--fj Oc. Y
ANL-76-128 @ g ANL-76-128

7 R-1372

4
ﬁ /)

0 ( /

POSTIRRADIATION EXAMINATIONS OF ELEMENT G-3
FROM THE GCFR F-1 SERIES
OF MIXED-OXIDE ELEMENTS
AFTER ~ 3 at. % BURNUP

L

R. V. Strain

} ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS

Prepared for the U. S. DEPARTMENT OF ENERGY B e
DISTRIBUTION OF THIS DOCUMENT {5 UNLIWTER
under Contract W-31-109-Eng-38



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The facilities of Argonne National Laboratory are owned by the United States Government. Under the
terms of a contract (W-31-109-Eng-38) among the U. S. Department of Energy, Argonne Universities
Association and The University of Chicago, the University employs the staff and operates the Laboratory in
accordance with policies and programs formulated, approved and reviewed by the Association.

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona The University of Kansas The Ohio State University

Carnegie-Mellon University Kansas State University Ohio University

Case Western Reserve University Loyola University of Chicago = The Pennsylvania State University

The University of Chicago Marquette University Purdue University

University of Cincinnati The University of Michigan Saint Louis University

Illinois Institute of Technology Michigan State University Southern Illinois University

University of Illinois University of Minnesota The University of Texas at Austin

Indiana University University of Missouri Washington University

The University of Iowa Northwestern University Wayne State University

Iowa State University University of Notre Dame The University of Wisconsin-Madison
NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States Government or any agency thereof, nor any of their
employees, make any warranty, express or implied, or assume
any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, apparatus,
product, or process disclosed, or represent that its use would
not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name,
mark, manufacturer, or otherwise, does not necessarily con-
stitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Govern-
ment or any agency thereof.

Printed in the United States of America
Available from

National Technical Information Service

U. S. Department of Commerce

5285 Port Royal Road

Springfield, VA 22161

NTIS price codes
Printed copy: A03
Microfiche copy: A0l



~

p 7/( o . : Distribution Category:
: 6&~’ : Gas Cooled Reactor Technology "

(uc-77)

ANL-76-128

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

- POSTIRRADIATION EXAMINATIONS OF ELEMENT G-3

FROM THE GCFR F-1 SERIES -
OF MIXED-OXIDE ELEMENTS
_ AFTER ~3 at. % BURNUP

by

R. V. Strain

Materials Science Division

February 1977
(Published September .1980)

DiéCLA]MER

| This book was prepared as an account of work sponsored by an agency of the United States Government, x
blgithor tho Linitart States (AVErNMENS N7 @ny agency thereof, nor any of their employees, makes any 1
warranty, express of lmpliwl, o sswmes ony logdl liability ar responsibility for tne acuuracy, !
|

or h of any i tus, product, or process disclosed, or
represents that its use would not infringe privately owned righis. Reference herein 10 any specitic
1| commercial product, process, o service by trode name, . . or otherwise, does

not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of suthors expressed herein do not
necexsarily €tate or reflect thnse nf the United States Government or any agency thereof.

L: —

BISTRIBUTION OF THIS DOCUMENT IS URLIITED



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



REFERENCES

TABLE OF CONTENTS

ABSTRACT . ..o it e e it e e et e
I. INTRODUCTION. .. ... 'uuuttteeeneeeeanenseinmnennneeennnnnnns P
A. Capsule and Fuel-element Descriptions........ e B

B. Irradiation Conditions..........coeuvnn... et eeies e e

I1. DISASSEMBLY OF THE CAPSULE..... e Z
III. NONDESTRUCTIVE EXAMINATION OF THE ELEMENT........... e
A. Visual and Photographic Examinations........... e e

B. Gamma -Spectroscopy........ e e e e

C. Profilometry.......... e e e e

D. Eddy-current Inspection............. e N

1V. DESTRUCTIVE EXAMINATION.;..;..,...A .......... e e e e “
A. Gas Sampling and Analyses.........cueiiinuinnnnnannnmonnonnns

B. Flow Tests........oovuuunn e e e T

C. Ceramographic and Metallographic Examinations................

D. Results of Ceramographic Examination...................u0vun..

E. Fuel-density Determination...... e R .o

F. Burnup Determination...........iceiiieriennnnoennennennnans ..

G. Electron—microprobe Analyses of the Fuel.....................

H. Fuel-Cladding Chemical Interaction........... e e

1. Cladding Microstructure..... e e e e

V. DISCUSSION OF RESULTS......ovvevennen.. e eee e e PR
VI. CONCLUSIONS......... [ B e S PR
ACKNOWLEDGMENTS . . ... ..ivvvvrenanns R e e et e

.................................................................

