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ABSTRACT

As the price of fuel fabrication, shipment of both new and spent fuel, and fuel
reprocessing continue to rise at a rapid rate, researchers look for alternate methods to
keep reactor fuel costs within their limited funding. Extended fuel element lifetimes,
without jeopardizing reactor safety, can reduce fuel costs by up to a factor of two. The
Extended Life Aluminide Fuel (ELAF) program was started at the Idaho National
Engineering Laboratory (INEL) as a joint project of the United States Department of
Energy (DOE), the University of Missouri, and the Massachusetts Institute of Tech-
nology research reactors. Fuel plates of Advanced Test Reactor (ATR) type construc-
tion were fabricated at Atomics International and irradiated in the ATR at the INEL.
Four fuel matrix compositions were tested (i.e., 50 vol% UAL cores for reference, and
40, 45 and 50 vol% UAL, cores). The 50 vol% UAI, cores contained up to 3 grams U-
235 per cm? of core. Three plates of each composition were irradiated to peak burnup
levels of 3 x 102! fission/cm? of core. The only observed damage was due to external
corrosion at similar rates experienced by UAIL, fuel elements in test reactors.
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SUMMARY

The Extended Life Aluminide Fuel (ELAF) program was started at the Idaho
National Engineering Laboratory (INEL) as a joint project of the United States
Department of Energy (DOE), the University of Missouri, and the Massachusetts
Institute of Technology. For the program, 30 fuel plates were constructed to a maxi-
mum fuel loading that could be produced on a commercial basis. These contained
UAl, and UAl, fuel (UAL) cores, with maximum boron content as used in the
Advanced Test Reactor (ATR) at the Idaho National Engineering Laboratory. The
maximum boron content was incorporated to reduce initial reactor reactivity. The
UAL, fuel core was used to gain higher uranium content. The test program was
planned so that the fuel plates would be irradiated to a maximum fission density of
3-4 x 102! f/cm3 (about 50% burnup for the 50 vol% fuel plate cores). This burnup is
about twice that presently allowed in university reactors.

An ELAF fuel core with 73 wt% of the brittle phase (UAl ) gave excellent perform-
ance to a burnup of 1.84 x 102! f/cm? with a peaking factor of 1.63 (peak burnup of
3.0 x 102! f/cm?).

The ELAF fuel plates operated at surface temperatures of about 395 K (120°C)
with the only evidence of failure due to pitting corrosion.

Blister temperatures from post irradiation tests of 763 K (for the UAIl, composition)
and 776 K (for the UAI, composition) indicated large margins of safety from over-
heating for short periods of time.

The 50 vol% UAI, composition plates performed as good, or better, than the
50 vol% UAI, composition plates and will provide higher fuel loading. Although
pitting corrosion caused the failure of three plates of the UAL, composition, a large pit
that would have produced failure was found in the UAI; composition.

Neither the pitting corrosion rate, or the probability of pitting, seemed any greater
in the ELAF plates than fuel elements in other reactors when consideration is taken of
the plate surface temperature and the time in the water.

Reaction of the UAL, to produce UAl; and the U, Al, defect phase causes an
increase in core volume of 6 to 12%. The core volume .percent thus approaches
60 vol% of the brittle constituent.

It is recommended that the specification for oxygen in the powder blends be exam-
ined with the view of reducing the allowed oxygen.

It is recommended that management of the fuel element irradiation.sequence be

considered as a way to reduce the depth of pitting corrosion and extending fuel ele-
ment life.
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EXTENDED LIFE ALUMINIDE FUEL
FINAL REPORT

1. INTRODUCTION

The Extended Life Aluminide Fuel (ELAF) Pro-
graml’2 conducted by EG&G Idaho for the
Department of Energy, University of Missouri, and
Massachusetts Institute of Technology had an
objective of determining whether fuel loading and
burnup limits for fuel elements in university
research reactors could safely be increased beyond
the limits presently allowed by reactor licensing
restrictions. For the program, 30 fuel plates were
constructed to a maximum fuel loading that could
be produced on a commercial basis. These con-
tained UAL, and UAI, fuel (UAL) cores, with maxi-
mum boron content as used in the Advanced Test
Reactor (ATR) at the Idaho National Engineering
Laboratory. The maximum boron content was
incorporated to reduce initial reactor reactivity.
The UAL, fuel core was used to gain higher uranium
content. The test program was planned so that the
fuel plates would be irradiated to a maximum fis-
sion density of 3-4 x 102! f/cm3 (about 50%
burnup for the 50 vol% fuel plate cores). This
burnup is more than twice that presently allowed in
university reactors.

The UAL, dispersion fuel system was devel-
oped3 »4 to meet a need in the high flux, high power
Advanced Test Reactor (ATR). Several features of
the UAL, dispersion fuel system are re:porte(15’6’7’8
to extend its performance capability in high flux
reactors. The powder dispersion causes voidage to

be fabricated into the fuel matrix, which may
accommodate fission products. The UAI, structure
has exceptional tolerance for fission gas retention,
and burnable poisons can be readily dispersed in
the fuel matrix.

Uranium aluminide fuel plates with lower fuel
loading than the ELAF plates have been success-
fully irradiated to fission densities almost as
high.9’10 The ATR fuel plates containing princi-
pally UAl;, range from 40 to 60 wt% UAIL,, while
plates described in the literature10 contain 45.5 or
54.5 wt% UAI, or 50 wt% UAIl,;. These ELAF
experimental plates contain 64 to 73.3 wt%
UAI —principally UAl,, or 67.4 wt% UAIl, —
principally UAl,. This fuel loading corresponds to
the presence of the brittle constituent of 40 to
50 vol%. This introduces the question of whether
the fuel core will retain a sufficiently ductile behav-
ior during irradiation to resist blister formation.
The recent rolling test program at Atomics Interna-
tional (AI)11 indicates current technology can be
used to produce quality fuel plates on a production
line basis, and the eminently good irradiation per-
formance of the UAI, fuel in test reactors? and
experimental plates3’4’5’6’7’8’10 indicates that
failure should not occur in the fuel.

Preliminary reportsz’12 indicated that the prin-
cipal problem would be pitting due to corrosion.




2. PLATE DESIGN AND IRRADIATION HISTORY

Fuel plate dimensions were selected to fit the
ATR I-hole configuration and to provide the plate
area required for testing. The 12 plate configura-
tion for a test insertion is shown in Appendix A,
Figure A-1. Thickness of plates and cores, and
plate construction methods were selected to match
the Missouri University Research Reactor (MURR)
and ATR fuel. Extrapolation of the test data to a
1.524-mm (0.060-in.) plate will provide MIT with
the required supporting data for extended fuel
burnup in the Massachusetts Institute of Technol-
ogy Reactor (MITR).

The finished plates measure 25.4 + 0.127
x 317.5 £ 0.762 x 1.27 + 0.025 mm (1.000
+ 0.005 x 12.50 + 0.030 x 0.050 =+ 0.001 in.).
The fuel core dimensions are ~20.32 x 266.7
x 0.508 mm (0.8 x 10.5 x 0.02 in.). A 9.535-mm
(3/8-in.) hole centered in the top end of each plate
provided a means for individual plate removal in
the canal or hot cell.

The UAI, powder was prepared, and 30 fuel
plates were fabricated by AI. The U-235 enrich-
ment was 93.0 + 1.0% for all batches. Chemical
analysis of the JF and JJ blends is given in Appen-
dix B. The metal impurities were less than 0.3%,
with no individual impurity exceeding 600 ppm.
No free metallic uranium was present in any pow-
der samples as determined by x-ray analysis. Other
core and plate data are given in Appendix B.

Nondestructive testing (NDT) inspections for
nonbond and minimum cladding thickness met the
accepted criteria of the ATR Fuel Element Specifi-
cation.13 Fabrication was made according to speci-
fication ES-50607A.14

2.1 Irradiation

Irradiation was begun in the ATR I-9 facility in
July 1981, and continued in I-13 until June 1986
(Figure 1). The thermal flux in the facility varies
between 3 and 7 x 10'3 n/cm?s. The peak gamma
heat in the facility of 1.55 W/g was used with cor-
rosion film estimates in the MACABRE computer
code to calculate maximum fuel plate temperatures
versus operating time. The maximum nominal and

20 plate temperatures were 395 and 407 K, respec-
tively; these decreased with operating time.

During the irradiation period, the 30 plates were
inserted in the reactor in groups of 12. Until the
end of the period, each plate was removed, as
required, in order to inspect for corrosion pit depth
(Figure 1). If the corrosion pit depth of any plate
was estimated to be approaching 6 mil, that plate
was removed and a new plate inserted for the next
reactor cycles. Eleven inspection intervals were
recorded. At the start of the test program, three
plates failed by pitting corrosion after 172 full
power days.

Neutron flux and burnup calculations were made
with the PDQ neutron diffusion-depletion pro-
gram through the irradiation history of the fuel
plates. Two-dimensional XY and RZ-4 energy
group PDQ problems were developed to model the
tests. In the burnup calculation for each test cycle,
a correction factor was applied so that the calcu-
lated thermal neutron flux matched the measured
value obtained from the flux monitors, which were
placed in the test and removed after each test cycle.

The extent of burnup from these calculations was
used, along with the inspection for pitting, to guide
the test termination for each plate and for the end
of irradiation. The goal of the program was to
reach a maximum burnup of 3.3 x 102! f/cm3.
Because of peaking, expected at the sides and top
or bottom of the plates, the calculated peak burnup
before the end of irradiation was allowed to reach
4.2 x 104 f/cm3.

Gamma ray spectroscopy was done on 12 plates
selected according to the maximum burnup for that
composition group. The gamma ray spectroscopy
showed some peaking. The extent of the peaking on
the gamma scans was limited by the size of the colli-
mator and scanner characteristics. The results of
the gamma ray scanning will be presented in Sec-
tion 3.10.

Radiochemical analysis for burnup was made on
the twelve plates selected for highest burnup from
the four composition groups (50 vol% UAL,,
45 vol% UAL, 40 vol% UAL,, and 50 vol% UAL,).
The analysis is given in Section 3.11.
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3. TEST EXAMINATIONS

Twelve plates were removed from the reactor on
June 23, 1985, and allowed a decay time to cool
before the 27 plates were shipped to the hot cell for
measurements. After each inspection period, those
plates not reinserted in the reactor were stored in
the ATR canal. The test examinations for this
report included: visual examination and photogra-
phy; dimensional measurements before and after
oxide removal; oxide removal; immersion density;
metallography; scanning electron microscopy; pit
replication on fifteen plates not selected for
destruct tests; gamma ray spectroscopy; and radio-
chemical analysis for burnup.

3.1 Visual Examination and
Photography

Visual examination of the plates revealed small
pits and corrosion spots with some scratches due to
handling. Typical surface appearance of the irradi-
ated plates, before and after oxide removal, are
shown in Figure 2. A deep pit in the side of plate
No. 004 is shown in Figure 2(c). The depth of this
pit will be presented in Section 3.9. No blistering or
oxide spalling was seen. The oxide thickness will be
discussed in Section 3.3.

Corrosion and pitting behavior is discussed in
Section 3.9.

3.2 Oxide Removal

Oxide thickness was measured by eddy current
technique on 12 plates in July 1982. Additional
plates were measured on December 20, 1984, and
at the end of the irradiation on June 26, 1985. The
oxide thickness increased with time in the reactor,
as expected. Only normal oxide thickness occurred.
The values are given in Section 3.4.1. In the hot
cell, after the thickness of the plates was measured
with a micrometer, the oxide was removed and the
plate thickness remeasured.

Oxide removal from the plates in the hot cell was
accomplished in a solution of 20 g of chromic acid
(Cr0O;) and 35 ml of 85% phosphoric acid in one
liter of distilled water. The plates were held in a
holding rack and stripped in the boiling solution
until the oxide was gone (about 10 minutes).

3.3 Dimensional Measurements

Thickness measurements were made in the canal,
using a dial indicator, and in the hot cell, using a
micrometer. The thickness measurements in the hot
cell were made before and after removal of the
oxide. The results are presented in Section 3.4.1.

