plates

(36 coupons/capsule).
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- LEU particles (KFA) in capsule 1, PAUZO 1263; 2, PAUO 1260; 3, PAUASiO
1261; and 4, PAUASiO 1262.

Particlesfwith-(U,Th)Oé HEU kernels with and without chemical

additives were also tested.
Irradiation

The increase of R/B values in capsules 1, 3, and.4 led to the

termination of the experiment.

Irradiation Data

Capsule

) 1 2 3 ‘
Irradiation time, :
fpd 114 114 114 114
Burnup, % FIMA 7.1 8.3 7.9 8.2
Fast fluence,

1021 cp~2

(E>0.1 MeV) 0.25 1.29 . 0.23 0.15
Temperature, : '

°c 1180 - 1200 1140 1140
In-pile R/B, g A

Kr-88 6x10-8 to  2x10 8x1078 to  2x1077 to

10-6 (constant) 5x10™0 2x10~>

Postirradiation Examination

High concentrations.of‘sqlid fission produéts could be detected in the
ceramic phaée formed by the kernel additives. Strong chemical interactions
took place between the fission products Sr, Ba, and ps and the alumina-
silica inclusions, while the rare garfhs and the other metallic fissién.
produdts were deposited in the fuel. 1In the porous buffér layer, in

addition to solid fission products, Si and Al were found. These alumina-

B-20



‘silica precipitations in the coating with Si/Al ratios between 2.0 and
2.5 had equal fission product getterihg properties by chemical reactions

as the ceramic additives in the kernel.

Apart from local concentration peaks, the Cs concentration level in
the porous PyC layer waS‘meaéured to be lower by a factor of 10 or more,
compared with coated particleé without kernel additives. Data on the '
in- p11e "Cs-137 release from particles containing alumlna-3111ca kernel
additives are not available. The postlrradlatlon anneallng 1nvest1gat10ns,'
however, showed a con31derab1e reduced release of Cs—137 by more than

two orders of magnltude.

In spite of failure of 0.6% of the coatings on particles with Al2 3~
SiOZ—doped kernels, the Cs release was one order of magnitude lower than
.on intact particles without kernel additives. The Ba release of intact
particles was three orders of magnitude lower. The Ag release on all

‘variants was observed to be 10%Z and not influenced by the kernel additives.
B.8. EXPERIMENT DR-P5 (MET V)
Objectives

Study fuel kernel mlgratlon and investigate methods for reduc1ng

thlS problem.

Loading

The high~temperature experiment was conducted jointly by five European

' partners under the sponsorship of the Dragon- project.

The KFA particles varled in composition of the oxide kernels
contalnlng carbide add1t1ves acting as CO and CO2 getter and also in
different .SiC layers. The experlment was conducted in three parts with

identicélly loaded assemblles irradiated for 88, 152, and 336 EFPDs

B-Zl



a, 2, and 3 cycles) in three Dragon center channels. Each partner -

specified his own loading.

The'tbtal assembly for each channél was comprised of 27 nut—and—bolﬁ
type graphite capsules, five of which were loaded with identical specimens
by KFA. The particles were irradiated loose andmin compacted monolayer
coupohs. Six of the 16 varieties of particles had LEU fuel kernels: v
KFA batch Nos. PSPAUC 1027, PSPAUO 1024, PSPAUOC 1-42, PAUC 883, PAUO 882,
and PAUOC 881. ' |

Irradiation Data

Capsule
1 2 3.
‘Irradiation time, fpd 90 152 . 336
Burnup, % FIMA . 1.8-2.5 1.3-3.8 3.1-7.8
Max fluence (1021cm_2,
E>0.1 MeV) 0.34 0.72 1.1
Max/Min temp, . °C 1384-800 © 1530-1080  1090-1395

Postirradiation Examination

Met V/1

No amoeba attéck‘was found at any variént, but most SiC layers were
corroded, the reason for which is not fully understood. (In PSPAUC 1027,
where the SiC layer was deposited at 2000°C, corrosion decreased with
decreasing layer deposition temperature. PSPAUTO 1041 and PSPAUOC 1042,
with a layer deposition temperature of 1900°C, had less severe damage, and
little damage was found in batches where the layers were deposited at
1800°C.) But daﬁage also depenés on the irradiation temperature for com-
pacted as well as losse particles; the latter showed higher failure frac-
tion. Measurements of the CO pressure showed that fission product release
depends on kernel composition and density as well as on irradiation

temperature.
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Met:V/2 - . . . )

The examination did not provide ‘any detailed results on-ambqba :
behavior. In spite of the high irradiation temperature (up to 1500;C),‘
none of the particuie varie;ies exhibitéd any deterioration of_the>kerne1.
One batch (PSPAUO 1024) had little protuberances at the surface caused by
corrosion of the.outer SiC-layer surface..-Be;a'augoradiographs showed that' -
carbide-doped kernels UO2 + BZ UC (initially) released more fission

_products than (U,Th)O2 + 3% (U,Th)C. kernels. In undoped UO., kernels,

2
Ba and Sr are bound as zirconates.

Met V/3 . .

No amoeba attack ﬁas;observed in carbide-doped particles, but
. considerable corrosion of SiC occurred on the outer surface at the SiC-HDI

interface.
B.9. AVR, RELOAD VI

Twenty—fqur hundred fuel spheres with 507 LEU—oxidé and 507 Unat
particles (7500 resp. 8000/sphere) - so called GLE elements - were loaded
in the AVR in 1973 and partly irradiated up to now. Spent fuel spheres of
.this variant reached a burnup of 8% FIMA .at a fluence < 2x1021 c:ln;2

(E> 0.1 MeV). ‘ S

Searching for reasons for the increase of. coolant gas activity, - .
‘numerous annealing tests weré performed on different types of fuel elements,

and the GLE variant was detected as the origin of this activity.

.In postirradiation annealing tests below 1250°C, no particle failed.
At annéaling temperatures between '1250° and 15006C, failure fractions <17
were found, but they were increasing rapidly when the temperature reached

1500°C.. -
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Ceramographic postirradiation examinations. of these fuel spheres .
showed that frequent cracks in the buffer layer sometimes penetrated into
the dense PyC layer (LT1l) causing a failed particle fraction of about 2%

(in one worst case 40%).