- 11

15

15
16
17
18

19

19

20

20
23
30
31
32
34
37

41
42
42

42



10.
11.

ﬁ12.
"13.
14.
15.

16.
17.

18.

.19,

20.

21.

LIST OF FIGURES .

Title
. > Major Components of the G-3 Capsule.................. N
Axial Temperature Distributions in the Fueled Region of .
Capsule G-3....... B R R
Fluence Profilé for Core ngion of Capsule G-3 for Neutrons with
Energies 20.1 MeV. ... ..ttt inriinineeonnoneosannnnensains
.- Macrophotographs of the G-3 Capsule before Disassembly............
Dosimeter Assembly from the Thermal Barrier........... [
Thermocouple Stripping Device Used to Deencapsulate the
Dosimeters from the F-1 Series of Capsules Irradlated in EBR-II as
Part of the GCFR Experlments....,..; ............. e e
Mlcrostructure of Sodium Fill-tube Braze and AdJacent Stainless
Steel in Archive Sample............cvvvinn.. et
Condition of Fill-tube Braze after Irradiation....................
Discolorations on G-3 Element Cladding 8 in. above the Bottom of
the Capsule........ccireiiennennnaanns e U e
Fueled Region of the G-3 Element.............. e ettt
Continuous Gamma-scanning Results in the Fueled Region of
Element G=3....0 0 tnetnenniannniiirani i aiananenanay chrr e
Results of Diametral Measurements on the G-3 Element at 0 ‘and 90°
Azimuthal Orientations..........iiccieiveerrndnnnneeaeniniierone.
Results of Diametral Measurements on the G-3 Element at 45 and
135° Azimuthal Orientations. ........ceeeeeeeeeeenannnnnneneeeeenas
Results of Eddy-current Testing of the G-3 Claddlng after ‘
Irradiation. .. ..ottt e e et e PR
Flow-testing Apparatus Used to Determlne lelnm Flow Rates through
Several Axial Regions Of G=3.......uvuirinenonnennnenenenenenennns
Cutting Diagram- for the G-3 Element............ P e e
Composite of the Bottom Longitudinal Section of the G-3 Fuel
Culumin in the As-polished Conditionm.............. e
‘Composite of the Transverse Section 3-3/8 in. above the Bottom
of the G-3 Fuel Column in the As-polished Condition...............
Composite of the Transverse Section 6-7/8 in. above the Bottom
of the G-3 Fuel Column in the As-polished Condition...............
Composite of the Transverse Section 10-3/4 in. above the Bottom
of the G-3 Fuel Column in the As-polished Condition.............. .
Composite of the Top Longitudinal Sectlon of the G-3 Fuel Column

in the As-polished Cond1t1on ...... e ettt esasroseroseesnnonnsnos

10

11
11
12

13

‘14

14

15
15

16
17
17
18

20
23

23
24
24
-25

25



23.
24,
25,
26.
27.
28,
29.
30.
31.
32.

33.
34,

35.