3.4 Immersion Density and
Swelling

The immersion density of the samples (2 x 3/4 in.
sections) sheared from the core region from each of the
twelve plates (Figure 3) was done by the method
described in ASTM B 311 (1979). The density (D) was

calculated from the formula:
_ AE |
A-B
where
A = weight of specimen in air (g)
B = weight of specimen in water (g)
E = density of water in g/cm?3 (20°C for

all samples).

The dry and wet weights, and the immersion den-
sity calculated by the formula, are given in Table 1.
The preirradiated density for the sheared sections
was calculated from the core and plate specifica-
tions for all fabricated plates from Table B-1.2 The
calculated, preirradiated, sheared plate density of
the sections was obtained by using the deburred
core compact weight, the core volume from the
void volume measurements, and other data as given
in Table 2. The plate core thickness can then be cal-
culated from these values, and the core surface area
obtained from radiographic fuel core measure-
ments of the plate. 15 The calculated, preirradiated,
sheared plate density and the plate core thickness
are given in Table 2. It is noted that the plate core
thickness obtained is less than the average metallo-
graphic core thickness for the sample from each
composition group. Since the production plates
have been hot rolled and blister annealed, relative

a. Appendix B.
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Figure 2. Typical surface appearance of the irradiated plates before and after oxide removal.




Serial
number

g

1.500

|
4 | 5 0.160
6.380 I 0.820 B 0.095
}"— 0.680 | 2 places(4)
b'
!
i / XX
‘# | / ' 1.500
1.375 ’/L'——é? Z 57004
RBR W4 A0-100
0.505
——1—0.495— 1=
3 places

Top end of fuel plate
e

Legend

M = Met Sample(s)

BU = Burnup Sample(3)

D = Density Sample

B Blister Sample

XX = Dogbone Area(z)
%/s= Scrap

Met samples to be mounted
so polished surface is
closest to density samples

Picture frame area(2)

Fuel core out|ine(4)

1yRegion of the fuel core within

ne and one-half inches from its ends,
where thickening can occur during the
rolling process.

o) The window-shaped aluminum
fr me which hold the fuel core.

3)Burnup samples to be punched
n axial and transverse center
lines as shown.

(4)Reference demension only.

5)Bottom met sample to be
punched as close to BU samples as
possible.

Scale: None
Dimensions in inches

6 6689

Figure 3. ELAF plate shearing and punching schematic.
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Table 1. Immersion density of sheared sections of irradiated plates

Preirradiated
Dry Wet Measured@ Calculated Density CSAP PDQ Punchb
Plate Weight  Weight Density Section Density  Decrease  Average Burnup  Fission

Number (g 3] (g/cm?) (g/cm?) (%) (x 102! f/cm?)  Density
005 3.7845  2.6299 3.2718 3.3320 1.81 1.80 1.28
006 3.1313  2.1680 3.2447 3.3462 3.03 2.30 1.73
007 4.1006 2.8521 3.2785 3.3297 1.54 1.48 1.06
013 4.2433  3.0061 3.4236 3.5992 4.88 2.98 2.02
019 4.2186 3.0141 3.4961 3.6100 3.16 2.13 1.49
020 4.1226  2.9312 3.4541 3.5768 3.43 2.24 1.72
022 4,0864  2.8989 3.4350 3.5251 2.56 1.82 1.22
027 4.2564  3.0223 3.4428 3.5081 1.86 1.94 1.36
028 3.9421 2.7715 3.3615 3.5120 4.29 2.61 1.96
030 3.8557  2.6951 3.3162 3.4097 2.74 2.25 1.52
032 4.2891 2.9967 3.3127 3.4365 3.60 2.14 1.49
033 3.7788  2.6481 3.3360 3.4224 2.52 2.00 1.42

a. Calculated from the formula D = AE/(A - B) where E (the density of water at a temperature of 20°C)

was taken as 0.9982 g/cm3.

b. Table 13 plus 10%. The low punch fission density plus 10% gives an average fission density equivalent

to the CSAP PDQ average (see Section 3.11).

amounts of the aluminide phases UAI,, UAI,; and
UAl, have changed (there is less UAl, and more
UAI, than in the fuel powder charge), Table 3. The
stability of the UAL, phase in compact 1JF038YD
was investigated by taking pieces of the compact
and giving each piece the heat treatment indicated
(Table 3). The analyses of the pieces were done by
x-ray, similar to the powder blend JF. The as com-
pacted values for UAL,, UAl,, and UAI, (Table 3) of
71, 28, and 1, are to be compared with those of the
powder blend JF values for UAL,, UAl,, UAl,
respectively, of 67, 33, and <1, with U alloy not
detected. The calculated core thickness from the
core compact weight and volume is lower than the
metallurgical sample for each group by 4 to 10%
(Table 2). This difference in the core thickness is
attributed to the lack of stability of the UAI, phase
during plate processing and the consequent growth
of the core thickness. The calculated preirradiated
sheared plate density is dependent upon the relative
core and clad thickness. This density is given in
Table 2 for the metallurgical core thickness of the
metallurgical sample plates, as well as for the calcu-
lated core thickness. The calculated density from

the computed core thickness is lower than that cal-
culated from the metallurgical samples by 1 to 3%.
Since the calculated preirradiated density from the
metallurgical sample core thickness gives a higher
swelling value, these are the values used in comput-
ing the swelling in Table 1.

The swelling (density decrease) from the immer-
sion density measurements is plotted in Figure 4
for the burnup? of each plate. It is noted that the
immersion density of the sheared section also gives
an average measurement (peaking is seen in the
thickness measurements). A linear least squares
analysis for the PDQb fission density (Table 1)
gives an equation

a. The burnup was taken from the nuclear calculations. It is
approximately the same as that measured for the burnup punch-
ing times the peaking factor, and is the burnup value used for all
the figures and text except as otherwise noted (especially Sec-
tions 3.11 and 4).

b. A two dimensional neutronics diffusion code.




Table 2. Calculation of preirradiated density of sheared sections

U
Deburred Atom , Mctallurgicalr
Core Core? Core Core 8] Density Preirradiated Core® Cladd Section Preirradiated® Core Preirradiated®
Compact Volume Compact Radiographic Core? U Density a/em? Plate Clad Weight Weight Weight Calculated Thickness Calculated
Plate Weight V. Density Surface Area Thickness Weight g/cm Core Thickness Thickness per per per Density For Group Density
Number ® (cm¥) g/cm? (cm2) (cm) {cm) Core x102! {cm) (cm) cm? cm? cm? (g/cm?) {cm) (g/cm?)
005 11.94 2.908 4.106 53.828 0.0540 5.73 1.97 5.04 0.1295 0.0755 0.222 0.205 0.427 3.295 0.0574 3.3320
006 11.95 2.883 4.145 53.618 0.0538 5.73. 1.99 5.09 0.1300 0.0762 0.223 0.207 0.430 3.307 0.0574 3.3462
007 11.95 2912 4.104 53.465 0.0545 5.73 1.97 5.04 0.1298 0.0753 0.224 0.204 0.428 3.298 0.0574 3.3297
Ave 2.901 Ave  53.637 Ave 0.0541 Ave 198
013 13.70 2.998 4.570 54.230 0.0553 7.93 2.65 6.78 0.1295 0.0742 0.253 0.202 0.455 3.507 0.0617 3.5992
019 13.68 2.956 4.628 53.996 0.0547 7.92 2.68 6.86 0.1318 0.0771 0.253 0.209 0.462 3.508 0.0617 3.6100
020 13.69 3.002 4.560 53.946 0.0556 7.92 2.64 6.77 0.1321 0.0765 0.254 0.208 0.462 3.492 0.0617 3.5768
Ave 2.985 Ave 54.057 Ave 0.0552 Ave 2.66
022 13.01 2.860 4.550 53.159 0.0538 7.12 2.49 6.37 0.1295 0.0757 0.245 0.206 0.451 3.476 0.0572 3.5251
027 13.03 2.891 4.507 53.593 0.0539 7.13 2.47 6.32 0.1293 0.0754 0.243 0.205 0.448 3.462 0.0572 3.5081
028 13.00 2.877 4.519 53.543 0.0537 7.12 2.47 6.32 0.1295 0.0758 0.243 0.206 0.449 3.476 0.0572 31.5120
Ave 2.876 Ave  53.432 Ave 0.0538 Ave 2.48
030 12.51 2.877 4.348 53.090 0.0542 6.32 2.20 5.63 0.1318 0.0776 0.236 0.211 0.447 3.387 0.0561 3.4097
032 12.51 2.845 4.397 53.055 0.0536 6.32 2.22 5.68 0.1308 0.0772 0.236 0.210 0.446 3.404 0.056% 3.4365
033 12.50 2.875 4.348 53.593 0.0536 6.32 2.20 5.63 0.1295 0.0759 0.233 0.206 0.439 3.391 0.0561 3.4224
Ave 2.866 Ave 53.246 Ave 0.0538 Ave 221

a. Core volume is calculated from core and plate data, Appendix B.

- b. Core thickness equals core volume divided by radiographic surface area.

¢. Core weight per cm? equals core thickness times core compact density.

d. Clad weight per cm? equals clad thickness times Al 6061 density (2.715 g/cm?).

¢. Preirradiated calculated density equals section weight per cm? divided by plate thickness (cm).

f. Metaliurgical core thickness for group is given in Reference 5, Table 32.

g. Preirradiated calculated density from metallurgical core thickness.
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Table 3. Instability of UAI, phase during plate processing

Relative Amounts of
Aluminide Phase

Sample
Number Heat Treatment UAl, UAl, UAl,
0381 As compacted 71 28 1
03811 Outgassing cycle (S00°F, 5 hr) 74 25 1
038111 Outgassing plus hot rolling 35 60 5
(910°F, 2 hr)
038I11-1 Outgassing plus hot rolling plus 20 75 5
blister anneal (925°F, 1 hr)
Typical ATR Before compacting or heat treatment 8 68 24
Powder Blend

AV

—% = -2.13 + 2.37(B)
v

with correlation coefficient, r, of 0.93, where B is
the burnup in units of 10%! f/cm3. The regression
analysis for the punch fission density plus 10%

The correlation coefficients, r, of 0.93 or 0.91
indicate that the data from all the plates fit the
equations very well. The relationship indicates an
induction period for swelling equivalent to a fission

(Table 1) is

AV

—% = -1.82 + 3.14(B)
\%

density of about 1 x 10?! f/cm3. After this induc-
tion period, the slope of the equation of 2.37,
or 3.14, corresponds to a value of 2.6 noted by
other investigators9’10 for low temperature-low
burnup fuel plates. The slope corresponds to a low

wherer = 0.91.
6 I | I I I I | I T I I
® 50 Vol% UAI3
5 X 50 Vol% UAIl -
O 45 Vol% UAIZ
OQ & 40 Vol% UA|2
— 4 -
2
>
a
g3 .
o
2
RLZ- 3 —
1 -
0 | ! | | |1 1 ! | ] 1
0 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 32

‘ 6 6687
Average burnup (x10'21 t/cm3)

Figure 4. Core swelling versus burnup from immersion density.




relative atomic volume increase for the fission frag-
ments (transmutation products).

3.4.1 Swelling Determined from Thickness
Measurements. The measurement of plate thick-
ness was made in both the hot cell and in the canal
(in the hot cell before and after oxide stripping, and
in the canal before oxide stripping). In the canal,
the oxide thickness was measured by eddy current
technique. In the hot cell, the thickness measure-
ments were made with a micrometer. In the canal,
the thickness measurements were made with a dial
gage mounted on a fixture. Because of variability
in the measurements, the thickness measurements
were taken to be less accurate than the hot cell mea-
surements. The width of the plates after irradiation
was measured in the hot cell and in the canal.
Within the accuracy of the measuring technique,
no increase in width was detected. Most of the
plates had a width less than the original width of
1.005 to 1.008 in. This decrease in width was
attributed to corrosion and to sliding the plates in
and out of the irradiation fixture for inspection
(which was conducted 11 times during the irradia-
tion). From the lack of a width increase, it is postu-
lated that practically all the swelling increase occurs
in the thickness direction. The thickness was mea-
sured for all plates (except plate 013) in 15 places (5
along the length and 3 on the width) and in one
reference position (at the top of the plate) before
and after oxide stripping. For plate 013, the thick-
ness was measured in 10 places and averaged. How-
ever, on the high side of the plate, the results are
averaged separately and a high spot is also given
(Table 4). In other plates, peaking in thickness was
less than 4%.

