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DISCLAIMER

This repoti was prepared as an account of work sponsored
byanagency of the United States Government. Neither the .
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.
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The DARTmde is based upon a thermomei%aniealmodel that can predictSweh
l-ecIyWl.lizatiqfixr+meaiimrdMho- nandother issaes’”mlatedwithMIRd@ersed l?EMavior
underirradiation.As a pt of a commoncffo”tito dtvtlbp an opdmiz?dversionof DART,a
comparisonWwecn DARTpredictionsand CNEAminiplate-siuadiatiouqmhuenM data was
made.“JlekMdiStiOntook@XX3dudng1981-82’fort7308miai@Iesand 19S5-86forUS8ixat @lc
RidgCResearchRcaelor(ORR).

The microphotographwerestudiedby meansof IMAWIN3.0 imageAnalysisCockIand
differentfi$siongasbubblesdktributionswereobtained AIsoit waspossktlem iii snd idenlify
differentmqhologic zoaes.Jn bothkindsof tkels,Mkrent phaseswererseogniz* Iii title
peripheralZOLRSwithmid!3nwOff&~R3ZCti04inteMdI=yS@ZCdM311CS=ibr.tbks.

Amy goodagreementbetweencodeprcdicdonad hadiatioqreseltswasfound,Thefew
diserep@es amdueto loeas,fMxkatioKlandMldiatiorlmmtdntk, & thepresme ofU3Siphase
inU$iZparticksandeitectivebamup

Introduction

.. T% work concerns validation and assessment of “DART’.codq & a part of a CNEA.~d”
AWL eollabcxation program for the development of an optirniied DART varsion. A comparison
between UsSix and UJ08 Al dispersed CNEA minipiate irradiation behavior and lMRT”predi~ona,
is made, For this purpose, IM.AWN 3,02, digital processing ima~ code was applied to SIMIyZG’
several post-kadiation miorophotographs, where different pore and phases areas were deteoted tid
measured.

DART mde is based upon a thermomechanical model that can prediet swelling, tkd
eonductivy evoMioL recrystrdlizat.ioq U-AUreaetio% ahuninization depth and other issues related .
with MTR dispersed FE behavior un&r irradiation,

.:

CNE!A miniplates consist of two X$ one concerning UJ3i and U@i24 and another me . ““
concerning USOBand UAlx5,LEU Al dispersqd fimls. These miniplates were itilated at OllR in . ~
oak Ridge ~ational Laboratory, ilom 11/27/85 to 11/18/86 and from 6/20/81 to 10/82 in each case. . ~
Their respective behavior under irradiation was satisfaet.ory.

IMAWIN is under development since 1994 at the Advan&d Fuels Elaboration Division of. .
the Nuclear Fuels Unit in Constituyentes Momic Center, CNEA. It is oapable to detee$ recogniza ~ ..
and masure dfierent morphologic zones ihat are present in post-irradiation ‘micrographa,: ..
metallographic
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length of connected subsets, etc. I.MAW 3.0 captures and transforms images into a digital form in
appropriate scale, finds digital image contrast and prepares different data outputs like particle and
pore size distribution using Johnson-SaltykovGmethods, percentile area coverage for eaeh zone and
other issues.

General Consideration

Volume swelling was obtained by immersion method, The meat swelling found was solely .
due to fission producg particle swelling and alumirdde formation. It is supposed that no swell took .
pkice in Al.

“.+
. . .

UJ5&UJ?3iminipiaks behavior comparison ;.
. .

:..:,
It is supposed that psrticle swelliig first closes the fabrication porosi~, and then a net m~~ . . ..>.

Sweug occwd Under these suppositions, with meat swelling &t% it is possl%leto e~~te the “. ‘“
‘effeetive’ particle swelling w . .

:.
“,.:

, ‘Effective’ particleswelling= (meat swelling+ porosity)/ E@ volume fraction. . . . “.
., “.

The word ‘effeetive’ stands also for taking into account Al missing after aluminide reactioxi.” “ ;
As it has been already seen, ahuninide formation could origin a big swelling in particle butnot@ . c.-.::
meat. ..” .