II.
III.
Iv.

VI,

LIST OF FIGURES
Title
Outer Edge of Fuel at the Midlength of the Fuel Column of

Element G=3. ... ittt ittt et ieneeoeeeaeasasssssetenetesoansonnans

Typical Area of Equiaxed Zone at the Midlength of the Fuel Column
of Element G-3.............. it ettt e e e e

Typical Area of the Columnar-grain Zone at the Midléngth of the
Fuel Column of Element G=3.....:...iuueneenueenennenneinennennnnns

Diametral Distribution of Fuel Demnsity for the Bottom'Longitudinai
Section from Element G-3...... P

Radial Distribution of Fuel Density in the Transverse Sections

Diametral Distribution of Fuel Density for the Top Longitudinal
Section from Element G-3..% . ... ... ciitiiiinennl e

The Pu Distribution Near the Top of the Fuel Column in
Element G=3......... .0 B et e a e e e e

The Pu Distribution Near the Bottom of the Fuel .Column in

Element G=3. ... ..ttt rieeineensoensseansosossnssansonsas P

Radial Pu Distribution at the Reactor-core M1dp1ane of
Element G-3. . i e et et i i e e e

Attack at the ID of the Cladding in Element G-3........... e

Specimen Current and X-ray Images of a Typical Area of Cladding
Attack Near the Top of Element G-3 Fuel Column............., ......

Cladding Microstructure in the Transverse Sectlon 3-3/8 in. above
the Bottom of the Fuel COLUMM. .. vuuuurrrerrnenreeeeeennnnnnnns fee

Cladding Microstructure in the Transverse Section 6-7/8 in. above
the Bottom of the Fuel Column.........cvi ittt ennsrecassioennas

Cladding Microstructure in the Transverse Section 10-3/4 in. above

the Bottom of the Fuel Column.........ci ittt esnasronsesnsonnsnn :

LIST OF TABLES

Title

Calculated Component Temperatures and Radial Temperature In-
credses during Peak Power Operation...........uceeeiuiennnennnions

G-3 Gas Analyses....... e e
Gas Flow Paths for G-3 Flow Test.......ccoveiernvaennn e el
Results of G-3 Flow Tests................ e e e e .
Metallographic Data for Element G-3........ .00 iiiiiinnnvnrenanns .

Burnip Determinalivms. vttt oononnonnsnnnnssas

28
29
30
31
31
33
33

34
35

36
38

39

40

10
19
21
21

26

32



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



POSTIRRADIATION EXAMINATIONS OF ELEMENT G-3
FROM THE GCFR F-1 SERIES
OF MIXED-OXIDE ELEMENTS
AFTER ~3 at. % BURNUP

by

R. V. Strain

ABSTRACT

Postirradiation ’‘examinations were performed on ele-
ment G-3, from the GCFR F-1 series of mixed-oxide elements,
after 2.6 at. % burnup in EBR-II. The 20% cold-worked
Type 316 stainless steel clad G-3 element was irradiated as an
encapsulated element using a stainless steel thermal barrier
to achieve peak cladding temperatures of 690°C at a peak power
of 14.4 kW/ft. The maximum diametral increase of the element
was 0.2% AD/D;. The volatile fission products were found just
above the top of the fuel column and in a gap between the bot-
tom and next higher fuel- pellet. Annular pellets were used in
the elément, and at 2.6 at. 7% burnup, the central holé was
closed by fuel material at both the top and the bottom of the
fuel column. Fission-product attack of the cladding was mini-
mal; a uniform matrix attack of only 0.3 mil was found along
most of the length of the fuel column.

I. INTRODUCTION
The G-3 fuel element was one of 13 elements in the encapsuled F-1 seriesl
irradiated in Experimental Breeder Reactor II (EBR-IL) by the General Atomic
Company (GA) as part of the Gas-Cooled Fast-~Breeder Reactor (GCFR) Program.
The general objective of the F-1 experiment was to study fuel-element behavior
at higher cladding temperatures than obtained in previous LMFBR Program Irradi-
ations. The experiment was designed to produce cladding temperatures as high
as 800°C in one element, whereas the remaining elements had temperatures rang-
ing from 600 to 750°C. The design of the experiment also included the use of
larger diameter fuel elements, 0.300 in. rather than the 0.230 in. LMFBR ele-
ments, that are typical of future GCFR elements. Charcoal traps were placed
in some of the elements to obtain data on the behavior of activated charcoal
under conditions that may be encountered in the pressure-equalization and gas-
purification systems of GCFR plants.