All the usual particle failure mechanisms were aBsent (pressure vessel
-failure, amoeba effect, PyC cracking at high fluence). Despite the fact
that these were the fuel elements with the highest irradiation témperafure,
the failure mechanism is not understood. Detailed examinations are still

in progress at KFA and OSCAE Seibersdorf.
B.10. EXPERIMENT FRJ2-K8
Objectives

1. Exploit relevant data on fission product transport in THIR

fuel elements;

2. Study the irradiation behavior of methane- and propene-derived

PyC coatings.
Loading

The irradiation rig consisted of two separately swept capsules. Each
capsule was loaded with three spherical fuel elements in a graphite
container. The upper capsule contained spheres of THTR specification,
while the lower capsule was loaded with spheres from the AVR-reload
VII/8 (ball 4) -and VI/type 1 (spheres 5 and 6 with LEU particles) fuel
elements. The particle batches were EO 431-441 t and EO 414-428 t (HOBEG).

Irradiation

Because of the higher U-235 content in the spheres with LEU particles
(each 1.4 g instead of 1.0 g), the temperatures in capsule 2 were higher
than planned. ‘
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Irradiation Data for Capsule 2

. Sphere No. ,
El 6
) ‘Irradiation time, fpd’ 137 ' h 137 '
Burnup, % FIMA 7.7 S 7
Fast fluence, 1021 cm~2: m  ‘
(E>0.1 MeV) : 0.01 - ‘ 0.01
Temperature, °C : e : T '
‘Surface ) ) .1240-800 . S 1140-840
" Fuel ] : , 1900-1300 : ' -1750-1280
In-pile R/B (Kr-88) =~ 7 5x10~7 to
' : 5x1072

Postirradiation Examination

The postlrrad1at10n examinations carried out (using gamma spectrometry
and disintegration) in connection with the R/B values during irradiation
-indicated a faultlees behav1or of the LEU particles. (Part of them were
destroyed during disihtegration because of a loosely controlled.procedure )
Because of the high fuel element power at start of irradiation of the LEU
fuel elements, initial temperatures were very high with resultlng high
>.re1ease of solid fission products. The release of Ag-110m was determlned

up to 70% and'Cs;1j7 ep to 16%.

B.11., EXPERIMENT DR-K5

-Objectives

1. Perform a 1ong-term test of spher1ca1 fuel elements for the feed/

breed cycle in the Dragon reactor.

2. Test fuei“elementé-for‘the iow—enr{ched cycle.
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Loading

Twenty~seven spherical fuél elements wi;h LTI BISO UO2 particles’with'
a heavy metal loading of 25 g/E were arranged as a stack in the inner
tube of a D 15 type, directly cooled carrier in the Dragon reach; (1epgth‘
1620 mm). The particle batch was EO 391 t (HOBEG). ’

Irradiation

The irradiation test was erroneously run at too-high temperatures
resulting in high Cs release into the Dragon primary circuit. Therefore,

it was necessary to stop the irradiation after 334 full-power days.

Irradiation Data

Ifradiation time, fpd A 334
Burnup, % FIMA ‘ © 3.2-5.5
Fluence, 1021cm'2'(E 0.1 MeV) ' _: C1a1-207
_Initial temperature,v°C A 1 . .
Surface . 1210
Center v ' ) - 1400

Particle | | 1400

No in-pile release data are available because it was directly cooled

fuel.

"Postirradiation Examination

The upper fuel elements showed heavy cofrosion on the surface, cooling
gas flow.from bottom to top. The extent of the corrosion decreased from
top to botfom of the stack as observea by visual examination. Below about
the middle of the stack, no visible corrosion.could be detected. Because
the Cs-137 concentration in the surrounding graphite tube increased from

the middle to the top, a catalytic influence of fission products on the
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surface corrosion of the fuel spheres cannot be excluded. - Annealing
tests at 1500°C showed little Kr-85 release, indicating failure of only

one or two particles out of 23,000.

Metallographic examinations showed no failure mechanisms, a §urprising

result in comparison to the AVR VI fuel elements.

-

B.12. EXPERIMENT R2-K5
Objectives

1. Test spherical fuel elements (breed-elements) for the Th-U-two-

'sphere cycle.:

2. Test the one—sphére LEU cycle, which has a 10 mm fuel-free
outer zone (instead of 5 mm normally) to demonstrate its

mechanical integrity.
Loading

The rig contained four separatélyfswept capsules, each loaded with
one sphere. Sphere 1 contained the LEU particle batch EO 241/243/244 t -
(HOBEG) .- ' ' ' ‘ ' '

i

Irradiation

* The test conditions during the first 300 days were simulating the
temperature sequence in a direct cycle HTR planf with continuoﬁs recycling;
The fuel element surface'tgmperatures were cycled between 650° and 1000°C.
During the last 138 dayS’an'Otto—cyclevwas simulated with increasing

temperature from 800° to 900°C in 3 ‘hours.
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Irradiation Data for Sphere 1

Irradiation time, fpd _ 438

Burnup, 7% FIMA : 11.2
Fast fluence, 10°'cm 2 (E > 0.1 MeV) 7.44
‘Surface temperature, °C ‘ : .1000-850
R/B (Xe-133 end of irradiation) 8.4x10-7

Postirradiation Examination

The ceramographic postirtadiation examination showed a faultless
behavior during irradiation of the LEU particles. During irradiation, the
buffer layer had shrunk 10% to 13%, and gaps between the particle/overcoating/
matrix (as seen before irradiation) had closed. Detailed PIE at BSAGE
Seibersdorf is in progress.

B.13. EXPERIMENTS DR-S2, S$3, S4, S6
Objectives .

1. Eérform short- and long-term tests to investigate the influence
of fluence and temperature on the mechanical stability of the
compacts, including stress analysis and the interaction between

matrix and graphite tube, under near-power reactor conditions.:
2. Test the performance of different fuel varieties.
Loading

These experiments were carried out as a series of tests on directly

cooled compacts (S2, 3, 6) and compacts of the tubular interacting type (S4).

All experiments contained fuel in the form of pressed annular compacts
with a fuel-free shell. The matrix composition and fuel varieties were

different in the tests. Besides testing particles with LEU oxide kernels,
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feed and breed particles with (U?Th)O -, ThO2 and UC2 kernelé,'ﬁoth with
BISO and TRISO coatings and each in a short- and a long-term test, respec-—
tively, were tested. The LEU.particles (a11‘HOBEG) used were'batches 52
(EO 241, 243, 244 t), S3/6 (EO 403 - 405 t), and S4 (EO 249, 250, 251 t).