Miniplate RA311 “RA313 RJU15 IRJW6 WK319 RA320 R&W
Fuel 7J3Si WSiz lJ3Siz u3si2 u3si-2 T.Jssi2 u3si3
Volume fiwtion (Y.) 36 44 44 a 44 44. 44.

lWnipl.atethickness [m) 1524 1524 1524 1524 1270 1270 1270
Meat thickness (~m) 760 760 760 760 510 I 510 510.
Porosity (Ye) 7.75 7.56 8,01 7.96 8.76 8*66 9.11
,Meat and Sheath Al-type 6061 6061 6061 6041 6061 6061 6061
Uranium Density (g/cm3) 4.81 I 4,87 4.85 4,8S 4.82 4,83 4,81
TABLE 1: U3Si.miniplates fabrication data

PARTICLE swiiLu103. p0D7-IRRADIATION DATA
Aiio DART EVOLUTION PREDICTION

9.4# ----- .. . . . . .

CCUPAR!901kWW SUEBLEDETECTIOH
AND DART PR2DicmNs
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For DART simulatio~ it was employed”a 20 radial node partitio~ a particle average
diameter of 100vw a boundary and center particle temperature of 373 K and 383 K respectively.
The fission rate f’ diminishes proportionally m“th burnup. It reached 80% atU~5 after 273 days, Tt
was calculated an exponential decay, which inte=gyatedmedi~ coincides with that from data.

DART predicts recrystallization at 3.5*l@ fiss./cm3 fission density, corresponding to 50%
burnup approximately. Once reoryshdlization happens, nucleation increases and so happens with
grain comer bubbles population. There is an increase of particle swelling rate.

In the miniplates mierographs it is clearly seen ahuninide formation in boundary particles
(figs.3 and 4). DART aluminide depth prediction (3.25j.tm for U#3iz and 3.66p.In for UJSi) is in
concordance with measurements. DART bubble distribution predictions are shown in figures. 5 and
6 for diffkrent regions: recrystallized U3Sizzone and amorphous U3S1zone.

1 . ..

..
,.,

-W2i-d “ ., : .. ..~.”. ..
.. . . . ..W* .. =“:“. ““ . “ “““””;:’:“:”.~:...... .. .

Figure3.Irr@a@ UlSi#4&@etogm@. Figure4.Emu&tedU,SiMicroph+
MildplatcR.A32L N?@plateW11

11i.SObserveddWiih& formation aroundfud pdCkS (l&bt gq} withnobubblepresaKG Rccrystallizaizonosare
present(2, llttk bkxk dots). Amox@ousstructurezonesprwnt greaterbfible sizethanin aystdine ones(3,black .
spots).lh4AWlN3.0tile populationdetectionis inmncordancawithDARTpredictions.

● 41uminide retiorx DAIT predicts a small bubble distribution (diameter less than 0.01 w).
This is consistent with bubble fkee ahnninide zone observation (figure 3 and 4, quote 1)
(bubble radii dimensions are beyond photo resolution).

● Recrystallized U-3* DART predicts a bimodal bubble distribution (figure 6), with the seeond “ ‘.
peak due to bubbles pinned at recrystallized grain comers. It would have an average diameter
of 0.5pm Although it is also beyond photo resoiutio~ DART does not tie into account the
diameter spread of the distributio~ centered at 0.5 ~, So it is possible Seater diarrkter
bubble population. M U3Sizmierograph (fig.2, q2) it is shown zones associated with this kind
of morphology,

● Amoruhous U& DART predkts a greater diameter bubble popukion (1-12w) @g.5) than
in I.Jdlizease. This phase can be seen in fig. 4, q3, and also in fig. 3, q3, reveahg ooexistenee
of 13JSiphase in U&i2 fiei miniplates.

In fig, 2, a comparison between IMAWIN 3,0 detwtion and DART predictions for “.
amorphous IJ3Si and reery.stallizedU3Si2grain corner bubble peak is shown. . . .
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JnU3Siz we it was observed abubble titfi~tio nasso~t ~w~f%~liz~~ri.. .~ .. .
corner bubbles (l-3pm). There was found also another peak at 5 w probably due to not clos@ ~ : ...

fabricated porosity. The UJ3i.like morphology zones are probably due @phase coexistence duribg
fabr@tion process.