The hot cell plate thickness measurements, as
well as some canal plate oxide thickness measure-
ments by eddy current, are given in Table 4. The
eddy current thickness measurements and the canal
plate thickness measurements tended to be slightly
larger than the hot cell measurements. The plate
thickness measurements in the canal were assumed
to be not as accurate because of the variance of the
measurements. Hence, only the hot cell plate thick-
ness measurements are given in Table 4. The lower
oxide thickness in the hot cell is presumably due to
loss of water of hydration. The plate thickness
measurements in the hot cell were only accurate to
0.001 cm, as indicated in the column for the refer-
ence (position above the fuel).plate thickness. How-
ever, the fourth place accuracy indicated in the
original plate thickness measurements is doubtful
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for some of the plates, so that the reference plate
thickness instead of the original plate thickness was
used for the core swelling (At/t) calculation for
these plates, as indicated in Table 4. The core swell-
ing is calculated from the difference in plate thick-
ness (At) divided by the core thickness (t) taken for

the composition group.

The micrometer measurements showed a peaking
in swelling along one side of plate 013, which was
related to the burnup. This peaking also can be seen
in the gamma scan results of this plate
(Section 3.10). This peaking was looked for in the
measurements of other plates. Micrometer mea-
surements were taken along each side and down the
middle of each plate; however, because of the posi-
tion of the micrometer on the plate, measurements
were less than 0.002 cm and not tabulated. For
plate 013, peaking amounted to a 0.003 cm differ-
ence from the average of 10 measurements (as indi-
cated for the high side and high spot, Table 4).
Since 0.001 cm is the limit of sensitivity of the
micrometer, the fourth place given in Table 4 for

the measurements is a mathematical convenience.

The core swelling (except for the high side of
plate 013) was plotted in Figure 5 versus the PDQ
average burnup, and examined by linear least
squares fitting curves. When two points that
appear to have too high a swelling in comparison
with burnup (due to inaccuracy in the measure-
ment) are eliminated (plates 001 and 010), the
swelling for the remaining 25 plates can be repre-
sented by the equation

%% = 0.25 + 2.38(B)

where B is the average burnup in units of
102! f/cm3. The correlation coefficient, r, of 0.92
indicates a good fit of all the data, so that the swell-
ing of plates in the four groups appear to be similar.
Examination by regression analysis of the punch
fission density gives

%% = 0.33 + 3.35(B)
0.86, a correlation coefficient that is not

withr =
as good.

342 Core Thickness Change by Metallography.
The core thickness of the metallography samples
at 50X was measured in at least 10 places, at fixed
intervals, and averaged. The core thickness change
was then calculated using the core thickness
calculated in Table 2. The average thickness



Table 4. Thickness measurér;ients of irradiated pIate;'s'

Core? CSAP Canal Oxide
Original  Reference Before After Sum Oxide Thickness PDQ Thickness Ratio
Plate Plate Oxide Oxide Thickness Change Average Ratio Measurements Punch" Swelling
Plate Thickness Thickness Stripping Stripping Both Sides At/t Burnup Swelling Both Sides Fission to Fission
Number {cm) {cm) {cm) (cm) {mm) (%) (f/cm3 x 10'21) to Burnup (mm) Density _Density
001 0.1295 0.130 0.1332 0.1322 0.010 4.1 1.03 4.0 — — —
003 0.1295 0.131 0.1325 0.1321 0.004 2.0 0.69 2.9 — — —
004 0.1300 0.131 0.1327 0.1325 0.002 2.8 0.88 32 0.005 — —
005 0.1295 — 0.1346 0.1321 0.005 4.8 1.80 2.7 0.016 1.28 3.
006 0.1300 —_ 0.1340 0.1329 0.011 5.4 2.30 2.3 0.008 1.73 3.1
007 0.1298 — 0.1324 0.1321 0.003 4.3 1.48 2.9 0.008 1.06 4.1
008 0.1298 0.130 0.1323 0.1319 0.004 3.5 1.23 2.8 0.007
009 0.1306 — 0.1330 0.1321 0.009 2.8 0.75 3.7 0.006 — —
010 0.1300 — 0.1338 0.1320 0.018 3.7 0.77 4.8 0.007 — —
013 0.1295 — 0.1348 0.1341 0.007 8.4 2.98 2.8 0.030 2.02 4.2
015 0.1300 — 0.1317 0.1308 0.009 1.5 1.00 1.5 —_ — —
017 0.1298 — 0.1318 0.1313 0.005 2.7 1.53 1.8 0.007 — —
019 0.1318 0.130 0.1343 0.1331 0.012 5.6 2.13 2.6 0.010 1.49 3.8
020 0.1321 0.130 0.1337 0.1332 0.005 5.8 2.24 2.6 0.011 1.72 34
022 0.1295 — 0.1342 0.1321 0.021 4.8 1.82 2.6 0.010 1.22 3.9
024 0.1303 — 0.1323 0.1318 0.004 2.8 1.15 2.4 0.006 — —
025 0.1298 — 0.1319 0.1313 0.006 2.8 1.15 2.4 — — —
026 0.1300 — 0.1328 0.1317 0.011 3.1 1.08 2.9 — — —
027 0.1293 — 0.1329 0.1316 0.013 4.3 1.94 2.2 0.023 1.36 3.2
028 0.1295 — 0.1340 0.1330 0.010 6.5 2.61 2.5 0.015 1.96 33
029 0.1303 — 0.1325 0.1321 0.004 33 1.04 3.2 0.005 — —
030 0.1318 0.131 0.1335 0.1337 0.002 5.0 2.25 2.2 0.011 1.52 33
031 0.1308 — 0.1339 0.1331 0.008 4.3 1.36 32 0.019 — —
032 0.1308 — 0.1337 0.1335 0.002 5.0 2.14 2.3 0.016 1.49 34
033 0.1295 — 0.1329 0.1323 0.006 5.2 2.00 2.6 0.003 1.42 3.7
034 0.1318 —_ 0.1339 0.1332 0.007 2.6 1.61 1.6 0.006 — -
036 0.1321 — 0.1342 0.1329 0.013 1.5 0.54 2.8 0.012 — —
013 high side 0.1378 0.1376 0.002 14.7 3.0 49 — 3.0¢ —
013 high spot (bottom) 0.1400 0.1400 0.000 19.1 4.2 4.5 — 3.0¢ —

a. The core thickness change (swelling calculation) is based on a core thickness of 0.054 cm for all except the 50 vol% UAl2 for which 0.055 cm was
used (see Table 2). The original plate thickness was used for all plates except those for which the reference plate thickness is shown.

b. Table 13 plus 10%. The low punch fission density plus 10% gives an average fission density equivalent to the CSAP PDQ average. See Section 3.11.

c. Table 13.

values@ and the calculated core thickness change is
given in Table 5; a comparison with immersion
density and plate thickness measurements is also
given. It is noted that core thickness change, as
measured by metallography, is larger than the

a. If an attempt is made to correct the average thickness values
by multiplying by the ratio of the oxide stripped plate thickness
(Table 4) to the metallography measured plate thickness, the
percent thickness change becomes more random with respect to
burnup. Rounding of the plate during polishing apparently pro-
duces this effect; hence, the average measured core thickness
from the metallography was used.
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immersion density change or the plate core thick-
ness change. Since the metallurgical core thickness
change includes changes due to reaction of the fuel
with the cladding, as well as that due to swelling,
the larger values seem reasonable. Photographs of
plates No. 002 and 014, used for metallography
and not irradiated, are shown at 50X in Figure 6(a)
and (b). Photographs of plates No. 007 and 013
after irradiation are shown in Figure 6(c) and (d).
The voidage or brittle phase pullout during polish-
ing appears similar in photographs taken before
and after irradiation of plates from the same
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Figure 5. Core swelling versus burnup from thickness measurements.

composition group (50 vol% UAIl,, for plates
No. 002 and 007; and 50 vol% UAI, for plates
No. 014 and 013). An image analysis of the
voidage was made as seen in Table 6.

From the comparison in Table 6 for plates 007
and 013 which were irradiated, and plates 002
and 014 which were not, it is seen that the void vol-
ume has not changed much with the core thickness
increase due to irradiation.

A comparison of average core thickness of the
four groups (50 vol% UAI,;, 50 vol% UAI,,
45 vol% UAI,, and 40 vol% UAL) as determined
from the core volume and radiographic surface
area,@ with that of the metallurgical core thickness
measured before irradiation? and after irradiation?
gives an indication of the relative stability of the
three aluminide phases (UAlL,, UAL, and UAl,). As

a. Table 2.

b. Table 5.
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is seen in Table 7, the 50 vol% UALl, changes most
during plate fabrication with an 11.8% change in
core thickness. It is noted, however, that the total
change from fabrication and irradiation is about
the same as for the other groups at 13% total
change.

3.5 Metallography

The metallography was done on 3/8 x 3/4 in.
punchings from the middle of the fuel plate
(Figure 3). A metallography sample was taken from
each of the 12 plates. The aim of the metallography
was to show the microstructure of the core and
cladding, the clad-core interface, the thickness of
the core and cladding, and the integrity of the fuel.
The sections were examined on the metallograph
and on the scanning electron microscope. For the
examination, the sections (punchings) were
mounted and polished with 6 and then 3 micron
diamond paste. The samples were then polished
and etched with Magomet No. 40-6440AB (MgO,
1-5 micron, pH 8-9.5 in water). A repolish was



Table 5. Comparison of metallurgical core thickness change with immersion density

change and plate thickness change

Metallurgical Plate-
Average Core Immersion Core
Core Thickness Density Thickness
Plate Thickness Change Change Change

Number {(cm) (%) (%) (%)

005 0.0615 13.9 1.81 4.8

006 0.0601 11.7 3.03 5.4

007 0.0625 14.7 1.54 4.3
Avg 0.0613

013 0.0634 14.6 4.88 8.4

019 0.0628 14.8 3.16 5.6

020 0.0605 8.8 3.43 5.8
Avg 0.0622

022 0.0607 12.8 2.56 4.8

027 0.0605 12.2 1.86 4.3

028 0.0628 16.9 4.29 6.5
Avg 0.0613

030 0.0601 10.9 2.74 5.0

032 0.0593 10.6 3.60 5.0

033 0.0597 11.4 2.52 5.2
Avg 0.0597

done by hand on one sample, and etched with 15%
sulfuric acid/85% hydrogen peroxide. The results
of the acid etch will be described in the scanning
electron microscopy section.

The thickness of the core and cladding of the
50 vol% UAI, and 50 vol% UAI, is shown in
Figure 6. The thickness has been discussed in the
section on thickness changes. The voidage before
and after irradiation appears to be about the same
at 50X and was measured by image analysis as
about the same. Thus, although the voidage has
not filled with the swelling, the integrity of the fuel
looks sound (free from blisters and cracks).

Although the metallography samples were
punched to-include all of the core (Figure 3), so
that the effect of the burnup peaking might be
examined, it was not evident in the metallography
samples. The fuel structure looked sound at the
ends of the plate width. Scanning electron micros-
copy was more limited in the extent of “scanning
that could be achieved, but no effect was detected
by SEM. The structure looked sound except for
some small bubbles which will be described in Sec-
tion 3.6.