Irradiation
The directly cooled compacts were stacked in block element carriers,
and the compacts of the tubular interactingiéype were stacked in graphite
pins with inner and outer tubes for the cooling gas flow. Both types were
irradiated in center channels of Dragon elements type 16 and 21, respectively.

~

Irradiation Data

DR-S2 DR-S3  DR-S4  DR-S6

Irradiation time, fpd ) . 270 334 656 550

Burnup, % FIMA 2-4 3.4 5.8-7.7 46
Fast fluence, 1'021cm-2 (E > 0.1 MeV) 2.7 2.5 4.1 ‘ 4.1
Témperature,‘°C o . | _— ‘ ‘

Surface | 1100 1100 1060

Fuel center o _ 1250 1200 - 1200 - 1160

Postirradiation Examination

The main scope of the pqstir;adiétion examinations was to demonstrate
the behavior of the compacts ﬁith.respeét to dimeﬁsional}changes. Inter-
actidns between the different zomes, fission product migration, and
internal stresses will be studied to determine agreement with model

stress.calculations.

‘The particles in bR-S4 compacts 4 and 5, having achieved burnups of
7.6% and 7.87 FIMA, respectively, appear to have performed reasonably well.

Although there are some indications of particles with cracked or broken
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coatings being in one ehd-of'qompact 4, it is thoughﬁ that the damage was
done during compaction. For the DR-S6 compacts examined, there are no -
indications of broken coated pérticles>or detectable fission product
release above the level of fuel contamination estimated to be about 10-4,
except for Ag-110m in compact 15 and possibly compact 7. After achieving
about 6Z FIMA, the general performance of the particles appear to be

very gdod.

S6 Ceramography (Harwell)

About 40% (10) of the particles were irregular in shape, but all
appear to have perforﬁed reasonably well. There was little or no indication
of radial cracking of the buffer layer; the dense PyC layers, or SiC

layers, and the UO2 kernels had remained reasonably sound.
The principal characteristics to emerge from the examination were:

1. The buffer layer tended to densify at the surface in contact with

the UO2 kernel.

2. This densified layer tended to delaminate from the remainder

of the buffer layer.

3. The buffer layer tended to decouple frbm the inner dense PyC,

layer.

In the rounder particles, this decoupling was fa%rly uniform, but in
the irregularly shaped particles there tended tb be a bias. In the micro-
probe analysis of the coating layers,.only Cslwas found in amounts greater
than the limit of detection (0.3 wt %); Cs was not detected in SiC or

the outer dense PyC layers.
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B.14. EXPERIMENT DR-P4 (DRAGON MET IV EXPERIMENT)

The results of thié experiment, which involved the irradiation of
special coated particles with 40% .and 20% enrichment and natural uranium
are described in Dragon DPR 880 Parts I through VI edited by M. R. Everett

of the Dragon Project.
B.15. EXPERIMENT HFR-M5

The irradiation experiment of ﬂOz BISO and TRISO particles with
6.59% and 6.65% enriched U-235 and a fuel kernel diameter of 600 um was
performed in the HFR'Petten, Netherlands (Project E91-0). A summary of the

results of this experiment is presented in Ref. B-1.%

*Conrad, R., Joint Nuclear Research Centre Petten Establishment,
"Prototype Experiment of an Irradiation Facility for Large HTR Fuel Specimens
in the HFR Petten  (Project E91-0)," Commission of the European Communities
Report EUR 5456e. : :
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APPENDIX C -,

LEU FUEL PERFORMANCE‘DATA.FROM THE ORNL PROGRAM

Irradiation testing of coated particle fuels under ORNL programs has
been conducted in the Oak Ridge Research Reactor (ORR), the High Flux
Isotépe Reactor (HFIR),~the Engineéring Test Reactor (ETR)‘and~£he Peach
Bottom Reéctor; _In}addifion, fuel hés‘been fabricated for testing in the
Fort St. Vrain Reactor, and some testing has been done in thé Dragon
Reactor. -The vast majority of the Oak Ridge work ‘has been ‘done in support
of fuel development for the high-énriched uranium (HEU) fuel cycle,
although some work on low-enriched fuels has also been done, as described

below. B

BN

C.1. ORR EXPERIMENTS ‘(REF. 1)”7 o - ' ‘ Ce

Coated particle irradiationsbin the ORR can be divided into two
categories: (1) experiments conducted in the 1960s, and (2) the OF
experiments. The OF experiments were all.conducted‘with'fully enriched
uranium and will not be_diséuésed further. Thelearly ORR experiments used
mostly;fully'enriched uréhiup fuel asAWell, although some of theée teéts
involved particles with uranium enrichments as low as 23%. However, these
experimeﬁté'afe'documented only in pfogress réporfs; the preirradiation
‘characterization was very limited compared to the current capability, and
’ postirradiation examination consisted only of visual examination and aA
sﬁall amount of metallography. Due to the lack of quantitative information
on the performance of these particles they will not ‘be discussed further in

this report.



C.2. HFIR REMOVABLE BERYLLIUM_EXPERIMENTS

The:current HFIk Removable Beryllium (HRB) series began in Augusf 1969
with HRB-1. These experiments have been cpnducted in support of the fuel
development‘effort for the high-enriched uranium (ﬁEU) cycle HTGR. Because ..
,of‘the high thermal flux in the HRB facilities, the early capsules (HRB-1
‘through HRB-5) contained low-enriched uranium (LEU) fissile particles.
Higher enrichment in. these fissile particles would have resulted in
exeessive particle power brodhé;ion rates at the beginning of irradiation
and high risk of failing particles that might -have survived under more-
typical HTGR power production rates. The HRB—6.experimeht was the first
test of fully enriched uranium in fissile particles, but the fissile
particies were kéTh,U)Oz, which was the reference recycle fissile particle
at the time of the test. Beginning with Capsule HRB-7, a preirradiation_

" was condﬁcted“in the VXF-13 facility, where the thermal flux values are.
about half of that of the ﬁB position. This type of operatioq permitted
irradiation of fully enriched fissile partieies containing only uranium.
Approximately 80% of the U-235 burnup takes place during the preirradiation
so that the particle power productlon rates ‘are reduced to acceptable

values during irradiation in the RB facilities.