The F-1 experiment is being irradiated in-a Mark B-7B subassembly, a
seven-capsule array, with planned interim examinations at burnups of approxi-
mately 25,000, 50,000, 75,000, and 100,000 MWd/Te. The G-3 capsule was removed



from the subassembly after 25,000 MWd/Te, whereas the other six capsules and a
replacement capsule have continued to higher burnup. Initial nondestructive
examination of the G-3 capsule was performed at the Hot Fuels and Examination
Facility (HFEF) of Argonne National Laboratory at the EBR-II site in Idaho.
The disassembly of the capsule and the postirradiation examination of the ele-
ment were performed in the Alpha-Gamma Hot -Cell Facility (AGHCF) of the Mate-
rials Science Division in Illinois. :

A. Capsule and Fuel-element Descriptions

'The G-3 capsule was composed of three major components: the outer cap-
sule, the thermal barrier, and the element, as shown in Fig. 1. The fuel ele-
ment consisted of a 13.5-in.-long fuel column with a 0.2595 in. outside diameter
(oD) by 0.250-in.-long annular fuel pellets that had 0.059-in. diam central
‘holes. The bottom of the fuel column coincided with the bottom of the EBR-II
core and was located 22.625 in. above the bottom of the capsule. The fuel pel-
lets had dished ends with a dish depth of 0.006 in. - The compusition of the
mixed-oxide pellets was 85 wt % UO, (93% 235y) and 15 wt % Pu0,. The nominal
fuel density was 91% of theoretical and the nominal smeared density was 837%.

The fuel-cladding diametral gap was 0.0035 in. The nominal oxygen-tbo-metal (0/M)
ratio of the fuel was 1.98. A 3-in.-long axial blanket .consisting of 0.2595 in.
OD and 0.250-in.-long solid pellets of natural U0, was located at each end of

the fuel column. An Inconel* spring was located above the upper blanket to
maintain the pellet-stack geometry. A sealed capsule containing activated coco-
nut charcoal was located near the bottom of both the upper and lower gas plenums.
The element was clad with a 0.300 in. OD by 0.0185 in. wall, 20% cold-worked,
Type 316 stainless steel tube and was ~58 in. long.

, FUEL ELEMENT
by 2 TE( i S N | B SN

LOWER PLENUM REGION FUELED REGION " UPPER PLENUM REGION

0.300in. 0D x 18.5-mil WALL 20% COLD-WORKED TYPE 316 STAINLESS STEEL

TEMPERATURE MohnTOR CAPSULES THERMAL BARRIER TEMPERATURE MUNITUR CAPSULES
+ } — =5/ &===3
4 T .._:,7 ) Y ozi3 yoka —. |
=== ==5 1/ T '

0.625in. 00 x 0.435in.10 SOLUTION-THEATEU ITPE 304 STAINLESS STCCL

CAPSULE TUBE

0.778in.0D x 0.725in.1D SOLUTION-TREATED TYPE 304 STAINLESS STEEL

Fig.1. Major Components of the G-3 Capsule. Neg. No. MSD-166491.

*Trade name for a nickel-base alloy with 70% Ni (min) and 14-17% Cr, 5-9% Fe, and 2-1/4~2-3/4% Ti as the
other major constituents.



The thermal barrier consisted of a heavy-walled, solution-treated Type 304
stainless steel tube. The G-3 thermal barrier was ~58 in. long and had a
0.625-in. OD and a 0.435-in. ID. Twenty-four slots, 0.167 in. wide by 0.934 in.
long, were cut into the tube to accommodate capsules containing silicon-carbide
temperature monitors. Twelve of the monitors were located between 3/4 and 18 in.
from the bottom of the barrier, and the remaining twelve were located between 1
and 19 in. from the top of the barrier. A slot ~85 mils wide and 60 mils deep
was machined the full length of the barrier to accommodate a dosimeter assembly.
The dosimeter assembly consisted of a small capsule (0.042-in. diam) containing
15-mil wires of V, Al, Cu, and small particles of fissile material. Five of
these capsules were placed at various axial locations in a 0.065~in. OD by
0.009-in. wall tube running the full length of ‘the thermal barrier.