The microstructure of the core and cladding is
shown in Figure 7(a) through (d) for the 50 vol%

UAI, and 50 vol% UAI, at 200X and 500X.
Although the cladding microstructure shows a
tangled structure due to irradiation damage, the
integrity of the fuel looks good. A fission fragment
stopping zone (at the fuel-clad interface) can be
seen, which is about 10-20 microns in width. This
zone etches lighter than the 6061 Al cladding. The

polished and etched (Magomet) fuel surface looks
sound, so that few bubbles can be seen in the sur-

face at 500X. In Figure 8 (a) through (d), the
microstructure of the polished surface of the
45 vol% and 40 vol% fuel core composition can
also be seen at 200X and 500X. Again, the micro-
structure looks sound. No bubbles or cracks can be
seen in fuel grains. An effort was not made to dis-
tinguish metallographically the relative amounts of
the three phases UAL,, UAl, and UAI, in the fuel

" grains, since the plates were irradiated at a tempera-
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ture (120°C) making this distinction difficult. The
Magomet etch just makes the phases discernible
(Figure9). It was expected that reductions in the
relative amounts of UAl, and UAl,, because of
reaction with the aluminum matrix, would occur as
shown in Table 3, and as shown for plates irradi-
ated at low temperature (70°C) in the literature. 10
As long as an excess of the aluminum matrix is
present and bubbles and cracks are not seen, the
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5) Plate No. 007, burnup 1.48 x 1021 ficms3;

(b) Plate No. 014, before irradiation; composmon
50 vol %, UAI2, v0|d vol 83% 50x

Plate No. 002 before irradiation; composition
50 vo|°/o,>UAI3, void vol. 6.2%, 50x

(d) Plate No. 013 burnup 2.98 x 1021 f/cm3
composition 50 vol% UAls, void vol. 10.1% 50x

composition 50 vol% UAl3, void vol. 9.1% 50x

Figure 6. Plate and core thickness before and after irradiation.
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Table 6. Image analysis of voidage

it o

Plate Plate Plate Plate
No. 002 No. 007 No. 013 No. 014
Void vol% 6.2 9.1 10.1 8.3
Void vol% by 7.5 £ 0.43 8.04 11.04 11.01 + 0.8b

Reference 15-

a. Average of group (9 plates) for 50 vol% UAlj3.

b. Average of group (7 plates) for 50 vol% UAl,.

fuel core behavior is judged to be sound. An exami-
nation of the effect of the reactions was made by
Scanning Electron Microscopy (SEM).

3.6 Scanning Electron Microscopy

Scanning electron microscopy was performed on
fractured surfaces of the fuel as well as on the pol-
ished and etched surfaces. The examination of the
fractured surfaces!® will be discussed first. Small
punchings (~2 mm) of plates 013 and 032 contain-
ing UAI,, and plate 006 containing UAL,;, were
obtained.16 The punchings were fractured through
the fuel, and the fractured surface examined on the
SEM by secondary and back scatter emission, and
by Kevex-ray emission (Figures 10, 11, 12 and 13).
The secondary emission photographs of plates (413
and 032 (Figures 10 and 11) show patches of voids,
or small bubbles, and patches of ductile tearing of
the aluminum matrix. The centers of the fuel grains

are relatively free of any defects (voids or bubbles)
at 600X, and at higher magnification (2000X), Fig-
ure 13(a). Back scatter emission (Figure 12) shows
a difference in contrast due to the three phases
(UAL,, UAl,, and UAl,) as was seen in Figure 9 by
metallography. The identification of these three
phases was made by Kevex-ray (Figure 13). A grain
in Figure 12 (magnified to about 2000X and the
regions identified as 2, 3, 4) and a phase of U-O
was examined by Kevex-ray and indicated in
Figure 13(c), (d), (e) and (f). The regions were iden-
tified respectively, as UAl,, UAl,, UAl,, and a
phase of U, probably an oxide. The presence of the

~ U phase is surprising, although present in small

amounts (<1%). Small bubbles were associated
with this U phase. It was not detectable in the pow-
der blend, nor in the compact examined by x-ray
analysis (Table 3). The U phase is found in void
regions, where accessibility of aluminum is limited,
or trapped oxygen would be present. It was also

Table 7. Comparison of core thickness change during fabrication and irradiation

Calculated Metallurgical

Average Change Change
Principal Core Before After After After Total
Plate ° Composition Thickness TIrradiation Irradiation Fabrication Irradiation Change

- Number of Group (Table 2) (Table 2) (Table 5) (%) (%) (%)
006-007 - 50 vol% UAI; 0.0541 .. . 0.0574 .  .0.0613 " .. 6.1 . 6.8 12.9
013-020 50 vol% UAI, 0.0552 0.0617 0.0622 11.8 0.8 12.6
022-028 45 vol% UAL, 0.0538 0.0572 0.0613 6.3 7.4 13.7
030-033 40 vol% UAI, 0.0538 0.0561 0.0597 4.3 6.4 10.7

15
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(a) Plate No. 005, composutlon 50 vol % UAI3, burnup
1.8 x 1021 f/cm3 200x

(c)( Plate No 005 composmon 50 vol % UAI3, burnup (d) Plate No

1.8 x 1021 ficm3 500x

Figure

2.98 x 102

7. Microstructure of core and cladding of 50 vol% UAL.

(b) Plate No 013 composmon 50 vol% UAl», burnup
2.98 x 102

f/cm3 200x

&

A

013 composmon 50‘vol% UAlo, burnup
1 t/om3 500x
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(a) Plate No. 027 composmon 45 vol% UAl,, burnup (b) Plate No 033 composntlon 40 voI% UAI2, burnup
1 94 x 1021 f/cm3 200x 2.0 x 1021 ficm3 200x -

s

(©) Plate No 027 composmon 45 vol% UA|2, burnup (d) Plate No 033, composmon 40 vol% UAI2, burnup
1.94 x 1021 ficm3 500x 2.0 x 1021 ficmS3 500x

Figure 8. Microstructure of 45 vol% and of 40 vol% UAL,.




(b) Plate 032 metallography 500x

Figure 9. Fuel grains of UAI in aluminum matrix. UAl,, UAI, and UAI, just discernable with Magomet etch.
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Figure 10. SEM photograph of fractured surface by secondary emission, plate 013.
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Figure 11. SEM photograph of fractured surface by secondary emission, plate 032.
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Figure 12. SEM photograph of fractured surface by back scatter emission (plate 032) identifies region A of
Kevex-ray examination.
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(@) Grain A for Kevex-ray examination

(b) Another fuel grain

§= 1K KEUEX-RAY Tegs 1K KEVEX~RAY HS8= 26EU.
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™

. .
(e) Region 4, UAl> (i Region5, U

Figure 13. Examination of fuel grain A for UAL,, UAL,, UAl, and U.
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found at the outskirts of the fuel grams where

reaction with the aluminum matrlx occurred;
pickup of surface oxygen on aluminum powder
would have taken place. The outskirts of the fuel
grains are also the regions where UAIl, predomi-
nates. The photograph of Figure 13(a) was exam-
ined on the image analyzer to determine the percent
of UAL,, UAL,;, and UAl, in that fuel grain. The
percentages obtained were UAL,, 17%; UAl,, 50%;
and UAl,, 33%. These percentages are to be com-
pared with those of sample 038III-I that had
received the heat treatment outgassing, hot rolling,
and blister anneal (925°F, 1 hr). The percentages of
sample 038II1-I are UAL,, 20%; UAl,, 75%; and
UAl,, 5% (Table 3). Thus, irradiation has reduced
the percent of UAI, and increased the percentage of
UAL, present in the fuel grains.

Samples of the powder from UAIl, and UAI, com-
position blends were examined by SEM for any evi-
dence of uranium separate from aluminum. The
Kevex-ray examination showed no uranium sepa-
rate from aluminum in over 70 particles taken from
each of the samples of the JJ and JF composition
blends. Variances in the atomic percent of uranium
and aluminum occurred. This was especially true in
the weight percent; however, aluminum was always
present with the uranium.

SEM examination ‘was performed on the pol-
ished and etched surfaces of the metallography
samples for any evidences of bubbles, cracking, or
irradiation damage. The SEM surface examination
was performed on an Amray SEM 1200B, which
had been modified to accept irradiated samples.
The top 1/4 in. of the metallurgical rr!iounts were
sliced on a Leeco Varicut saw and mounted on a
SEM stem for insertion into the SEM. The surface

was coated with gold (on anErnest F. Fullam Sput- -

ter Coater at 100 microns vacuum) to prov1de sur-
face conductivity and enhance contrast. The
surface was examined at 200X, 500X, 1000X, and
3000X on all 12 samples. Any dlfferenc‘e in irradia-
tion damage was slight. A polishing and etching
effect between the Magomet.and the 15% sulfuric
acid - hydrogen peroxide was noticed, wherein
some of the Magomet particles were trapped in the
voids or etch pits. These were smaII' less than
5 microns, and randomly distributed m the clad-
ding as well as the fuel. These white Magomet par-
ticles were eliminated after the repolish and etch
with 15% sulfuric acid - hydrogen peroxide.

Representative photographs of low burnup
plates (No. 007 and No. 019) from 50 vol%
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groups, as well as representative photographs of
plates™ of ‘high burnup from each composition
group are presented (e.g., plate No. 006 from
50 vol% UAL;; plate No. 013 from 50 vol% UAL;
plate No. 028 from 45 vol% UAI,; and plate
No. 030 from 40 vol% UAl,), Figures 14
through 19. Photographs of plate No. 013, after
the repolish and acid etch, are also shown,
Figure 20. The SEM photographs, with their larger
depth of field at focus, show the fabrication voids
more clearly than the metallography photographs.
For example, compare Figure 7(c) of plate No. 005
with Figure 14(a) of plate No. 007 (both at 500X).
The low burnup of the 50 vol% UAI, (plate
No. 007) and the 50 vol% UAL, (plate No. 019)
show little difference in fuel damage (Figures 14
and 15). The four compositions (50 vol% UAl,,
50 vol% UAL,, 45 vol% UAL,, and 40 vol% UAL)
also show little difference in damage to the fuel
(Figures 16, 17, 18, and 19). The white bubbles
appearing in Figures 14 through 19 (where the
plates were finished with a Magomet polish-etch)
are eliminated in Figure 20(a) through 20(f) (where
they were repolished with 6 and then 3 micron dia-
mond paste and acid etched). The cladding in Fig-
ure 20(f) shows some etch pits. These pits were
present in the cladding of all the plates.

3.7 Blister Tests

Blister testing is used as a means of evaluating
the behavior of the fuel core with respect to fission
gas agglomeration. As the fission gas agglomer-
ates, visible blistering of the fuel plate surface
occurs. The blister test is conducted by starting at a
furnace temperature slightly above the peak plate
operating temperature, and heating in successive
increased temperature steps for periods of one-half
hour. Thus, at a temperature above the third from
the last step, the plate section would have been
heated for one and one-half hours, plus longer
times at lower temperatures. When a blister is first
discerned, the test is terminated for that sample.

The maximum nominal and two sigma plate
operating temperatures were 395 K and 407 K,
respectively, which decreased with operating time.
The initial heating temperature step was at 563 K
for one-half hour. Since the blister test heating is
terminated after the blisters are visually detected,
the blister temperature for a one hour anneal is
taken as the step temperature before the test is ter-
minated and blisters are visually detected. The




(b)

Figure 14.

Fuel at 1000x, dark area is matrix aluminum

SEM photographs of plate 007, composition 50 vol% UAI,
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(a) Fuel at 500x

(b) Fuel at 1000x

Figure 15. SEM photographs of plate 019, composition 50 vol% UAL,.
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(b) Fuel at 200x (c) Fuel at 1000x

Figure 16. SEM photographs of plate 006, composition 50 vol% UAL .
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(b) Fuel at 1000x

Figure 17. SEM photographs of plate 013, composition 50 vol% UAL,.
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(b) Fuel at 1000x

Figure 18. SEM photographs of plate 028, composition 45 vol% UAL,.