Therefore, for purposes of the LEU cycle fuel evaluation, only capsules

HRB-1 through HRB-5 are of interest. HRB-1'contained UO ‘and (Th, U)O fis-

sile particles, and a summary of -this.experience is contilned in Table c-1.
'HRB-2 contained strong-acid-resin (SAR)-derived fissile particles with ‘
10.16% enriched uranium. HRB-3 contained SAR-derived fissile particles
with 7.35% enriched uranium. HRB-4 and -5 contained weak-acid resin (WAR)
derived fissile particles withfa 5.99% enriched uranium. It would appear
‘that qnly the data from HRB-1 are relevant to the LEU cycle“é%aluatiop.
However, postirradiation examination techniques improved with time, and

the procedures used with HRB-4 and -5 yielded some information not obtained
from HRB~1. This information'is very peftinent to the'performanee evalua-
tion of LEU fuel, even though-the HRB-4 and -5 fissile particles did not

contain dense kernels.
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Capsule HRB-1 contained Sol-Gel UO and Sol-Gel (Th,‘U)O2 fissile

particles, as shown in Table C-1. 0n1y27 of the 15 specimens were examined
meﬁallographically. Several conclusions were reached regarding the perfor-
mance of matrix materials prepared with different recipes, and of coatings.
The only conclusion drawn from tﬁis experimeht that is of iﬁportance to
the LEU evaluation is that thérmal migration occurs at a faster rate in

U0, than in (Th,U)0,. ‘ '

Capsules HRB-4 and -5 (Ref. 2) gontained WAR-derived fissile narticles
with 5.997%7 enriched uranium. These kernels were nominally UC2 and ' the
fissile particles containing these kernels experienced the same type of
chemical attack of thé'SiC layer by rare;earth fission products that has
been observed in other experiments (Refs. 3, 4). /

What is.of more interest from the HRB-4 and -5 experiments is-the
attack of the SiC layer by the fission product palladium. Palladium yields
from Pu-239 fissions are about 10'times_higher than yields fr m U-233 fis-
sions and about 17 times higher than yields from U-233 fissions (Ref. 5).
Palladium will not form oxides in oxide fuels, but will be present as
metallic inclusions with Ru, Rh, and Mo. In carbide fuels, Pd_will be
present in the form U2(Ru,Rh,Pd)C2 or U(Ru,Rh,Pd)ZCx where x < 0.7.

Although the HRB-4 and -5 fuel was nominally UC the trends that have

: 2?
been identified are useful to the LEU/MEU development effort without respect

to the composition of the LEU/MEU kernels.

There is considerable discussion in this appendix regarding the rélative
fission product yields from plutonium fissions compared with uranium fissions.
Yield alone is a misleading indicator; it is the fission product concentrations
that are important for such issues as attack of the SiC layer and diffusion
out of the particle. As_indiéated, the yields of thebfission product Pd from
plutonium fissions is about 10 times the yield from uranium fissions. Using
the well-characterized HRB experiments as an example, these relative yields

can be translated into relative Pd concentrations for comparison.
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The: fissile fuel in HRB-4 and 5 was about 6% enr1ched the;U 235
burnup was 847, and the U-238 burnup was 25% (maximum U—238 burnup at the
HRB-4 horizontal midplane p031t10n) The overall burnup in the fissile
partlcles can be computed from these numbers, and is about 29% FIMA The
f1581le fuel in the HRB- 7 and -8 capsules was 93% enriched, the U—235 N
burnup was 85%, and the maximum U-238: burnup was 25%. The overall flsslle
particle burnup was therefore 81% FIMA. The. relative fission product
yields ‘can now be used to determ1ne the relat1ve concentratlon of Pd in

the f1531le part1cles from these two sets of experlments

0.84 U-235 fissions 0.06 U-235 atoms

U-235 burnup in HRB-4 = 7-235 atonm TRPTI = 5.04%
|U-238 burnup in HRB-4 = °°25UHE§383£§:Si°§?‘ 0:24 1238 atoms _ y3 5y
U-235 burnup in HRB-8 = O'QSU?;§§53£5351°“S 6i93ud;ézi ét°m% = 79.05%
U-238 burnupiin HRB-8 = O'ZSUH;§388£§:Si°“f §'07UU;§2§ atoms _ | 5y
Relative Pd concentratlon for HRB—& versus that for HRB-8
1 Pd atom 10 Pd atoms

U-238 fissions &= (23:5% U-238 FIMA) gomgrorors
1 Pd atom o » 10 Pd atoms
U-235 fissions + (1.75% U-238 FIMA) U-238 fissions

<

- _ (5.04% U~235 FIMA) -

(79.05% U-235 FIMA)

3

~2.5

'Metallographic examinatioh“of‘the HRB Aland' -5 fuels showed evidence
of chemical attack in the inner reglons of the SiC layer in about one- thlrd
of the fissile particles appearlng ‘in the’ plane of pOllSh ThlS attack
appeared as localized regions and was not'teﬁperature;gradient dependent.
The attack varied in degrees of'severity from only slight to complete pene- .

tration of the SiC layer. A géneral degradatioﬁ of the inner surface of
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the SiC was also apparent in many of the coated pérticles. Anélysis,of

ﬁhe region of attack with the aid of .an electron microprobe feﬁealed the
presénce of the fission brbduce palladium. The results of this analysis .
are shown in Fig. C~1. The attacked régions appeared to have been molten.
A Pd-Si phase diagram (Fig. C-2a) shows three eutectics with melting points

below the surface temperature of the fuel rods (Ref. 6).

In order to understépd the interaction between Pd and the SiC layer,
it is probably necesséry to consider more than the Si-Pd binary systém.
Figure C-2b shows the Pd-Si-C ternary phase diagram (Ref. 7). No tempera-
tﬁres are given on this phase diagram so it has\been assumed thét it is ‘

valid up to the liquidus temperature.

Some of the phase fields on the Pd-Si-C phase diagram have been’
numbered. The following materials are in equilibrium in the indicated

areas:

Area 1: PdZSi, sic, C
Area 2: Pd,Si, PdsSi, C
Area 3: Pd, Pd3S8i, C

From the Pd-Si phase diagram, it can be seen that Pd3Si melts incongruently;
i.e., decoﬁposes at 960°C. The results of Suzuki et al. (Ref.  8) confirm

the Pd-Si-C phase diagram.

