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ABSTRACT

Image analysis was performed on micrographs of dueds sections of irradiated U-Mo
miniplates from the RERTR-6, -7, and -9 tests. Deftion of spherical particles during
irradiation was quantitatively analyzed at sevdwmdations on the transverse cross
sections of dispersion plates having different bprrFission induced-creep of U-Mo is
believed to be the effective way to relieve stressmused by fuel swelling. Fission gas
bubble shapes were also measured at regions plateewhere fuel particle deformation
occurred. Fission gas bubble size and volume tractiere obtained at several transverse
locations in a monolithic plate from the RERTR-SttéA correlation between the bubble
volume fraction and the spatial location was obseéywhich could be explained in terms
of gas bubble swelling and stress distribution imitthe plate. The new fuel swelling
model was verified with quantitative fission gadble analysis.

1. Introduction

In a recent presentation [1], we reported that UfMel relocates away from the transverse end of the
plate, where the fission density is the highesthetransverse center region, and as a resulpdesw
region, or “bulge region,” is formed between thed eand the center of the plate in the transverse
direction. The extent of the foil thickness expansin the bulge region was much higher than the
amount that fission product swelling can explaial aonversely the foil thickness at the end virtall
remained unchanged from the as-fabricated dimesasifmerefore, the volume increase by fuel swelling
in the end region is believed to move to the bukggon. We explained this phenomenon by using the
concept of irradiation-induced creep of the fuetlenthe stress that builds up at the rail condtrain
caused by fission product swelling. In the papérhdwever, we limited our analysis only to monilit

fuel plates chiefly because of the complexity iweal in dispersion fuel plates.

In a dispersion fuel meat, fuel particle swellirgshto be accommodated by the plastic deformation of
the more ductile aluminum matrix. Hence, it is meble to consider that, if the fuel particle isrtove,

the matrix should also move. The local stress ishmaore complex in a dispersion fuel meat than in a
fuel foil, and there must be local adjustments le theighboring fuel particles and the matrix.
Nonetheless, the overriding direction of partiahel anatrix movement at a given spot in the disperlsio



fuel meat should be the same as observed at thhesponding spot in a fuel foil. Therefore, by
measuring deformation of originally-spherical fpakticles, fuel movement can be quantified.

We also measured fission gas bubble shapes itofekamine the relation between stress and directio
of bubble growth in highly burned foil fuel. GasHiles were non-spherical and deformed in directions
generally consistent with the direction of fueltpde deformation.

The conventional method of acquiring fuel swelldeja was to measure the as-irradiated plate thsskne
and compare these with the as-fabricated thickimedspersion plates. After the phenomenon of creep
induced fuel relocation was found, however, we gemtithat one of thickness measurement locations
was close to the bulge region. The measured data fhis location were exaggerated by the fuel and
matrix transferred into this region from the ragion. Hence, an update of the existing fuel swelli
model by using only non-affected data was necessarhis paper, we measured the size and volume
fraction of fission gas bubbles in high burnup foiél irradiated beyond complete LEU burnup to fyeri
the new swelling model.

2. Irradiation tests

The miniplates analyzed for this work are summakige Table 1. V6022M and R5R020 used LEU
powders fabricated at KAERI and others used HEU %-%8235) powders fabricated at INL. L1IPO9T
is a monolithic fuel plate fabricated at INL by tHéP method with a Zr-layer at each interface betwe
foil and cladding. The miniplate dimensions are {@dal) x 25 (transverse) x 1.4 (thickness) mng an
the meat dimensions are 82 x 19 x 0.64 mm. Thedimensions for the monolithic miniplate are 81 x
18.5 x 0.25 mm. The test plates were loaded inirtlagliation vehicle in such a way that one of the
transverse ends was closer to the ATR core. Whé&fé@22M was flipped sideways between cycles to
have more uniform burnup across the plate, allrotest plate positions were unchanged. Thereby a
power peaking occurs at the closer-to-ATR-core drgk higher power side is designated as the ‘hot
side.’” In this paper, only the hot side was focusador analysis. The test plate was sectionedhat t
axial center plane and metallographically examime@ne of the transverse cross sections.