28



17
4

(4

Figure 19. SEM photographs of plate 030, composition 40 vol% UAL,.
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Figure 20. SEM photographs of plate 013, acid etch, 50 vol% UAL,.
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Table 8. Blister temperatures

Punch
Fission Blister
CSAP PDQ Peak Fissiond Density Temperature
Plate Average Burnup Density Plus

Number (f/em® x 102 cf/cm’ x 10°2]) _10% K °C
005 1.80 1.64 1.28 743 470
006 2.30 2.17 1.73 743 470
007 1.48 1.33 1.06 803 530
013 2.98 3.00 2.02 743 470
019b 2.13 1.94 1.49 833 560
020 2.24 2.07 1.72 713 440
022 1.82 1.95 1.22 773 500
027 1.94 2.21 1.36 773 500
028 2.61 2.71 1.96 773 500
030 2.25 2.08 1.52 773 500
032b 2.14 1.98 1.49 833 560
033 2.00 1.66 1.42 773 500
a. Table 13.

b. Did not blister.

blister temperatures are given in Table 8. For a
burnup of about 2 x 102! f/cm?, the blister temper-
ature is greater than 743 K (470°C) for all the plates
except No. 020, which was determined as 713 K
(440°C). For the twelve plates, the blister tempera-
ture is not strongly dependent upon the burnup as
seen in Table 8 and Figure 21. The linear least
squares analysis of the blister temperatures, in
terms of the CSAP PDQ average burnup, gives the
line indicated in Figure 21. Photographs of the
blister samples are. shown in Figures 22(a)
through (f) for the 50 vol% composition, and Fig-
ure 23(a) through (f) for the 45 and 40 vol% UAL,,.
The average of blister temperatures for the three
plates of UAI,; composition was lower (763 K) than
for the nine plates of UAL, composition (776 K).

The linear least squares regression analysis of the
blister temperatures (T) in degrees K, as a function
of burnup (B), in units of 102! f/cm3, (Table 8)
gives the equation,

T =832-2748B

where the correlation coefficient (r) is 0.3. Exami-
nation by regression analysis of the punch fission
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density plus 10% was slightly better where
r = 0.38 and T = 845-47.1(B). This value of 0.3
(or 0.38) indicates a poor correlation, so that the
dependency of the blister temperature (T) on the
burnup is not very strong. The linear least squares
regression analysis was also evaluated for the peak
burnup, since bubbles 'might be expected in the
region of peak burnup. This correlation was not
any better withr = 0.3.

Two of the plates of UAl, composition did not
blister at the end point test temperature, which is
selected to prevent melting of the aluminum. One
of the plates [No. 019-Figure 22(¢)] is from the
composition 50 vol% UAL, and the other [plate
No. 032-Figure 23(e)] is from the composition
40 vol% UAL,. These two plates did not have the
lowest burnup. Plate No. 019 had an average
burnup of 2.13 x 10?! f/cm?, and plate No. 032
had an average burnup of 2.14 x 102! f/cm3. The
plate with the lowest average burnup (No. 007) of
1.48 x 102! f/cm3 blistered at a temperature 30 K
less than No. 019 and 032. One expects the peak
burnup, which would give the maximum fission
products, to drive the blister temperature. However,
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Figure 21. Blister temperature as a function of the burnup.

it is noticed that the plates blister in the center, a
region of lower burnup but lower strain constraint.

It is significant that the high fuel loading
50 vol% UAL,, even at the highest burnup, does not
blister at a lower temperature than the 50 vol%
UAL,. It is also significant that the high fuel loading
UAL, or UAl, (50 vol%}) plates blister at tempera-
tures comparable with normally loaded plates pres-
ently in use.?

3.8 Pit Replication

Replication was done on the 15 plates that were not
to be included in the destruct tests. All 27 plates were
examined after oxide removal on the hot cell periscope
and pictures were taken of pit regions. On 15 plates, as
each pit region was identified, a ring (1 in. diameter by
1/2 in. high) was laid in place and filled with silicone
rubber (either Dow Corning 3110 or G.E. RTV 60).
The 12 plates used for destruct tests were not replicated
to eliminate the need for cleanup on these plates. On
the 30 sides of the 15 plates, 45 pit regions were identi-
fied and replicated. Pit regions were identified on all
but 6 of the 30 sides. The pit regions on the 12 destruct
plates looked similar to those replicated, except that the
largest pits appeared to be on those plates to be repli-
cated. (specifically plates 004, 015, and 031),
Figure 24 (a) through (d).

After the replicas had set up (about 16 hr), they
were removed from the plate surface, ultrasonically
cleaned, and coated with gold in a bell jar to
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increase the contrast. The replica on plate No. 025
tore off, so no pits were measured on this plate. Pit
height on the replica (pits on the surface became
peaks on the negative replica) was measured on a
Unitron TMD-3721 microscope at 400X. The
microscope featured a dial gauge with readout to
0.0001 in. on the fine focus and indication as to
height or depth. This was very convenient for these
measurements. The microscope stage also
contained micrometer screws with readout to
0.0001 in. A turret objective provided lower magni-
fication for survey and locating the pits.

Eighty-two pits were measured ranging in depths
from 16.0 mil (0.4 mm) to 0.4 mil (0.01 mm),
Table 9. The 16.0 mil deep pit was on the cladding
edge, hence no fission product leakage occurred. It
was also one of the plates (004) taken out during
the fuel plate failure and stored in canal water for a
long time (Table 9). 12 The measurement of the pit
diameter was about six times greater than the
depth, a measurement useful in estimating the pit
depth during inspection. The pit depths (height on
the negative replica) are given in Table 9 for the
14 plates on which pits were measured (arranged in
decreasing size). The next deepest pit (7 mil) was
also in the side plate cladding [Figure 24(d)]. Most
of the pits were about 1 mil deep (average
1.4 + 1.9 for 82 pits measured), Table 9.

Scanning electron microscope photographs from
the replicas of the largest pit (plates No. 004,
16 mil deep and 40 mil diameter) and
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(a) Plate No. 005, blister T, 743 K

“(¢) Plate No. 007, blister T, 803 K

() Plate No. 020, blister T, 713 K

Figure 22. Photographs of blister samples from 50 vol% UAL, and UAL,.
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(b) Plate No. 027, blister T, 773 K

T, 773 K (d) Plate No. 030, blister T, 773 K

o

(e) Plate No. 032, blister T, (f) Plate No. 033, blister T, 773 K

Figure 23. Photographs of blister samples from 45 vol% and 40 vol% UAL,.
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(c) Ptate No. 015, 1.5 mil deep pit (d) Plate No. 031, 7.0 mil deep pit

Figure 24. Typical phétographs of replica areas on oxide stripped plates.
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Table 9. Measured pit depth and calculated maximum total pitting corrosion

Calculated
Maximum Corrosion at Pit
Pit
Time at Time in In
Plate Depth Power Canal At Power Canal Total
No. No (mils) (days) (days) (mils) (mils) (mils)
001 1 3.0 261.6 132 5.2 0.8 6.0
2 2.5
3 0.9
4 0.7
5 0.6
6 0.6
7 0.5
003" 1 1.8 136 87 2.7 0.5 3.2
2 1.8
3 1.2
4 - 0.9
004 1 16.0 172 1192 3.4 7.1 10.5
2 2.0
3 1.6
4 1.6
5 1.5
6 1.2
7 1.1
8 1.1
9 1.1
10 0.7
11 0.7
12 0.5
13 0.4
008 1 1.0 261.5 50 5.2 0.3 5.5
2 0.9
3 0.4
009 1 1.1 196.1 50 3.9 0.3 4.2
2 0.8
3 0.8
4 0.8
5 0.6
6 0.5
010 1 1.6 196.1 50 3.9 0.3 4.2
2 1.2
3 1.1
4 1.1
S 1.1
6 1.0
7 0.7
8 0.7
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Table 9. {continued)

Calculated
Maximum Corrosion at Pit
Pit
Time at Time in In
Plate Depth Power Canal At Power Canal Total
No. No (mils) (days) (days) (mils) (mils) (mils)
015 1 1.5 136 877 2.7 5.2 7.9
2 1.5 '
3 1.1
4 1.1
017 1 0.8 172 1192 34 7.1 10.5
2 0.8
3 0.8
4 0.7
024 1 1.0 172 1192 34 7.1 10.5
2 1.0
3 0.9
026 1 1.5 173 521 34 7.1 6.5
2 1.5
3 1.1.
4 0.9
5 0.9
029 1 1.4 172 1192 34 7.1 10.5
2 1.3
3 0.6
4 0.5
5. 0.4 .
031 1 7.0 212.7 474 4.2 2.8 7.0
2 4.5
3 1.6
4 1.1
5 0.6
6 0.5
7 0.5
034 1 1.0 333.9 50 6.6 0.3 6.9
036 1 2.0 72.4 379 1.4 2.3 3.7
2 1.9
3 1.4
4 1.4
5 1.2
6 1.2
7 1.2
8 1.1
9 1.1
10 0.8
11 0.8
12 0.5
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representative pits (plate No. 010 about 1 mil deep
and 4 mil diameter) are shown in Figure 25 (a)
and (b).

3.9 Pitting Corrosion Rate

Metal penetration can be expressed in terms of the
maximum pit depth and the average of the 10 deepest
pits. For the 14 plates, the 10 deepest pits include one
that would have penetrated the cladding had it not
been in the side plate area. The average of the ten deep-
est pits (Table 9) is 0.11 mm (4.3 mil). The pitting fac-
tor is determined from weight loss, defined as the ratio
of the deepest metal penetration to the average metal
penetration. The ratio of the maximum pit depth to the
average pit depth gives an approximation of the pitting
factor. The ratio is 3.8. A pitting factor of one repre-
sents uniform corrosion. The larger the pitting factor,
the greater the probability of failure by pitting.

The maximum total pitting corrosion was calcu-
lated for the 27 plates (including the 14 plates given
in Table 9) for the total time each plate was in the
water (i.e., the time at power and the time in the
canal). The calculation for the maximum pitting
corrosion is based on the equation given‘< as

CR_, = 7.6x 10 T"%in./day ey

where T = fuel plate surface temperature, K.

The fuel plate surface temperature at reactor power
was taken as an average value for the calculation of
347 K, and in the canal of 294 K. The fuel plate
surface temperature was determined from the oxide
thickness at the end of the irradiation and the ATR
startup equation17

given as
X = 10,344 ¢ ! exp %@ Q)
where
X = oxide thickness (mils)
0 = hours in reactor.

The measured pitting corrosion of 14 plates is com-
pared with that calculated for these plates at power
and in the canal (Table 9). The calculated values for
the maximum pitting corrosion of the other
13 plates, for which measured values were not
obtained, were of similar magnitude. The highest
maximum value was 14.6 mils for plate No. 006;
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the lowest maximum value was 6.6 mils for plate
No. 033. Thus, the calculated value for the maxi-
mum total pitting corrosion by Equation 1 does
approximate the measured value. Comparison of
the calculated maximum pitting corrosion of
10.5 mils, with the measured value of 16 mils for
plate No. 004, indicates that the equation for the
maximum pitting corrosion rate is about right,
since the plate in the canal would have been at a
slightly higher temperature for part of the time.
Considering the other measured values of the pit
depths (Table 9) in light of the calculated maximum
pit depth, indicates that the pit incubation time is
not negligible or that most of the pits do not propa-
gate at the maximum rate. Discussion of the pitting
corrosion is given in Section 4.4.