Thus, the interface between Pd and SiC may bé‘pictured as: SiC-Area 1-
Area 2-Area 3-Pd. As in&icated earlier, the region of Pd attack in HRB-4
and -5 fissile fuels appears to have been molten. From-the phaées expected
in this reaction, as given above, the melting was most likely brought about
by the Pd-rich eutectic (760°C on Pd-Si phase diagram) and/or by the'peri—
tectic (960°C on Pd-Si phase diagram). The other two eutectics on the
Pd-Si phase diagfam involve phases not expected in this system. Thus, for
example, the silicon-rich eutectic at 57 -at. 7% Si requifes excess Si and

PdSi neither of which is expected. The conclusion, then, is that the

C-6



pox TenJ ur paurejuod a7orlaed

Dy 18

aqoadoxoTw uoxalooTe LAq padeTdsTp se ‘H-gyH
OTTSSTF YVM P23BOO (OSIYL B UT UOTIOBSI JTIS-UNTPEITEJ

D1pd gnn

HdVH90YIIW TVIILdO0

*1-0 ‘314

c-7
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Fig. C-2a. Pd-Si phase diagram (from Ref. 6) shows three eutectics
below 1000°C
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melting occurs on the Pd-rich side of the Pd~SiC interface. This may be
advantageous in an operating systéﬁ since if melting were to occur in the
SlC rich area the failure rate would probably be more severe. On the other
hand melting on the Pd-rich area probably accelerates material transport
via the liquid phase, and increases the'rate_of attaek. If there is free
silicon in the SiC (grain boundaries or. small pores), melting caused by

the silicon~rich eutectic-may occur in these areas. Free silicon in grain

boundaries may also lead to the formation of eutectic with Ag.
C.3. HFIR TARGET (HT) EXPERIMENTS.

Low-enriched uranium particles (6% to 7% enrichment) are frequently
uéed_in HT capsules as driver fuel to produce heat for keeping the fertile
.particles being tested.at the desired temperatures until sufficient Uf233
is bfed into these particles. The’ LEU driver partieles are usually not
examined. HoWever, because of .the recent interest in LEU and MEU cycles
for the HTGR, the driver particles from eapsuléé HT-31, -32, and -33 are
now being examined'metallographically and with the e%ect:on microprobe.
Internal gas pressure meesurements will be performed on these particles, .
as well as fission product in@entory measurements with the irradiated
microsphere gamma analyzer syétem (Ref. 9). 1In addition, particies from
several of the driver batches. will be evaluated in postlrradlatlon heating -

1

tests at General Atomlc

Table C-2 is a summéry of'the'ifradiation conditions seen by the
driver particles from Capsules HT- 31 through -33. The conclusions drawn
from metallographlc and mlcroprobe analysis of the WAR uco partlcles

examined to date are discussed and illustrated below.

Metallographic examinationvof the WAR ﬁCO dfiver.particles typically
shows a densified buffer layer, and shrunken kernel, as shown in Fig. C-3.
This type of behavior is normal for WAR partlcles and is typical of HEU
fuel particles as well. Close examination of the SiC coatings reveals areas
ofblocalized corrosidh due to Pd ﬁith visible éenetration of about 10 microns,

as shown in Fig. C-4.
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Microprobe examination of the WAR UCO driver particles from HT-33
shows that uranium and plutonium remain together in the kernel and densi-
fied buffer layer, as shown in Fig. C-5. The extent to which the uranium
and plutonium move away from the kernel appears to be related to the amount
of chlorine present in the kernel, as shown by the comparison of the amount
of uranium and plutonium present at the inner surface of the SiC layer in
Fig. C-5 (where there was no chlorine detected with the microprobe) with
that shown in Fig. C-6 (where chlorine was detected). The influence of
the presence of chlorine on actinide movement has also been observed by

German workers (Ref. 10).

The fission product palladium is observed in large concentrations in
LEU fuels. 1In all cases palladium was observed to have migrated from the
kernel to the SiC layer, which indicates that Pd movement is not related
to the presence of chlorine in the kernel or the kernel chemistry. Palla-
dium will remain in the metallic state with high vapor pressure at the
irradiation temperatures for these particles. 1Its high vapor pressure at
these temperatures explains its easy movement to the SiC. Analysis by the
electron microprobe showed that the corrosion of the SiC observed during
metallographic examination is attributed to palladium (see Fig. C-7). As
shown, palladium is observed all along the SiC, but penetration occurs in
localized areas only. It is believed that Pd migration through the SiC

takes place along grain boundaries.

Much more work is needed to quantify the relationships between chlorine
concentration in the kernel and the movement of uranium, plutonium, and
fission produces in the LEU fuel system. Attack rates and penetration rates
of the SiC layer by the fission product palladium need to be studied and

correlated with the SiC structure.
C.4. PEACH BOTTOM REACTOR EXPERIMENTS

ORNL experiments in the Peach Bottom reactor include the recycle test

elements (RTEs) and the plutonium test element (FTE-13) FTE-13 was funded
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jointly by GA and EPRI. The fuel fabrication and postirradiation .
| examination were done at ORNL. The RTEs contained HEU - fuel and will not
be discussed further. FTE-13 is the only definitive experiment on the
performance of plutonium-bearing coated particle fuels, and is an important
. component of the LEU data base. 'Two performance probleém areas have been.
identified for Pu~-containing coated particle fuels, based on the FTE-13
experience. They are (1) thermal”migration of the kerhels,'énd (2) fissioh
pfoduét‘attéék ofithé SiC layer in TRISO coated particles. ' Thermal migra~
tion will be discussed later in. this appendix. The fission product attack '~
will.be quantified more completely with microprobe analysis, but preliminary
observations suggest palladium to be the major contributor to the attack. -
The appearance of areas of attack is very similar to those already described

for HRB-4 and and -5, and thé HT cangIé'driver particles.

A summary of the preliminary conclusions derived from the FTE-13
examinations completed to date is given below. Some inttoductory remarks
concerniﬁg»the thermal migration (amoeba) portions of the conclusions are

in order.  ‘Migration in Pu0, _-containing fuels cannot be stated'by[avsimple

KMC value or by "'no\'tnigraticz)ﬁ?s versus "migration qbéerVed" kinds of state-
ments, even though ‘these statements do appear in the conclusioné given bélow.‘
The 0/Pu value is strongly dependent on burnup, and thus probably the KMC
value is'alsc strongly dependeht'on burnup. It is Currently>thought at ORNL
that there is no migration of Pu—cdntaining kerneis until the O0/Pu ratio
reaches an unknown threshold value, ‘then migration occurs at a rate more _
rapid than that indicated by the USuélly quoted "average KMC values" such

as those in Ref. 11.