In U#i case, it is observed a great diameter bubble distribution (up to 12pm). It is in
qualitative agreement with DMIT predictions. The discrepancies are mainly due to p~oto .
resolution. 13eside$ IMAWTN 3,0, due to contrast resolutio~ while recognizing great bubbles
looses small ones and in some case% it is not able to distinguish between two bubbles sepiirately, .
recognizing only one. This lack of precision produces an overestimation of great bubbles. aid .ti . ..
underestimation of srrd bubble populations. Another mention is that the breakaway swel.lhig

‘would start in U3Si at a similar fission density that the sample had reaehed. This phenometin.. . -
causes great hubbies interconnection and a huge particle swelling and it is not modeled by DART: . .
The code only predicts U3Si behavior above this fission &nsity.

.:.

U@s ~j~pbt~ bebv~or ~rnpariso~.
.. . .. . . .
..:.

\
Miniplate R4209 M218 I RA219 R-4222
Fuel “U30S U30,9 u3Ql U30S

Volume fraction (%) 35.2 41.6 35.1 44,6
Miniplate thickness (ljml 1520 1270 1%30 1Km
Meat thickness (j.tm) I 900 ! 520 I 740 I 740 1

,--- 8 —-—- 1 ——
I --- - f ---- J

Porosity (VO) 6.17 9.04 7.00 10.04
Meat Al-type 99=5%wt Al 99.5’XOWLAl 99.5Yoti AI 993%w& Al
sheathAl-type 6061 6061 .6061 6061
Uranium Density (g/cm3) I 2.47 2.91 X46 3.12
TAJ3LE 2: US08 mhiplates fabrication data

.. .
. . .

. .. . .
. .

. .

. .

DART U30S-AI reaction and irradiation sintering models were ak.ady presented’. Both
phenomena contribute negatively to swelliig, For llMIT simulationitwasemployed a 20 ridi.al’. . .
node partition and a temperature of 373K at border and 383 K at center of particle, This subset of .
miniplates reached a final burnup of 87% at, U=s, afler 352 days of till power. The average particle. .
diameter was 80 UIU.

. . . .. .
. . ::..
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.:

DART swelling prediction and Al volume llaction evolution show a good agreement with
data (figs. 7 and 8). However, swelling predktion is dependent on porosi~ sinterin~ model
employed by IMELT,so it is very sensitive to initial porosity uncertainties.

Po@-irradMion microphotograph concerning U308 miniplates exhibit a more wmplex
structure than in U3SiX case. Although U-AI reaction is widely generalized -large zones of
aluminide phase are present (figure 9, q3)-, Al volume fraction always was under 10%. At this
poin~ DART predicts sofiening and the beginning of general intercomwetion bubble phenomenon,

U409 globular unreaeted reerysta.llized-like zones appear in miorophotogmphs (fig. 9, ql).
This phase may be due to fbel kunination or an intermediate U-A reaction, Bubble distribution is .
similar to that found in former lJ&ii2miniplatemicrograph analysis.

umNRATHwcnwL-
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For aluminide region DART prediets a bubble distribution eentezed at diameter’= 1 pm and
spreading to 10w, several order of magnitude below. While@ peak is not observ~ there are
present some bubbles up to 10W (fig. 9, q6). Huge spherieal bubbles were also obsemed (fig. 10).
They could be”due to as-fabricated porosity evolution. ador to an early stage of breakaway
swelling

Conclusions
. ..
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~SiZ case

● A good agreement between DART prediction and IMAWIN 3.0 Samples<measurewas
found. Prediction of swelling, U-Al interdifi$on depth and bubble distribution, are in
concordance to observation for both silicide miniplate fhels. Nevertheless, for bubble
distribution it would be neeessary to have more wurate measurements as SEM
mierographs. The observed discrepancies can be due to measurement uncertainties and
to parameters used during sintulatio~ as final burnup atid as-fabricated porosity.

. CNfiA Wdliz miniplates photos show U3Si-like morphologic zones. It is an evidence of
this kind of phase presence.

● Aluminide formations at particle boundary acts as additional cmstmin for particle “
swelling. In U3Si2case, beoause there is no recrystallization for aluminide, its swelling
rate is lower than recrystallized fbel. In UgSi case, aluminide is a crystalline phaxg and “
its swelling rate is lower than that of amorphous fbel,

● The nodal radial partition as well as the number of bubbles classes follows fioti a
precision-to-time computing ratio, Ifthe simulation is carried out with fw radial zonR$ “
aluminide formation is not predicted, and consequently a greater particle swelling is
obtained, Tnthis comparison it was employed a 20 radial mesh

● u3si2 fk?lbehavior is quite different fiorn amorphous UsSi. This last one shows a much
greater swelling than crystalline fiel,

U30Rea!lx . .
. .. .0

. It is also observed a good agreement between DART ~e~g ~ U-A ~ip~ .1 ““.
predictions, and IMAWIN 3.0 detection. lnithd pore uoewtainties has a strong influende. :.. ”“
in swelling via porosity sintering model,

.,.
..