3.10 Gamma-Ray Spectroscopy

The 12 fuel plates removed from the ATR reactor
on June 23, 1985, were examined by gamma-ray
spectrometry measurements at the TRA Hot Cell
Facility. 18 The purpose of the measurements was to
determine the distribution of gamma-ray emitting
fission product radionuclides in the fuel. These
results will be combined with radiochemical analy-
ses of samples taken from the fuel plates to deter-
mine the peak fuel burnup (fission density) in each
plate. The measurement results for the positions
from which the burnup punchings were taken are
given in relative counts per second for each individ-
ual radionuclide in Table 10. The radionuclides
identified are %5Zr, 19Ru, 134Cs, 137Cs, and 44Ce
for each of the 12 plates. The counts per second for
each radionuclide at the maximum, and the punch-
ing positions, are tabulated in Table 10. Also given
in Table 10 is the average of 19 measurements of
each radionuclide on each plate. Since no efficiency
calibrations exist, quantitative activities and
gamma-intensities are undetermined; therefore, the
counts per second of one radionuclide are not
related to another radionuclide. All the data were
decay corrected to 6-23-85 at 2000 hr. The punch-
ing position point counts were taken at the 6.4 in.
distance from the bottom of the fuel plate and at
the axial centerline, The actual area viewed was
0.055 in. by 0.688 in. or 0.038 in.2. Appendix A
contains a copy of the gamma-ray spectroscopy
report.18 Table 11 contains ratios of the maximum
gamma counts per second in any position measured
to that at which the burnup punching was taken.
These ratios (maximum gamma counts per second
of one area to that of the burnup punching)
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(a) Plate No. 004 largest pit, 16 mil deep in side cladding

(b) Plate No. 010, 2 pits, depth about 1 mil

Figure 25. SEM photographs of two of the replicated pits.
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Table 10. Relative radionuclide activity of the twelve plates in counts per second for the
maximum, average, and punching positions

957y 103py, 1340 137¢ 1440

Plate
Number Punch _Avg Max Punch _Avg Max Punch _Avg Max Punch Avg Max Punch Avg Max
5 225 231 248 400 412 446 8.58 922 11.0 316 335 379 116 121 131
6 325 337 365 458 473 512 21.6 23.5 27.0 440 469 52.7 230 242 268
7 389 400 442 553 561 617 7.16 7.69 9.04 254 26.4 30.1 155 163 193
13 33.1 35.0 39.7 9.1 10.2 123 186 202 276 489 516 62.8 155 163 193
19 619 660 745 906 961 1072 114 - 124 149 350 38.8 43.3 346 378 427
20 789 802 849 1153 1172 1234 154 163 18.6 444 462 50.8 443 460 497
22 476 508 629 692 734 915 8.2 9.0 13.1 28.6 30.8 397 279 303 381
27 327 353 435 10.3 10.3 12.8 8.13 9.0 13.2 29.7 323 419 143 155 199
28 452 454 497 641 645 711 222 233 307 479 493 56.5 337 345 386
30 389 455 533 542 624 737 13.0 147 17.6 33.1 39.0 445 305 352 408
32 4.1 4.6 5.5 — — — 8.41 9.1 10.5 32.8 357 392 75.8 823 9RN9
33 — — — — — — 5.56 6.0 6.49 319 340 36.8 48.7 51.3  56.1

represent the measured burnup peaking that
occurred in each plate. The plates in each composi-
tion group (50 vol% UAI,, etc.) were placed in the
I-hole fixture for the irradiation history as indi-
cated in Appendix A, Table A-1 and Figure A-1.
Positions B and D, where the plate edge was
toward the reactor core, generally produced higher

peaking in one edge of these plates. The plates were
moved about as seen in Table A-1, which tended to
reduce this edge effect. The selection of the peaking
factor from the gamma-scan data (to represent the
maximum burnup for each piate) is complicated by
the limited number of isotope counts on each plate,
the relative size of the gamma-scan area, and a

Table 11. Ratios of isotopic maximum gamma counts per second to those of the burnup

punching position

Ratios For Isotopes Maximum?@
Plate Peaking
Number SZr 183Ru 134Cs 137Cs 144Ce Factor
005 1.10 1.12 1.28 1.20 1.13 1.41
006 1.12 1.12 1.25 1.20 1.17 1.38
007 1.14 1.12 1.26 1.19 1.25 1.39
013 1.20 1.3 1.48 1.28 1.25 1.63
019 1.20 1.18 1.31 1.24 1.23 1.44
020 1.08 1.07 1.21 1.14 1.12 1.33
022 1.32 1.32 1.60 1.39 1.37 1.76
027 1.33 1.24 1.62 1.41 1.39 1.78
028 1.10 1.11 1.38 1.18 1.15 1.52
030 1.37 1.36 1.35 1.34 1.34 1.51
032 1.34 — 1.25 1.20 1.23 1.47
033 —_ — 1.17 1.15 1.15 1.29

a. Maximum peaking factor is the maximum isotopic ratio for each plate

plus 10%.
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possible blister area. The limited number (19) of
isotope counts on each plate may mean that the
peak count was missed. The relative size of the
gamma-scan collimator area (0.038 in.2) to a possi-
ble peaking (blister) area (0.003 in.2) may tend to
level out (miss) the maximum counts. To accommo-
date these effects, the calculated PDQ average to
minimum peaking factor was evaluated. The aver-
age to the minimum peaking was about 10%,
which was added to the maximum isotopic ratio for
each plate to obtain an overall maximum peaking
factor (Table 11).

3.11 Radiochemical Analyses for
Burnup

The punchings for burnup analyses were taken
6.380 in. from the bottom of the plate and at the
axial centerline. The punchings were 0.25 in. in
diameter with an area of 0.049 in.2. The punchings
taken at the axial and horizontal centerline are in a
region of uniform burnup, although it is a region of
expected lowest burnup in each plate. Because of
the uniformity of burnup expected in this centerline
punching, and in order to limit program costs, this
centerline punching was the one on which radio-
chemical analyses were done for burnup. There-
fore, it is pointed out that (generally) any other
region referred to, or examined, would have a
higher burnup than that of the punching analyses.
For this reason, in referring to a burnup of a region,
the PDQ average or peak burnup is used. This peak
burnup is the lowest burnup multiplied by the peak-
ing factor from Table 11. This peak burnup is
about the same as that of the PDQ average burnup
calculated, which was used to guide the irradiation
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and determine plate removal at the end of irradia-
tion (Section 2.1). The ratio of the average PDQ
fission density to the minimum fission density
is 1.1; hence, in Tables 1, 4, and 8, 10% is added
to the low fission density to obtain an average.

The burnup of each punching was obtained from
the isotopic ratios (Table 12) by means of a com-
puter prOfram used for high enrichment test reac-
tor fuels.19 The irradiation history (Figure 1) was
divided into sequential power factor intervals. Con-
sidering results from previous analyses19, and the
4 group ATR PDQ calculated flux in the homoge-
nized fuel plate region inside the ELAF assembly,
the capture to fission cross section, «, was taken to
be a = 0.196 + 0.01. The program iterates the
data until it converges on an apparent fluence and
the measured isotopic ratios, and prints out a final
2361J /235U ratio. A number of checks were made on
the calculational procedure and data, including: a
change in « to the ATR core region; 19 the gamma
spectroscopy cesium 134, 137 results; and total
uranium concentration in the punchings. These
checks did not change the calculated burnup for the
punching position (Table 13) significantly. For
example, an « of 0.215 for the ATR core region!
reduced the burnup by about 6%, which is to be
expected because of the harder spectrum in the
ATR core region. Therefore, the punching burnup
given in Table 13 is considered to be representative
of the measured isotopic ratios and is generally the
lowest burnup of the fuel plate. Multiplication of
this low punching position burnup by the peaking
factor (Table 10) for each plate then produced the
peak fission density given in Table 13. The average
PDQ calculated fission density is given (Table 13)
for comparison. It is found to be approximately the
same as the peak fission density.




Table 12. Mass spectral isotopic ratios for ELAF burnup samples

Atom Ratios

Sample %235U 72381 792361 %234y
5 85.40 7.07 6.30 1.23
6 81.98 7.54 9.16 1.32
7 87.32 6.37 5.09 1.22

13 83.78 (83.73)3 7.19 7.79 1.25
19 86.92 6.58 5.29 1.20
20 84.95 (85.06)3 7.48 6.33 1.23
22 87.63 6.59 4.62 1.16
27 86.95 6.60 5.29 1.16
28 83.19 7.42 8.14 1.24
30 85.15 (84.64)3 6.97 6.75 1.12
32 85.25 6.95 6.58 1.22
33 85.56 6.86 6.33 1.22

a. Analyzed twice.

Table 13. Burnup of ELAF fuel plates from isotopic ratios, peaking factor, and PDQ
calculations

Average
Uranium Pending Peak PDQ Calculation
Plate  Atom Density Punching Burnup Fission Density  Fission Density Fission Density
Number  (x 1021/cc) (% Heavy Element)  (f/cm? x 1021)  (f/cm3 x 102}) (f/cm3 x 1021)

5 5.04 22.9 1.16 1.64 1.80

6 5.09 30.8 1.57 2.17 2.30

7 5.04 19.0 0.96 1.33 1.48
13 6.78 27.2 1.84 3.00 2.98
19 6.86 19.7 1.35 1.94 2.13
20 6.77 23.1 1.56 2.07 2.24
22 6.37 17.4 1.11 1.95 1.82
27 6.32 19.7 1.24 2.21 1.94
28 6.32 28.2 1.78 2.71 2.61
30 5.63 244 1.38 2.08 2.25
32 5.68 23.7 1.35 1.98 2.14
33 5.63 23.0 1.29 1.66 2.00
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4. DISCUSSION

4.1 Swelling and Fuel Phase
Instability

The ELAF plates were irradiated at a nominal
calculated temperature of 395 K (122°C) to simu-
late university fuel plate conditions. This tempera-
ture is about 55 K lower than the nominal
temperature for ATR fuel plates&9 and intermedi-
ate to some other UAL, experimental plates®: 10,
The swelling behavior of these plates was similar to
other UAI, fuel plates when compared at equivalent
irradiation temperature and burnup. For example,
at a burnup of 2.5 x 102! f/cm3, the swelling
obtained in the ATR plates?® was 6.5%), while the
swelling of the ELAF plates? was 6.2%. The peak-
ing in the swelling of plate 013 (Table 4) of 14.7%
for the high side, and 19.1% for the high spot,
occurs at the higher irradiation temperatures of
150-165°C (in Reference 10) at about this fission
density. From other UAI, fuel plateslo, at 70°C,
the value is about 9% for thickness and for immer-
sion in carbon tetrachloride. From these ELAF
tests (immersion density in water with photoflo as a
wetting agent), the swelling value was somewhat
lower at 3.8% for this average burnup of
2.5 x 102! f/cm3. All of these swelling tests indi-
cate that the UAI, fuel-aluminum matrix plates are
resistant to the agglomeration of fission gas. The
fission product gas is apparently accommodated
(for the most part) in solution in the UAL micro-
structure, most probably in the UAIl, microstruc-
ture. The UAIl, body-centered-orthorhombic

structure contains a variable number of aluminum

atoms (from 4.5to 4.9).8¥20,21 Thus, the structure
contains somie empty uranium sites, or sites with

smaller aluminum atoms, which may accommo-.

date fission gas products. Therefore, the defect
structure of UAL, may provide the explanation for
the low swelling of these fuels to fairly high burnup
(3.0 x 102! f/cm3 peak for plate 013 in local areas).

As shown in Tables 5 and 7, swelling based on
the metallurgical core thickness change includes
core changes due to reaction of the UAI, and alumi-
num to produce UAl, and UAl,. Therefore, this
method gives swelling values that are too high for
irradiation alone. The swelling determined by water
immersion density is low because of the low average

a. From thickness measurements.9
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fission density. The measurement was repeated
with the same results. It is noted that since differ-
ences are taken in numbers of about the same mag-
nitude, slight inaccuracies cause large changes in
the values. It is recommended that the plate-core
thickness change (At/t) from Table 4 or Table 5 be
taken as the swelling value for these tests. These are
approximately the same as determined for the three
failed plates.12

As noted in these tests and by oth-
ers,8’10’20’21’22’23 UAL, is a more stable phase
than UAL,. UAL, reacts with aluminum to give UAl,
and the nonstoichiometric U, , Al, phase. The
reaction causes a measurable change in the fuel
core thickness and volume, but not in the swelling
due to irradiation. The swelling as measured by
immersion density and plate thickness was deter-
mined by the presence of the fission products which
mainly stay in solution. As seen in Table 7, approx-
imately one-half the change in core thickness was
due to the reaction of UAI, and Al to produce UAI,
and UAIl,. This change principally occurred during
the fabrication process.