Table 1 Summary of irradiated test parameterdaiép included in the analysis

plate Fuel Meat U [EnrichmentAveragg Time |Average BU

Plate ID Test |Pos Type density | (% U-235) particle |(EFPd)}(% LEU Eq.
(gU/cnT) size (1m)

V6022M |RERTR-4|D4| U-10Mo/Al 6 19.5% 70 257 78
R5R020 | RERTR-6[ C5 [U-7Mo/Al-0.2Si 6 19.5 % 70 135 48
ROR020 | RERTR-7| D3| U-7Mo/Al 6 58 % 150 90 88
R6R018 | RERTR-9| B7 | U-7Mo/Al-3.5Si 8.5 58 % 100 115 99
L1PO9T |RERTR-9{B5| U-10Mo foil 6.8* 58 % NA | 115 115

* KAERI powders, # INL powders
T Equivalent U-density considered for the meat siz& standard dispersion plate (0.635 mm).

3. Fud particle defor mation

As given in Table 1, among the plates given in EigR6R018 has the highest burnup and ROR020 has
higher burnup than R5R020. In the plates showndn E the highest burnup occurred at the left-hand
side transverse end (i.e., the left-side of imaydécause this end was closest to the ATR corengluri
irradiation. This is the reason why the predicteel swelling given in Fig. 1, which is a functiohanly
fission density in the ANL model, has the maximuntha ATR-core side end.

The particle diameters in the thickness directidg) @nd in the transverse directionyjvere measured
at three locations along the high power side ohdvarse cross-section micrographs, i.e., at the
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transverse end (or the rail region, labeled byifAFig. (1)), at the bulge region (labeled by ‘B’ Fig.

1), and at the center region (labeled by ‘C’ in.Fig. The fractional fuel particle elongation ireth
thickness direction can be estimated by using tbaswred data in terms of the relative elongation in
thickness direction defined by {(,)/D,. Approximately 20 particles in the location of acrograph
were measured by image analysis. The averagengdken as the representative value for the locatio
Only atomized powder plates were used, for whiah ¢hoss sections of as-fabrication particles are

considered nearly circular.
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Fig. 1 Optical micrographs of cross sections adrated plates, predicted fuel swelling
and average fuel particle shape change. D is #ledfameter, x denotes the thickness
direction and y denotes the transverse direction.

However, the decreased elongation in the thickdesstion in the rail region (shown in A) is attniied
to the constraint exerted in this region. The hgglparticle elongation in the thickness directisfound
at the bulge region, and it is still higher at temter region than at the rail region, which intbsathat
fuel deformation is affected by stress. The absefg®res in the matrix in the rail region alsoicades
that this region is under compressive stress irthioéness direction. Conversely, the pore formmatio
the matrix in the bulge region is due to tensitest in the thickness direction.

The morphology of fuel particles in A regions ingFil(b) and Fig. 1 (c) shows that fuel particles
elongate not only in the thickness direction, daban the transverse direction. This indicateg tiah
fuel particles and the matrix generally move irsthdirections.

4. Fission gas bubble shape

The shape of fission gas bubbles was examined lagenanalysis in a foil plate LLPO9T from the
RERTR-9 test. Two optical images taken from theosie sides of foil in the bulge region were
examined and shown in Fig. 2. For a better illugira a line in the thickness direction is drawntba
images and bubbles touching this line were colored.

Bubbles are generally elongated not only in thekiiess direction, but also in the transverse doect
The major axis is slanted and the average angleeeet their major axis and the transverse diredson
~45 degrees. Irregularities are noticeable in tihecton of the elongation. For example, bubble #@ a
#5 from the upper image are only elongated in kiiekhess direction and bubble #6 from the bottom
image is slanted opposite direction from othersnélbeless, bubbles are skewed in the same direction
in general. The direction of bubble elongation he foil fuel is similar to that of particle elongat
observed for dispersion fuels (see A of Fig. 1fd &)), which implies that gas bubbles are affeédty

the deformation in fuel.

It is noticeable that the bubbles tend to growdaig the near-cladding region of the foil tharthe fuel
interior. One possible factor is higher fission signin the periphery due to self-shielding effects
Another possible reason is the formation of a higiveelling a-U phase enhanced by Zr atoms
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transported from the Zr layer between fuel anddilagl which was discussed elsewhere [2].
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Fig. 2 Image analysis of fission gas bubble morpyplof L1PO9T irradiated in the
RERTR-9 test.

5. Fuel swelling model update

The fuel swelling model used in the RERTR progras been updated to remove the effect of using the
over-estimates in the measurements at the bulgen.ethe new swelling model was fitted with the
same equations as in the 2007 version [3], usiagléta obtained considering the following:
1) Data obtained only at the transverse center to vertite effect of fuel relocation were used.
2) Data obtained from monolithic fuel plates were uetemove the effect of interaction layer
growth.
3) Thickness data measured on PIE metallographs veexck u

The new swelling model is composed of two partBddission product swelling and gas bubble
swelling.