~'The plutonium oxide kernels showed a great deal of phase segregation.
Metallic inclusions, ceramic inclusions, and fission gas bubbles were present.
Many'timeé the inclusions were at the surface of the fission gas bubbles.

The kernels appeared to be extremely plastic dufing'irrédiation.

The ‘mixed pluténium-thorium-oxide kérnelé appeared very much like

uranium-thorium mixed oxides. Metallic intlUsibns; fissi6n gas bubbles,

c-17-



. and some intermittent plastic flow through the fission-recoil zone were

observed.

In.every-metallographié section examined, metallic—appeapiﬁg iﬁclusions
were observed at the SiC-inner pyrocarbon coating interface. The distribu-
‘tion of these inélqsiqns did not appear to be influénce& by any thermal
gradient. Many times localized attack’ of the SiC was:assogiated’with,
these inclusions. From previous experience, it is believed that the inclu-
sions and subsequent SiC attack are attributable to Pd.

Kernels with O/Pu ratios less than 1.69 had no detectable amoeba
migration. Kernels with,O/Pu ratios greater than 1.81 showed appreciable
amoeba migration. No amoeba migration was(observed in any of.the ThO2

particles.

C.4.1. PuO1 81 (Kernel Diameter = 100 pum)

Gross amoeba ﬁigration (<100 um) was observed in practically every
particle in all temperature regions. SiC attack was present at. the amoeba
~ head in most particles. Complete penetration was observed in many cases.
In addition, some chemical attack of the particles, presumably by iron

-contamination, was observed.

‘ C.4.2. PuO1 84 (Kernel Diameter = 200 um)

Gross amoeba migration (<90 um) was observed in particles from the
high-temperature regions. Particles from low-temperature regions showed
less amoeba migration. The cross section from the lowest temperature

region had no migration readily apparent.

C.4.3. -2591468 (Kernel Diameter = 200 um)‘

No amoeba migration was readily apparent. Kernels behaved extremely

well, even at the higher temperatures and temperature gradients. .

c-18



C.4.4. ‘(3Th,PU)O1 é4 (KernellDiameter = 350 um)

Amoeba mlgration (<25 Um) was observed in many. particles w1th the
greater m1grat1ons at the h1gher temperatures A number of failed buffer
coatings were observed in one metallograph1c cross sect1on Parts of the -
kernels were observed to be extrudlng into the cracks, proving the failures

d1d occur dur1ng 1rrad1at10n

“C.4.5..”(3Th;Pu)O1'69'(Kernel Diameter = 350 um)

. No amoeba migration was readily apparent. Kernels behaved extrenely“

well, even at the higher temperatures and temperature gradients.

' C.5. THERMAL MIGRATION | o

A significant‘contribution-to‘the ouantificatlon and understanding of
thermal migration (amoeba) in COated particle fuels has been made by
T. B. Lindemer and others at ORNL. Numerous toplcal reports and open
llterature reports have been wr1tten on the subJect. A summary paper
(Ref 11) contains ‘the h1gh11ghts of Llndemer s work on HEU fuel, and
several of the conclusions from this paper ‘are relevant to LEU and MEU

fuel as well

1. The kernel m1grat1on rate for UO2 + fission product oxides 1s
"controlled by a SOlld state diffu51on mechanism operat1ng

across the kernel. | ' . . s

-2, 'In—reactor mlgratlon of 'I'h0 8 0.2 2 appears to be controlled by

a solid-state diffusion mechanism.

3. The ThO2 kernel migration rate does not appear to be controlled
‘ bv the rate of carbon ‘transport resulting from in-particle
CO-CO, diffusion. C1rcumstant1al ev1dence suggests "that

2
solid-state diffusion is the controlllng mechanism.
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4.  Kermel migration in vo,,

not seem to be dependent upon burnup, the fissile isotope!

present (U-233 or U-235), or the coating design (BISO or TRISO).

ThO2 mixed uranium-thorium oxides does

. 5. Kernel migration in (Th1;xe02) appears‘to be iﬁdependent of

‘composition in the range 0.11 < x < 0.50.

6. Kernel migration rates for»irradiated»Pub1.84iaFe ébou; eguivaleht
to thqse for irradiated UOZ' Kernel migration rates for irrgdi-
ated 75% ThO2 - 25% PuO
irradiated‘Th1_xUX0

1.84 are about equivalent to those for

2°

7. Reduction of the.O/Pu ratio to 1.60 in plutonia or thoria-plutonia °
kernels prevents migration. Since éignificant changes in:fhe 0/Pu
values are calculated to occur with bﬁfnup in all Pu—cbntaining
fuels, the kernel migration characferistics of such~fuels may be

time dependent.

‘While airect meésurements of thermal migration‘chéracteristics_of _EU
or MEU fuelsfhave-not Beenﬂmade at ORNL, sdme comparisons have been made
between ORNL measurements on HEU fuels, with Dragbn data on LEU fuels
(Refs. .12, 13). The results of -these qomparisoné aré shown in Figé; C—S
through C-12. ‘ ‘ : ’
Figures C-8 and C-9 show comparisons between the kernel migratioh
' coefficients computed fbrrlow—enriched UO2 kernels irradiated in the Dragon
reactor, with curve fits for U.S. data for HEU fuel. The data upon Which
" the curve fits shown in Figs. C-8 and C-9 are based are plotted in Figs.

A C-10 and C-11., Figure C-12 is andthef comparison between LEU and HEU
migration coefficients, but'the Dragon data (LEU) is at somewhat highef

temperatures in this comparison.

From the data shown in Figs. C-8 through C-12 it can be concluded that

the HEU curvefits are conservative (i.e. showing more migration) with
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Fig. C-8.
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- Fig. C-11,
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capsule P13N in rods 2D-16, 2A-10, 4D-9, and 5A-19
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. respect to LEU kernel migratibn behavior in the temperature range below
1400°C. Above 1400°C, a linear extrapolation of the U. S. curve fits yields
results that are nonconservative (i.e., showing less migration) relative to
the LEU data. However, the great scatter in both the HEU and LEU»data makes
it difficu1t>to make a statement about the relative stability of HEU:and
LEU UO2 with a high level of confidencé.