The amount of oxygen in the powder blend
(0.37% oxygen by weight in JJ blend and 0.11%
oxygen by weightb in the JF blend) is evidently
present as U0216’21 or U30824. There may be
additional oxygen pickup during grinding and
compaction of the powder, as occurs in just a half-
hour at temperatures less than 350°C, especially in
UA12.23v24 This U-O phase is evidently the source

of the small bubble formation as seen in Figures 10
and 11.16 The topography of the U-O phase resem-
bles the appearance of the film of U,O; on the sur-
face of UAI4/A1.24

4.2 Fuel Core Integrity and
Bubble Formation

" The fuel core integrity was very good. No cracks
or blisters were found and the fission products were
principally retained within the fuel structure. A fis-
sion fragment stopping zone about 10-20 microns
in width was seen at the fuel-clad interface. No
bubbles could be seen in this zone, or the fuel sur-
face at 500X by metallography, or by SEM on the

b. Appendix B.




polished surfaces at higher magnification. With the
SEM on the fracture surfaces, Hoffman16 did see
small bubbles wherever he saw the U-O phase. The
amount of this phase and associated bubbles was
not sufficient to affect the integrity of the fuel core
as determined by inspection or by blister testing. In
over 70 powder particles examined by Kevex-ray on
the SEM, this phase was not found in the JJ and
JF blend powders before fabrication.

The presence and relative amounts of voids after
irradiation indicate that the swelling due to the
solid fission products has not filled the void spaces
as seen in Figure 6 and Table 6. Difficulties in pol-
ishing (scratches from the brittle phase) have been
attributed to pull out of these brittle intermetallic
particles, however the voids are seen after
irradiation,3-9 as well as before. The low swelling
behavior of the UAI, fuels has been thought to be
partly due to the filling of these voids with the solid
fission products.3-9 The magnitude of this effect
(even at high burnup) is unresolved, although the
presence of the voids with the ductile aluminum
matrix does not appear detrimental. This seems to
be true even at these high burnups where some
small bubbles have been detected around the U-O
phase.

4.3 Blister Behavior and Potential
Swelling

The blister temperatures of the plates with UAI,
as the principal constituent were generally as high
as those with UAL, as the principal constituent. For
example, the average blister temperature of the
three UAL, plates was 763 K, while that of the nine
UAI, plates was 776 K. However, one plate of the
UAL, composition blistered at 713 K, while two
plates of the UAI, composition did not blister at
833 K (at burnups of >2 x 102! f/cm?). Thus, the
variability of the blister temperature of the plates of
the UAl, composition was greater-than might be
expected. This variability might be explained by
pockets of gas bubbles associated with the U-O
phase, formed during fabrication of the plates. The
U-O phase was also found16 in the plates of UAI,

composition. When the blister temperatures of -

these ELAF plates were compared with blister tem-
peratures of the ATR composition plates,9 all the
blister temperatures fell within the three sigma scat-
ter band except the 713 K temperature of plate 020.

The potential swelling of plates of the UAI,; or
UAL, composition, as determined from this work,

would seem to depend most strongly on these U-
O phase pockets and associated gas bubbles. The
U-O phase probably is formed during the powder
grinding and plate rolling fabrication processes and
could be diminished by reducing the specification
allowed for oxygen (Appendix B).

4.4 Pitting Corrosion and Plate
Life

Oxide formation and pitting corrosion in alumi-
num surfaces has received considerable study.25'32
It is our aim to show that the pitting corrosion of
these ELAF plates was not excessive (as compared
to other reactor elements,9 or other conditionslo)
when consideration is made of the temperature and
time in the reactor or in the canal (Table 9). As indi-
cated in Section 3.9, when Equation (1) is used to
calculate the maximum pitting corrosion of the
ELATF plates (Table 9) an estimate results which is
reasonable (e.g., as for plate 004) or which overes-
timates the measured maximum pit depth for most
of the plates. But, on one plate (007) the estimate is
the same as the measured maximum value. Equa-
tion (1) was derived from data from the failed
ELAF plates, 12 ATR fuel element corrosion
data,33 and Engineering Test Reactor (ETR) fuel
element corrosion data34 and allows calculation of
the pitting corrosion of the other 14 plates with
reasonable values. Therefore, it is evidence that the
pitting corrosion in the ELAF plates is not
excessive.

Evaluation of pitting corrosion and the applica-
tion of statistics to the analysis35’ 6 indicates, as
with the ELAF failed plates,12 that the measured
pit depths can be represented by two straight lines.
One line, for pit depths (X) below 2.0 mils, can be
represented by the equation

Y = -0.114 + 0.43 x

with a correlation coefficient of r = 0.998. The
other line, for pit depths (X) above 2.0 mils, can be
represented by the equation

Y = 0.69 + 0.034 x,

with correlation coefficient of r = 0.94. These
high correlation coefficients indicate that extreme
probability statistics33 can represent the data. The
value of Y is the reduced variate; i.e., a function of
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where M is the rank of the pit depth, arranged in
increasing order of pit depth (X), from one to the
total number and n is the total number. The values
of Y and X were examined by linear least squares
regression analysis, and plotted on extreme proba-
bility paper. The return period (i.e., the number of
pits at which to expect a pit of a given depth) is
different for the small and large pits. For the small
pits (< 2 mils) one would expect to have over
10,000 pits before getting one with a depth of
7 mils, while for the large pits (>2 mils) the return
period is 50. This representation indicates that the
pit incubation time is large or that most of the pits
do not progagate at the maximum rate. It has been
postulated 0,31,37 that a critical pitting potential
and a protection potential exists for aluminum.
Below the critical pitting potential the pit may not
initiate or may not grow. The pitting potential
decreases with increasing temperature. Other fac-
tors also affect the probability that pits will initiate
on the fuel plate surface such as: corrosivity of the
solution, the solution velocity, the specimen area,
and the time of exposure. Because of the occluded
cell associated with pitting, the maximum corro-
sion rate will be less affected by the solution veloc-
ity than will pitting initiation. Thus, most of the
pits as measured for the ELAF plates are much less
than the maximum. During the early stages of pit
initiation or growth, the pitting potential is rather
unstable. The high concentration of corrosion pro-
moting ions may be swept away by convection cur-
rents or the solution velocity. Gravity may have an
effect on vertical surfaces, since a difference in
solution concentration within a pit is necessary for
its continuing activity. Thus, in this irradiation,
conditions allow the formation of many pits that
do not grow, and a few that do, as protection of the
pit is established.
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The plate life can thus be affected by the manage-
ment of the fuel element irradiation sequence and
time. Interruption and storage of the fuel elements
change the conditions for pit initiation and growth;
namely, pitting potential, solution corrosivity, and
solution velocity. Interruption and storage of the
fuel elements may affect gravity conditions with
deposit of solids.

4.5 Maximum Fission Density

Although the fission density given for the punch-
ing positions in Table 13, (and as stated in
Section 3.11) is considered to be representative of
the measured isotopic ratios for the ELAF fuel
plate punchings, there are two factors which could
have affected the maximum values of burnup. The
first is the variance on alpha («), the capture to
fission cross section in the I-9 facility. The variance
was estimated to be +0.01 for the spectrum in
the I-9 and I-13 facility, in which the plates were
irradiated. The effect of this variance (of o on the
fission density) was examined. It was found to pro-
duce less than a 10% change in the burnup. The
second factor was a constant difference between the
PDQ calculated fission density and the fission den-
sity obtained from the punchings with « equal
to 0.196. This constant difference amounted to a
factor of 1.42 + 0.055 for the 12 plates. It was not
possible at this time to assess which was more accu-
rate: the PDQ calculated fission densities, or the
fission densities calculated from the mass spectro-
scopic isotopic ratios with o equal to 0.196. There-
fore, conservative values of the maximum fission
density are considered to be those from the mea-
sured isotopic ratios times the peaking factor as
presented in Table 13. It is noted that these values
are approximately the same as the PDQ calculated
average fission densities.




5. CONCLUSIONS AND RECOMMENDATIONS

An ELAF fuel core with 73 wt% of the
brittle phase (UAL) gave excellent per-
formance to burnups of 1.84 x 10%! f/cm3
with peaking factors of 1.63 (peak burnup
of 3.0 x 102! f/cm3).

The ELAF fuel plates operated at surface
temperatures of about 395 K (120°C) with
the only evidence of failure due to pitting
corrosion.

Blister temperatures from post irradiation
tests of 763 K for the UAl,; composition,
and 776 X for the UAI, composition, indi-
cated large margins of safety from over-
heating for short periods of time.

The 50 vol% UAl, composition plates per-
formed as good or better than the 50 vol%
UAIl, composition plates and will provide
higher fuel loading. Although pitting cor-
rosion caused the failure of three plates of
the UAL, composition, a large pit, in the
UAI, composition, in the side of the plate
(that would have produced failure) was
found.

Neither the pitting corrosion rate, or the
probability of pitting, seemed any greater
in the ELAF plates than fuel elements in
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other reactors when consideration is taken
of the plate surface temperature and the
time in the water.

Evidences of small bubbles in pockets were
seen in conjunction with uranium oxide,
which was probably formed during fabri-
cation of the powder and plates. The blis-
ters that form during post irradiation
testing may be associated with these
pockets.

Reaction of the UAL, to produce UAl; and
the U, Al defect phase causes an increase
in core volume of 6 to 12%. The core vol-
ume percent thus approaches 60 vol% of
the brittle constituent.

It is recommended that the specification
for oxygen in the powder blends be exam-
ined with the view of reducing the allowed
oxygen.

It is recommended that management of
the fuel element irradiation sequence be
considered as a way to reduce the depth of
pitting corrosion and extending fuel ele-
ment life.

Y
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APPENDIX A

IRRADIATION DATA

Table A-1. Plate irradiation history

Irradiation Times

7-19-81to  10-1-82to  1-27-84to  3-7-84to 4-24-84t0 7-29-84t0 9-9-84 to 10-21-84to  3-31-85to

Position 5-6-82 3-16-83 3-7-84 4-24-84 7-29-84 9-9-84 10-21-84 3-31-85 6-23-85
Plate Number
A 18 33 30 30 30 30 20 20 20
A 17 32 32 32 36 8 19 19 19
A 13 31 31 31 34 34 13 9 6
B 33 16 20 20 20 20 30 30 30
B 32 15 19 19 19 19 8 8 8
B 29 13 13 13 13 13 34 34 34
C 4 5 5 5 1 1 1 1 5
C 5 6 6 6 6 6 6 6
C 6 3 7 7 7 7 7 7 7
D 23 28 28 28 28 28 28 28 28
D 24 27 27 27 27 27 27 10 10
D 25 26 26 22 22 22 22 22 22
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FISSION PRODUCT RADIONUCLIDE DISTRIBUTIONS
IN ELAF FUEL PLATES

INTRODUCTION

Twelve ELAF (Extended Life Aluminide Fuel) fuel
plates, which were irradiated@ in the ATR (Advanced
Test Reactor) 1 type irradiation positions, were exam-
ined by gamma-ray spectroscopy measurements at the
TRA (Test Reactor Area) Hot Cell Facility. This work is
part of a joint research program to develop fuels for
University reactors. The fuel plates were examined at
spatial locations along the axis and edges of the fuel
containing regions. The purpose of these measure-
ments was to determine the distribution of gamma-ray
emitting fission product radionuclides in the fuel.
These results will be combined with radiochemical
analyses of samples taken from the fuel plates to deter-
mine the overall fuel burn-up in each plate.