The outer capsule consisted of 0.778-in. OD by 0.725-in. ID solution-treated,
Type 304 stainless steel tube. The overall length of the capsules was 60 in.
Heat transfer from the element to the thermal barrier and from the thermal
barrier to the capsule was provided by sodium in the annuli. The capsule was
wrapped with a 0.020-in.-diam wire to space the capsules and provide mixing of
the coolant in the subassembly.

B. Irradiation Conditions

The G-3 capsule was irradiated in position 5 of subassembly X094 in reac-
tor grid position 7B4, which is 11.68 in. from the center of the EBR-II core.
The Mark B-7B subassembly is a slightly modified Mark B-7 subassembly with tri-
angular filler strips added to the center of the hexagonal-can flats to reduce
the flow area around the outer row of capsules. The size of the capsules was
reduced from the standard 0.806-in. OD, for a Mark B-7, to 0.778-in. OD, and a
20-mil-diam spacer wire was added. The reduction of the flow area between the
hexagonal can and the outer row of capsules and the coolant mixing that resulted
from the spacer wires maintained the overcooling on the periphery of the capsule
array at an acceptable level.

The high cladding temperatures achieved in the F-1 experiment were, to a
large extent, due to the thermal barrier. The maximum calculated temperature
difference of 126°C across the G-3 thermal barrier resulted in a peak cladding
temperature of 700 * 25°C, as shown in Table I. Calculated temperatures for the
beginning-of-1ife capsule, thermal barrier, and element cladding in the core re-
gion of capsule G-3 are shown in Fig. 2.

Capsule G-3 was in the EBR-II core from Run 47B through Run 54, but was out
of the core for short periods during that span while searches for leaking fuel
elements were. performed. The total exposure for G-3 was 9113 MWd at 62.5 MW re-
actor operating power with 'a maximum total fluence of 2.0 x 1022 nvt. The axial
fluence profile is shown in Fig. 3. The fueled portion of the element coincided
with the length of the EBR-II core.
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TABLE I. Calculated Component Temperatures and Radial Temperature Increases during
Peak Power Operation (Run 51A)

Capsule ’ Cladding
) . Outer o ’ Inside
Axial . Coolant Sur face Sodium . Sodium Surface
Position Power, Temperature, Temperature, - Capsule Bond Barrier Bond Cladding  fTemperature,
X/L kW/ ft °c °C AT, °C AT, °C AT; °C AT, °C AT, °C °
.Botcom 12.65 . - 372 . . 377 23.2 14.3 115.2 38.3 38.6 607
0.1 12.79 380 386 ‘ ) 23.5 14.5 116.5 38.8 . 38.9 618
0.2 13.31 390 396 24.4 15.1 119.3 40.3 40.4 636
0.3 13.99 401 407 25.7 15.8 124.3 43.6 42.3 659
0.4 14.37 - 412 418 26.4 16.3 125.7 44,7 43.3 674
0.9 - 14.42 423 429 . 26.5 16.3 125.1 44.9 43.4 685
0.6 14.26 433 439 . 26,2 16.2 122.8 [T 42.8 A91i
0.7 13.67 443 449 25.1 15.5 116.8 43.8 4u.9 691
© 0.8 12.97 453 459 23.8 14.7 109.9 41.5- 38.7 688
0.9 . 12.48 463 468 22.9 14.1. 104.9 39.9: 1.1 837
1.0 12.30 472 ’ 478 22.6 13.9 103.4 39.4 36.4 694
T T
orY = L EL L B B R e
700 ]
600 —
620 -
O
o
w
::f‘ - &R0 ——
a 540 i — )
§ . _,’/ . : . Fig. 2
v . . . .
2 so00}— THERMAL BARRER,O,D’—’ — Axial Temperature Distributions in the Fueled
- 5 _ ’,,/” __— | Regionof Capsule G-8. Neg. No.MSD-64132.
J P - . .
g 60— T T T
< -~
© B /// / / ) . _1
420 |- / - CAPSULE OD’ —]
" L CAPSULE 1D .
380 p=" —
g 7]
340 — . —
300 | I i l 1 l | I | I 1 l { l

0 2 4 6 8 o 12 4
DISTANCE ABOVE THE CORE BOTTOM, in.
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Fig. 3. Fluence Profile for Core Region of Capsule G-3 for Neu-
trons with Energies >0.1 MeV. Neg. No. MSD-64131.