An important, unpublished opinion of Lindemer's is that'there will be
no migration in UPuCO fuels containing sufficient UC2 or (U,Pu)C1 5
.initially.' This is an important pbint, and it willibe experimentélly veri-

fied in the next capsule irradiation series.
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APPENDIX D

BELGONUCLEAIRE PROGRAM FOR DEVELOPMENT OF COATED PARTICLE FUELS
: CONTAINING PLUTONIUM AND LOW—ENRICHED URANIUM '

-'A: i 1

Thé*fuel development-program in Belgium was a joiht effort between
Belgonuclealre and the. Belglan Nuclear Research Center (SCK/CEN). The |
development work on fuels, which was directed toward steam cycle HTR appll—:}
cation, began in 1959 ‘with the development. of manufacturlng procedures for"
microspheres using the powder agglomeration method. ' This program lasted
through 1977 The 1n1tia1 work was directed at the thorium fuel cycle and
plutonium utilization. Later, the program moved toward the low-enriched
uranidm‘cycle,then,in favor with European reactor designers and customers.

The information in this appendix has been compiled from documents
provided by Belgonucleaire (Refs. 1-21). Although numerous additional
references given in these reports undoubtedly contain significant addi-
tional data, the conclusions reached in Refs. 1 through 21 and stated in
this appendix are representative of the broadernprogram and therefore

serve the purpose of this report.

The'particle designs developed in the Belgian program'are -summarized
in Fig. D-1. The low-enriched particle is’ essentlally the same- de51gn as
 the Dragon low-enriched partlcle.‘ Of particular 1nterest to this report

is the Pu-containing particle, which will be discussed in ‘some depth.’
D.1. - IRRADIATION PROGRAM

The Belgian-experiments containing LEU fuel are described in the
burnup—vsffast'fluehce plot shown in Fig. D-2. - A similar plot for the
HEU.fuel and Pu-containing fuel irradiations is shown in Fig. D-3. A
summary of some of the pertinent irradiation condltions and operating

parameters for these experiments is included in Table D-1.
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Fig. D-1. Particle types developed in Belgonucleaire program
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| [ IRRADIATIONS ‘FINISHED
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—

07 .  @CEB-8(1400°C)
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QVC-Z (1250°C)
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A
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Fig. D-2. Doses and burnup reached by HTIR low-enriched fuel at end of 1976
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TABLE D-1

SUMMARY OF BELGONUCLEAIRE IRRADIATIONS OF LEU AND Pu

CONTAINING HTR FUEL

. Peak Burnup °
Max. Peak Peak Fast Rernel EOL® EOL Iaternal
. Number Enrichment Temp. Fluence (DIA) . Figsion Gas Gas Pressure
Expt. Reactor Ref. of Spec. (2) (oC) (EDN) Fuel (um) FIFA ,FIMA R/B - (amM)
3 ;
mt Dragon  BN-7608-04: 16 3-6  711-1225  22.6 x 1020 wo, 766-781 3% 1.2
.
erf 82 720-1239  26.3 x.10%° v, 7 2.8
METV  Dragon  BN-7607-04 80® w® 1520 1,25 x 107 RO, g, 550 86
20¢
160° 8s® 1520 1.25 x 10° PuO, o 270 86
. o POy,
80° 90® 1520 1.25 x 10% Buo, 40 270 86
208% 3 1520 1.25 x 10% vo, 750-780 2.2
208* 9 1520 L2 x10? wo, 780 4.3
BR-2/VC-3 BN-7602-07 9. 100 3.55 x 10°! 800 16.8 5 x 100w
BR-2/VC-5 BN-7602-07 5 1300 6.60 x 102! 500 139 5z 104w™
BR-2/VC-4 BN-7404-01 : -
HPR 900°c BN-7602-07 . . .
c-2 ‘.
21 -3, 85u
E96-1 R BN-7602-07 4, 3,9 00 6.00 x 10 800 13.6 1 x 1073
E9-2 HR BN-7602-07 .
c FRI-2 1200 1.00 x 102° . 18 4 x 107D
WHGB-1A
MHGB-21 Dragon BN-7702-04 8 6.2
MOPS-COZ BR2 BN-7410-03 9 4.7 w250+ 3.12 x 102 wo, 760 7.4 450
we-2) . . 9. 700
(zarsl-)coz BR2 EN-7410-02 12 9.0 1350 1.27 x 108! uo, 800 ¢ g7 a0 811 at 12505
INTER 1 BN-7410-02 . : . Vo,
INTER 2 BN-~7410-02 uo, 746 )
INTER 3 BN-7410-02 64 1400 1.3 x 102 w, 780 4.9
o L ' o N .
LV4/JK4 FRIZ - EUR S066e 8 1450 5.3 x 10 oo, 600-890 17.0
1200 53 x 10" T Puo, 790 ‘187 4.2x107
1300 . 5.3 x 109 ¢ Puo, 850 18.3
#No thermocouples in BN portion of ‘capsule.
®Particlés in trays N
by Py '
Ser v par&tlu
dhntluted Kernel prepared by powder agglomeration
TeSol Gel fabricated kernel
C=SNAM fabricated Kermel
®g0Lmend’ of 1ife - :
fpractional. Silver release was & x 1072 for MT and 5 x 1073 for LeT,



D.2. RESULTS AND CONCLUSIONS FROM BELGIAN PROGRAM

1.

In the Studsvik experiment (Charges 11 and 12), particles with
diluted plutonium kernels were itrqdiated successfully to -37%
FIMA in the temperature range of 1200° to 1450°C and to 20% FIMA
at temperatﬁres of up to 1850°C:. For fﬁéi femperatuféS'of
1450°C, the measured fission gas (Xe-133 and Kr-85m) reiease'to
birth (R/B) values were about 5 x 10-6. For fuel teﬁpératures
of 1850°C, the R/B values were in the range of 10_2, and the
solid fission product release fractions were in the range of

4

10" . There was no evidence of plutonium release from these

particles, although there was some evidence of chemical attack.

.in the buffer layer. 1In some particles, the attack extended

into the inner PyC layer. In general, this experiment demonf
strated that this type of pluténium—coated particle can operate
safely at 1450°C during a limited period, and that excursions to
1850°C lasting several weeks would ndt result in catastrophic
failures. It should be noted from Fig. D-3 that‘fhe fast neutron

exposure for these particles was véry low.