AV) g =[AV) LAV
[V_Ojtotal (A)) _[ VO ]g +[ VO ]s (1)

The solid fission product swelling is a linear ftinon of burnup.



AV _
=2V 0 - 21
( 0 l(/o) 3.5%x10°%f, 2
wherefy is the fission density in fissions/énThe coefficient has been changed slightly from2007
version.

The gas bubble swelling has two different rateseddmg on the fission density.

(Av—v] (6)= 18x10(1,), for 1, <3x10" flen,
9

0

(3)
[ﬂ) (%)= 54+ 21x102(f, -3x10%)+ 043x10°2(f, -3x10%'f, for 3x10™ < f,.
0 /g

(4)

wherefy is the fission density in f/ctn
Compared to the 2007 version, the new model prethbeter values.
6. Fission gasbubble swelling

The area cross-sections of fission gas bubbles werasured at three locations on the hot side of
L1PO9T. Optical micrographs were used for imagdyama The measured results are given in Fig. 3
together with the fuel image. The measured bubtdssesections were then converted to the volumetric
guantities by using the Saltykov method [4]. Thedrae size, volume fraction and number density of
gas bubbles at the location are obtained.

The median bubble size is the largest in the buggon (shown in Fig. 3(b)) of the three locations.
Between the rail region (Fig 3(a)) and the midwagion (Fig. 3(c)), the rail region has a slightyder
bubble size than the midway region. The compresstiess is at minimum in the bulge region. It soal
suspected that a tensile stress is formed becausiee ocrossing bending moments in this region.
However, the considerable bubble growth in thenegion implies that the stress is somewhat retleve
effectively by fuel deformation and mass relocation

The bubble size and number density data, obtaireed the bulge region and the midway region shown
in Fig. 3 (b) and (c) respectively in which theess effects are relatively small, are added todtia
with previously measured data [5] as shown in BigBubble size increases with fission density as
expected, while the number density increases taxdmum and then decreases. The observation for the
bubble number density appears reasonable in thabl®&wumber density should increase until the
bubbles fill the entire fuel region, i.e., grainumalaries and intragranular regions, because of the
presence of the larger grains at low burnup. Bytitme when grain-refinement (or frequently called
recrystallization) is complete, the fuel is filledith bubbles [5]. After the completion of
recrystallization, the bubble population decredseagglomeration of small bubbles, while the bubble
keep growing.
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Fig. 3 (a) Distribution of fission gas bubble saehe rail region (transverse end) of
L1PO9T. The bubble size was classified in seven,l@a shown in different colors in this
figure.
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Fig. 3(b) Distribution of fission gas bubble sizelee bulge region of LLPO9T. The
bubble size was classified in seven bins, as showlifferent colors in this figure.
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Fig. 3(c) Distribution of fission gas bubble sizdlee region approximately midway
between the end and the center (i.e., ~5 mm frentrdnsverse end) of LLPO9T. The
bubble size was classified in seven bins, as showlifferent colors in this figure.
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Also added are the guided lines.

The measured values of the volume fraction of dissgas bubbles are given in Table 2 for three
locations in L1PO9T shown in Fig. 3. The calculagelling by gas bubbles given in Table 2 is
compared with model prediction in Fig. 5. In thé ragion the measured bubble swelling is lowemtha
predicted, because bubble swelling is restrainethbycompressive stress in the region. However, the
measured and predicted values are consistent iouflye and midway regions, supproting the validity
the new swelling model.



Table 2 Measured bubble volume fraction and catar of fuel swelling by bubbles for LLPO9T
Fission [Measured fPredicted # t

Location| density| (AV/V)q | (AVIVo)s VIV, 8 (AVIVo)g
1P flem] % % &
Ralil 11.9 20.3 42 (1+0.42)/(1-0.203 36

=1.78

Bulge 9.3 23.6 33 1.74 41
Midway| 8.0 17.0 28 1.54 26

* Measured bubble swelling = measured total bubblame fraction per unit volume.
# Predicted swelling by the solid fission produgsshg Eqg. (2).

8§ VIVo = [1+(AVIV 0)]/[1-(AVIV) ¢].

T AVIVo)g = (AVIV) 4(VIV o).

The measured and predicted total fuel swellingase compared in Fig. 5. The measured total fuel
swelling is lower than the gas bubble swelling, efthican only be explained when fuel mass was
transferred from this region to the bulge regiae(Ref. 1 for more details about fission-inducesep).