● DART microstructure predictions, ecmoerning bubbles found in TJ40g globular .
recrystallized zone, follows the trend showed by IMAWIN 3.0 stereology analysis.

● For alutitde zonq bubble distribution pedc akzkted by DART is not ~bs=ed ~ .
CNEA miniplates. Huge bubbles present” in samples m@ possibly be due to initi~ .0
porosity evohion or to generalized interconnection

DART predicts Al dispersed fbel behavior (ro~ tube and plate geometry). It has models for.
bubble population distributio~ mechanical behavior, bubble swelling thermal conductivity,
alum.inide reaction and radmtion-induced recrystallization. IMAWIN 3.0 captures, detects. imd
measures m.icrographzones of dkrse morphology. k the cmumon zone of applieatio% dk4inedby ..
scope of optixl medi~ it was performed a comparison between DART pr&i6tions and IM.ASK@(“
3,0 dewtions. The outcome of this compariso~ taking into aeeount the pe~ormanee of tM”
different models included in DART, is satisfwto~

Pro~am for the development of a new and optimized DART version .

DART was conceived as a mechanistic modd’for the assessment of dispersion fbel behavik
for oxide, silicide, and other new d~peisant phases (v~d alloys) However, dqeto its evolution ~ iwi
lUkD too~ it was not developed asa user-tienclly code. Besides, each simulation done to stqdy:the
effeet of changing a particular parameter or operating condition, demands the iteration of a pro@
consisting in input preparation%DART run, extraction of calculated quantities from pto=fpamoutpti
file and plotting. Each step of the calculation process has an,extensirm of a cmple of minuteti to

.“
. .

. . .:
.:, . .
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many hours, depending on complexity of the problem, For an analysis covering a multitude of
parameters ador operating conditions, this isa very long and tedious process. In additio~ different
versjonsofDART existfor oxide,silicide,aridfor vhd caxidi.dat~alloy fiels.

As a part of SISTJ.3RL4B agreernen~ ANL and CNEA have proposed several topics for
mutual collaboration, one of them is related with modeling. It consists in a fill revision of DART
models and version codes and the inclusion of new models in the fhmework of the development of
a unique parallel archkxxure version for 13ARTcode. The aim pursued is to

‘
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,
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1,

2.

3.

.0
●

●

.*

Enhance DART I/O by means of a complete reworkin~ in order to inmease its availability and
wefidness in the international community. The conversion of DART into a parallel architecture
version is an ideal place to implement such improved interfitces,
A.fllordthe opportunity to develop an interfhce whereby the user can monitor the evolution of
various calculated quantities “in situ.” In additio~ it till provide the possibility for the user iif.
changing vahes of various parameters and/or operating conditions during the course of a w “
The user/code dialog will become highly optimized and the amdysis procedure will be more ..
efficient,
Parallelize a variety of calculations performed as a-fiction of operating conditions and Ml .0 ... ....
morphology, like
Evolution of the fission-gas bubble size distribution and meat thermal conductivity. . “ . .
Fuel-meat matrix interaction
Evo@tion of fiel microstructure

“..
. . ..

Stress/strain analysis, .“
and other issues. fie~ processes will be parallelized providing for a much mo~ efficient. “ .
calculation,
4.
5,
●

●

:.

7,

Allow the opportunity to merge ail different versions of DART into a sing!e code. .
Facilitate the development of new models such as
$uperplasticity
Elastoplastic fmdback
Improved models for the calculation of fiel deformation ~d fie~ mj~~~~e ~o]ution
Provide an opportunity for a rigorous inspection and overhaul ofDART bringing to the user and
developer of the international ecmmmnity a very valuable benchmark,
Form the basis of a code for the analysis of dispersion fiel during transient (and/or accident)
conditions.

The conversion of DART to parallel architecture wi[l facilitate its potential development. ‘
i
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