In‘thé FRJ 2 and Met V experiments, thermal migration of the
Pu-containing kernels through the buffer layer and inner-PyC.
layers was noted for both the diluted and concentrated particles.

The difference between the diluted and concentrated particles

" will be covered later in this appendix. In the Met V éxperiment,

‘the behavior of the Pu-éontaining particles was strongly depend-

ent on the irradiation temperature and neutron exposure. This

dépendence is shown in Table D-2. Particles irradiated at tem-

peratures of 1500°C to neutron exposures of 1.25 x 1021 n/_cm2 -

‘(EDN) experienced about 40% failuré. The source of failure has

been identified as liberation of Pu from plutonium oxide of low
stoichiometry during high temperature operation. The Pu pene-
trates the buffer layer and damages and ultimately fails the

inner PyC by modifying its structure. The Pu then reacts with
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the SiC and provokes a catastréﬁbic failure of the particle.
From this experiment it was concluded that 1300°C was the maxi-
mum operating temperature for plutonium oxide kernels. of low
stoichiometry.

3. Low-enriched uranium fuel (9% enriched UO. - TRISO coated) was:

irradiated to temperatures of up to 1500°§, 37 FIMA,'aﬁq

1.25 x 1021 fast fluence (EDN), and temperatures of up to 1350°C
to 8.5% FIMA. The typical failure mechanisms observed were
pressure vessél failures, dirradiation induced_PyC failures, and
thermal migration failures. Interestingly, higher irradiation
temperatures did not seem to enhance the failure fractibn. The .
VC-5 experiment was run at temperatures up to 1400°C to 14% FIMA

and neutron exposures up to 6 x 1021

(EDN), and the results of
the lower fluence experimenté were confirmgd; An‘interestiné
comparison of the U-containing anq Pu—contaiﬁing partiéle per-
formance is shown in fable D-3. Forrparticles irradiated in the

: Dragon Met V experiﬁent;‘very high féilure fractions were

- observed for Pu—con;aiqipg{partigles'under gonditions,where'ﬁo
failures were observed for U-containing particles of 3%'and-9%b

enrichment.
D.3. DISCUSSION

Data from the Belgian program do not deal significantly &ith any ofT
the major issues identified iﬁ thg body of this report as performapce
limiting for LEU or MEU fuels; Only the 21 rgferences cited in this appen-
dix have been reviewed for data on the Belgian program, but it is likely
that major conclusion from thé Beigian program would have been mentioned
somewhere in these references. The 1ipited'amount of data pertaining to

LEU/MEU performance is summarized below.
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D.S.A. Plutonium Migration

Reference 17 discusses Pu ''displacement'" during particle fabrication
and after irradiation. The Pu was noted te migrate during apblication of
the buffer and inner PyC coatings to the extent that‘;he buffer layer was
completely impregnate& with Pu. Migration during irradiation was observed
to be small compared with the migration during coatiﬁg.- Migrétion of about
20 microns was found in the T type kernels (fabricated using the sol-gel
route). In all cases, theumigrationrwas stopped byithe S$iC layer. It is

noted that these .irradiations were rather short-term.

D.3.2. Silver Diffusion

Silver release data were published for the MT and LET experiments,
which are summarized in Table D—1.-_The.release,ﬁfactions'were in the

range 6f'10-4Ato 10-2. Verf little is said about tﬁg release mechanism.

D.3.3.-_CO'Pre§surés
i

CO pressures have been investigated both with the COCONUT model
(Ref. 1) and Qostirradiation internal gas pressure measurements (see
Table D—1): CO pressures were of most interest in the Belgiah‘program for
Pu-containing fuelsf_vThe CO pressures were described as being highest
for particles contéining plutonium oxide kernels wifh high 0/Pu ratios at
the beginning of 1ife (of the three types of Pu-containing kernels tested
in the Belgian program, the type T particle? fabricated using the sol-gel
technique, had the.highest O/Pu ratios). _The_O/Pu ratio for this particle
was calculated to increasé frbm"ébout'1;91'at‘O% FIMA to about 2.007 at
197 FIMA. The CO pfessﬁré is calculated to remain relafively‘constant
until about 12% FIMA, and then increase liﬁearly by about a factor of 9
(to about 9 kg/cmz) between 12% and 18% FIMA. While these data are not
directly applicable to the LEU/MEU fuel performance problems, they -are

indicative of the high CO pressures that are developed in.Pu fuel systems.

- D-10




A celculation (Ref. 225_of the internal gas pressure in.particles
irradiated in the VC-1 and VC-2 experiments 1s presented in Table D-4.
From this table the contribution of CO pressure to total pressure can be
determined for UO2 fuels of different.enrichments and burnups.

D.3.4. Thermal Migration (Amoeba)

et

While the Belgian program discusses observations of thermal migra-
tion, there‘is~very'litt1e quantitative treatment such as presented in the
Dragon, KFA, and ORNL programs. The bnly quantitetive‘treatment found in
the 21 references cited is shown in Fig. D-4. It should be noted that
this treatment is somewhat simpler than the kernel migration coeff1c1ent

treatment used by Dragon, GA, ORNL “and KFA.
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» TABLE D-4
RESULTS OF THE GAS PRESSURE MEASUREMENTS (MEAN VALUES)

Experiment » VC'—1 ‘ , vC-2 VC—2 vC-2
Kernel diameter, mm 762 762 760 760
Fuel . vo, vo, o, vo,
Enrichment, % U-235 . 9 9 4,7 4.7
Burnup (Cs-137), % FIMA 8.7 7.0 4.5 4.5
Full-power days 142 247 | 247 247
Buffer thickness, um | 36 36 32 32
Buffer porosity, % 50 50 50 50 -
Free volume, X 107° cm> 3.6 3.6 3.15 3.15
Gas Determ. Temp., °C 1250 | 1250 1250 " 1250
Xe release, % | 73.9 | 83.4 76.9 | s5.6
Xe amount, X 107> cm> 3.42 3,03 1.86 1.37
Xe pressure, atm 615 536 v 364 263
Kr release, % 59.8 | .74.2 70.6 53.8
Kr amount, X 107> cm3 .| = 0.313 0.303 0.169 | 0.131
Kr pressure, atm - - 51 ' 49 31 24
CO release, % 2.69 2.64 1.66 1.53
CO amount, X 107> cm> 0.88 0.679 0.278 0.270
CO pressure, atm. 145.8 - 111.0 51.0 50.0
Total pressure, atm . 811 696 446 337
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