H
~

=
N

o

Fission density, 10** f/cm®
H
o

(]

A Total swelling-measured
° 120 Total swelling-predicted
> 100 ———  Predicted (AV/V,),
’:c; [ ] Measured (AV/V),
S 8o - 1
S ,,
NG &
= 60 ~N/ S
= A~ -
2 40§ [ \\\i
1z R i T \§_ - | Transverse
g 20, " Bulge Midway 7 center
T /region region .
region
O 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9

Distance from ATR-core side foil end, mm
Fig. 5 Comparison of the measured and predictetdlbidwelling near the rail of LLPO9T.

7. Discussion

In previous miniplate RERTR tests, fuel particlaph change had not been quantitatively analyzed
because it was so small that it could not be riliaieasured. It was then reasonable to considéthba
volume increase by fuel swelling was fully accommaed by plastic deformation (or yield) of the
aluminum matrix and cladding [6]. Swelling in thierainum matrix is negligible compared to that of
fuel particles. The accumulation of locally extrddgarts of matrix aluminum by fuel swelling emerges
as an increase in plate thickness because of tluh hawger restrictions in the other two directions.
Anisotropic fuel particle deformation is not exjlig accounted for in typical fuel modeling codes.
From the past observations, isotropic plastic de&dion of the matrix proved to be a simple but stil
accurate method [7].



However, as shown in Fig. 1, ovalities in the fpalticle shape are clearly noticeable from thenece
RERTR tests. A possible reason why this anisotrdygicavior was observed in these plates may be
increased fission rates and burnup. Another ndtieeehange from RERTR-3, -4, -5, and -6 to RERTR-
7, -8, and -9 is the increase in the particle difmvever, a detailed examination for these aspeatst
pursued in this paper and is left for a future gtud

When fuel particle deformation occurs, plate thiess increase is the sum of fuel swelling and the
particle elongation in the thickness direction. fatt, interaction layer growth has a major role in
thickness increase. However, it is not discussdthisipaper to focus on the effect of fuel deforprat
and relocation. Fuel swelling is isotropic, wherehat by gas bubbles is affected by the external
constraint as observed in Figs. 2 and 3. For agasdicle to elongate in the thickness directidre fuel

must deform by a fission-induced creep mechanisinwhich is given byé = Acf, wheref is the
fission rate.

Analysis of fuel particle deformation shows thatss also plays a major role as observed in Figsl.
fuel particle size increases, the stress effecinse® become more sensitive. The direction of the
combined stress can be found by observing thetreof fuel particle deformation from Fig. 1. lhet

rail region (shown in Fig. 1(a)) the combined dsressparallel to the plate transverse directionijevim

the bulge and center region it is in the thickngissction. In this sense, once stress is fully neapand
fuel creep kinetics are modeled to include deforomabf fuel particles, a precise mechanical behavio
modeling is possible that also extends its appilitalbo prediction of pore formation in the matrix

8. Conclusion

U-Mo fuel particles, which were originally sphetdicgahow deformation along the plate thickness
direction. The extent of elongation in the thickmesgection is proportional to the local fissiomdgy.
However, if the compressive stress is applied enttiickness direction such as in the rail regitwe, t
elongation in the thickness direction is minimizadd instead fuel deformation in the transverse
direction is manifest. The fuel particle deformati@mnd relocation of fuel and matrix by fission-iced
creep of the fuel and matrix appear to be the gffeavay for a dispersion fuel meat to relieve sfress
buildup by fuel swelling. Mechanical behavior madgl is necessary to better understand fuel
deformation behavior that may be linked to the camrmoause that induces the formation of pores in the
matrix.

Fission gas bubbles in the foil fuel were obsertedhave been elongated in a direction at the given
location. The direction of bubble elongation is #&mto that of particle elongation observed in
dispersion fuels, which implies that gas bubblesadfected by the deformation in fuel.

A continuous increase in fission gas bubble sizi fission density is observed in high burnup (i.e.
beyond 100% LEU burnup) U-Mo fuel. The bubble numdensity increases only until recrystallization
is completed and then decreases after recrystadiiza

Fuel swelling by fission gas bubbles estimated dase bubble volume fraction measured in regions
away from the rail region is consistent with thésérg model used in the RERTR program. Fission gas
swelling in the rail region is lower than predictetth the existing model and the bubble size i® als
smaller than predicted, which suggests an effecbofpressive stress in this region.
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