SCANNING EQUIPMENT AND
ANALYSIS METHODS

Scanning is accomplished using the TRA Hot Cell
scanner which consists of: (1) the scanner bed with a
horizontal and vertical drive system, (2) a collimator
which penetrates the hot cell well, (3) a Ge (Li)
gamma-ray detector with associated electronics, (4) a
two peak precision pulser for automatic spectral gain
calibration, and (5) a Fabri-Tek MP-12 microcomputer
for local control of the scanner bed and gamma spec-
tral data acquisition. The system is controlled remotely

via a Vadic Full Duplex Modem data link between the
Fabri-Tek computer and the PDP- 11)/44 computer,
located in the Radiation Measurements Laboratory
(RML). The operator can load a seqlllence of com-
mands on the PDP:11 which will execute a predeter-
mined scan sequence. During remote 6pe:rations, the
scanner bed can be positioned at a 1predetermined

point; a 4096 channel gamma-ray spectrum accumu-
lated for a predetermined period of time[, and the spec-
tral data transferred to the PDP- 11/44 where it is
automatically stored and analyzed. The scanner bed
will then be automatically positioned at the next prede-
termined scan point and the entire pr&cess repeated
The operation is terminated when the last scan point

entered in the command sequence has b‘een analyzed.

a. See Table A-1 and Figure A-1.

The scanner bed has two Slo-Syn stepping motors
which are directly coupled to the X (Horizontal) and
Y (Vertical) drive lead screws with end-of-travel limit
switches for each drive. The scanner bed travel is lim-
ited to 60 in. of horizontal movement and 7 in. of
vertical movement, with a spatial resolution of
0.01 in. The stepping pulses for each motor and the
limit switch signals to the MP-12 motor drive inter-
face are optically coupled to reduce the effects of
noise from the motors and translators. The X drive
can be operated at two speeds. The fast speed is
16 in./min and is utilized during initial “set-up”
when determining the location of the radioactive
objects and the variations of their radioactivity. The
slow speed is 2 in./min and is used mostly for the
gross activity profile scanning. The Y drive operates
at a fixed speed of 2 in./min.

Six different sized collimators are presently available
for use. The collimators are a section of round stainless
steel stock about 4 ft long and 3 in. in diameter, each
with a different size collimation opening (slit) which
penetrates through the entire length. Five collimators
have openings which are all 0.500 in. in height and
have widths of 0.010 in., 0.020 in., 0.040 in.,
0.080 in. and 0.250. A collimator with a larger open-
ing is also available; it has a collimation opening of
1.00 in. height and 0.50 in. width. The collimator pen-
etrates the hot cell wall and presents a collimated
gamma-ray beam to the detector which is situated out-
side the hot cell. The selection of collimator size is
dependent on the gamma intensity of the item being
scanned. The size selected is usually determined by the
counting rate the detector is experiencing. Occasionally
there exist situations where the item being scanned has
such a relatively low count rate that the collimator
needs to be completely removed and the gamma scan-
ning done through the resultant 3 in. diameter open-
ing. The collimator can be rotated to position the slit
for either axial (horizontal) or transverse (vertical)
scans. The 0.040 in. width collimator was used during
scanning of the ELAF fuel plates.

The reference locations of the top and bottom of a
fuel region, and its centerline, are determined by a gross
scan stepping technique. With the collimator oriented
horizontally, the rod is moved in small steps in the verti-
cal direction. A 10 s count is done at each location (step)
and a visual inspection is made of the resuitant spec-
trum. A total integrated gross count is also tabulated at
that time. The two locations at which sharp changes in




total gross gamma count rate occur -and “key” isotopes
are observed are noted. The axial centerline of the fuel is
calculated from the measurement of the fuel axial
boundaries. The locations of the fuel top and bottom
are determined by orienting the collimator vertically,
positioning its midpoint at the axial centerline of the
fuel, and noting the point at which the gross gamma
count rate changes sharply and “key” isotopes are
observed while stepping from a position clearly off the
fuel to a position clearly on the fuel. “Key” isotopes are
defined at the radionuclides, which are determined to be
unique to the fuel being scanned.

After all the initial gross activity data is examined
and the isotopic scan locations are determined, the
RML PDP-11/44 is programmed for the automatic
scan sequence of the fuel plate. The RML PDP-11/44
analysis procedure performs the following functions
on each gamma-ray spectrum:

e Energy calibrates the spectrum based on
the pulser data.

e Searches the spectrum for all prominent
peaks.

e Energies of selected peaks from the sum-
mary file will be written to the limit library.
This ensures answers will be obtained for
all desired peaks.

Fit all found and selected peaks to a Gaus-
sian distribution.

e Performs decay corrections if necessary.

¢  Subtracts background values for each peak
if they exist in the background spectrum.

e  Prints the results from all peaks on a line
printer.

e  Writes results of the specified energy peaks
to a summary file.

DESCRIPTION OF
MEASUREMENTS

The spectroscopy data consists of 4096 channel
spectra of gamma counts versus energy at preselected
locations on each fuel plate. The spatial locations for
gamma-ray spectroscopy measurements on each fuel
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plate were selected in order to: (1) provide both axial
(fuel length) and transverse (fuel width) distributions,
2 obtain spectroscopy measurements at exactly the
same spatial locations where the samples for radio-
chemical analyses will be removed, and (3) provide
sufficient high quality data in a cost effective and
timely way.

Sketches of radiographs from each plate showed the
location and dimensions of the fuel region, and the
distance from the end of the fuel to the end of the plate.
Each fuel plate was gamma-scanned from the bottom
to the top. From these scans, the ends of the fuel
regions were accurately determined and the zero refer-
ence positions were established relative to the bottom
end of each plate. The fuel dimensions determined by
the gamma-scans step technique agreed (on the aver-
age) with the dimensions from the radiographs to
within 0.04 in. on the lengths and within 0.02 in. on
the widths. This good agreement demonstrates that
very accurate positioning is established relative to the
bottom end of the plates.

The collimator used in the measurements has
actual opening dimensions of 0.040 in. x 0.500 in.
Because of the distance from the collimator to the fuel
plates, the actual area of the fuel plate which is viewed
by the collimator-detector arrangement is
0.055 in. x 0.688 in.

In order to obtain sufficient counting statistics,
count times for the gamma-ray spectroscopy measure-
ments (to determine the fission products radionuclide
distributions in these plates) varied from 500 s to 900 s
depending on the counting rates.

RESULTS

The results from these measurements are given in
relative counts per second for each individual radio-
nuclide. Since no efficiency calibrations exist.for these
measurements, quantitative activities and gamma-
intensities are undetermined. Therefore, the counts
per second of one -radionuclide are not related to
another radionuclide. All the data have been:decay
corrected to 6-23-85 @ 2000 hr, and corrected for
any background activities in the hot cell.

The results are presented on sketches of -the ‘fuel
plates which illustrate the location where each -mea-
surement was taken, the orientation of the collimator,
and the area viewed by the collimator detector. Each
scan-point location is shown with an asterisk. The
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associated count rate (counts/second) and uncertainty
is shown to the right of each asterisk.

Random uncertainties, including the counting statis-
tics and photopeak fitting components, are reported.

At the centerline locations (1.75 in., 4.54 in., 6.40 in.
and 9.40 in.) the uncertainty also includes the scanner
system reproducibility component. These positions
were each measured twice in order to better establish
the uncertainties, including positioning.
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CORE AND PLATE DATA

Table B-1. Core and plate specifications

Plate Preirradiation

Core Actual
Compact UAl;, Dry Wet B-10 U Core U Void Plate Core
Plate wt wt wt wt wt wt Volume Density Volume Thickness Length
Number (9) () ® (@ (@@ (@ (m?3) (g/md) (%) (in.) (in.)

50 vol% UAL,

01 11.94 8.076 32.25 21.92 0.014 5.73 2.882 2.0 7.23 0.0510  10.31
03 11.96 8.075 32.17 21.86 0.014 5.73 2.899 — 7.51 0.0510 10.44
04 11.95 8.076 32.29 21.95 0.014 5.73 2.881 — 7.07 0.0512  10.37
05 11.94 8.076 31.99 21.73 0.014 5.73 2.908 1.970 8.04 0.0510  10.50
06 11.95 8.076 32.23 21.91 0.014 5.73 2.883 1.988 7.13 0.0512  10.56
07 11.95 8.075 32.18 21.85 0.014 5.73 2912 1.968 8.04 0.0511 10.44
08 11.94 8.075 32.10 21.82 0.014 5.73 2.888 — 7.39 0.0511 10.50
09 11.96 8.075 32.31 21.95 0.014 5.73 2.898 — 7.47 0.0514  10.56
10 11.95 8.075 32.16 21.85 0.014 5.73 2.899 — 7.50 0.0512  10.69

Average 7.49

50 vol% UAL,

13 13.70  10.057 33.41 23.18 0.020 7.93 2.998 2.645 10.98 0.0510 10.62
15 13.70  10.057 33.53 23.23 0.020 7.93 3.024 2.622 11.75 0.0512 10.56
16 13.69 10.057 33.41 23.16 0.020 7.93 3.014 2.631 11.49 0.0510 10.62
17 13.69  10.057 33.47 23.19 0.020 7.92 3.023 — 11.72 0.0511 10.62
18 13.70  10.057 33.56 23.30 0.020 7.92 2.973 — 10.23 0.0513 10.62
19 13.68 10.058 34.02 23.60 0.020 7.93 2.956 2.683 9.87 0.0519 10.69
20 13.69  10.057 33.96 23.52 0.020 7.92 3.002 2.638 11.02 0.0520 10.75

Average 11.01

45 vol% UAL,

22 13.01 9.039 33.04 22.83 0.018 7.12 2.860 2.49 7.23 0.0510 10.37

23 13.02  9.038 32.95 22.77 0.018 — 2.867 — 7.32 0.0509 10.56
24 13.02 9.038 33.12 22.90 0.018 —  2.845 — 6.59 0.0513 10.56
25 13.02 9.038 32.96 22.74 0.018 — 2.904 — 8.48 0.0511 10.50
26 13.01 9.037 33.08 22.84 0.018 — 2.875 7.73 0.0512 10.56

27 13.03 9.037 32.84 22.68 0.018 7.13 2.891 2.466 8.08 0.0509 10.62
28 13.00 9.039 33.12 22.86 0.018 7.12 2.877 2.475 7.62 0.0510 10.62

Average 7.58
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Table B-1. (continued)

Plate Preirradiation

Core Actual

Compact UAly Dry Wet B-10 U Core U Void Plate Core
Plate wt wt wt wt wt wt  Volume Density Volume Thickness Lengtl
Number (8) ® ® @@ @@ (@ (m?) (@gwmd) (%) (in.) (in.)

40 vol% UAI,
29 12.51 8.018 32.82 22.50 0.016 6.33 2.867 2.208 5.81 0.0513 10.62
30 12.51 8.018 32.93 22.56 0.016 6.32 2.877 2.197 6.02 0.0519 10.62
31 12.51 8.019 32.81 22.46 0.016 6.32 2.901 — 6.80 0.0515 10.62
32 12.51 8.019 32.99 22.63 0.016 6.32 2.845 2.221 4.96 0.0515 10.69
33 12.50 8.018 32.49 22.28 0.016 6.32 2.875 2.198 6.08 0.0510 10.62
34 12.51 8.018 32.98 22.60 0.016 6.32 2.868 —_ 5.75 0.0519 10.62
36 12.51 8.018 33.09 22.66 0.016 6.33 2.878 — 5.94 0.0520 10.62

Average 5.91
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O $19.80.8%)  a1Te(z.0%)  917.4(27%)  ¢18.0(3.8%)  518.6(1.8%)  416.5(3-4%) g18.0(L9%) ¢ 18.1{29%)  yl0.0{21%)  piR.x(2.2%) .zu.fz %)
$16.9(2.47) $11.5(3.3%) € 17.2(2.0%) $18.8(2.3%)
P I | f ! f 1 1 T
10.40ia. 9.40in. 8.40in. 7.40in. $.40%n. S.4Tia. 4.54in. 3.6lin. 2.48in. 1750, .82ia. O
No. 13 ' -
RADIONUCLIDE: 137Cs’
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O $53.6(3.0%)  $47.8(1.9%)  $uTI(23%)  440.8(31%) 84D.3(2.0%) 4431(28%)  ¢47.7(1.8%) #4TA(45%)  $4a8S(2n) s ANT(1%) 560 fe%)
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