II. DISASSEMBLY OF THE CAPSULE

The G-3 capsule contained several important components in addition to the
fuel element. The retrieval of the temperature monitors and dosimetry capsules
resulted in considerable effort being expended in the disassembly of the capsule.

The capsule was examined visually and photographed at a magnification of
0.67X, as shown in Fig. 4. The general condition of the capsule was good.
The usual superficial scratches and marks were observed, but no unusual

I

3!*%'*1”’ R 4",3':1*@%%%:‘;%7@ gy dw%ﬁ«rvr

sty it ‘9*1 mmmuim

Top Section

Fig. 4. Macrophotographs of the G-3 Capsule before Disassembly. Ruler
was used to accentuate the bow. Neg. No. MSD-181762.
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discolorations were seen. A small dent was noted in the capsule ~5 in. from
the top. This dent, which had been noted previously,? did not occur during
shipping to nor handling in the AGHCF. The bow of the capsule was estimated
from photographs. The maximum bow was ~0.11 in. at an orientation 35° counter-
clockwise from the 0° orientation when viewed from the top of the capsule. The
direction of bow was away from the center of the subassembly. The maximum bow
occurred ~30 in. above the bottom end of the capsule.

The capsule plenum was punctured and the gas collected. The gas exhibited
no radioactivity, which indicated that the fuel element was intact, and normal
capsule disassembly proceeded. A circumferential cut through the capsule tube
was made just above the lower weld. The capsule was heated to ~110°C, and the
capsule tube was pulled upward, with respect to the thermal barrier and element,
a distance ot ~2 in. At this point, no additional separation of the components
could be made using the master-slave manipulators. It appeared that the bow in
the capsule caused an interference fit between the temperature monitors and the
capsule tube, when moved with respect to one another. The initial diametral
clearance between these components was 0.005 in. Two additional circumferential
cuts were made through the capsule at 20 and 35-1/2 in. from the bottom, and the
three sections of capsule tube were removed without additional difficulty. A
circumferential cut was made in the thermal barrier just above the lower element

weld, the assembly was heated to ~110°C, and the element was easily pulled from
the barrier.

The dosimetry assembly (Fig. 5) was removed from the thermal barrier by
breaking the tack welds at each end; the tack welds held the assembly in the
slot in the barrier. The ~3-in.-long capsules containing the dosimeter wires
were removed from the dosimeter tube by means of a thermocouple stripper. The
thermocouple stripper (Fig. 6) consisted of a cutting tool mounted in the chuck

ILA : 51—-9/16"

\—0.065 in. 0D x 0.009 in. WALL

DOSIMETER ASSEMBLY

' 3-3/8" !
I j~0.045 in. 0D x 0.00775 in. WALL—|

V—-047% Fe FUEL PARTICLES

0.015 x | in. LONG

AL-0.12% CO
0.015 x | in. LONG

DOSIMETER CAPSULE

Fig. 5. Dosimeter Assembly from the Thermal Barrier. The assembly contains
10 dosimeter capsules, stainless steel spacers, and a 3-15/16-in.~long
tungsten rod. Neg. No. MSD-64133.
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A B Cc

Fig. 6. Thermocouple Stripping Device Used to Deencapsulate the Dosimeters from the F-1 Series
of Capsules Irradiated in EBR-II as Part of the GCFR Experiments. A: trough that supports
the dosimeter capsule; B: vise used to hold the capsule in position during the stripping
operation; C: thermocouple stripping tool; and D: drill motor.

of an electric drill and a trough aligned with the cutting tool. The dosimeter
tube was clamped in the trough and the cutter moved so that the dosimeter tube
was fed slowly into the cutting tool in increments of ~1 in. The dosimeter tube
peeled off in a thin strand as it was fed into the cutting tool. As each of the
items in the dosimeter tube was exposed, the stripper was backed off and the
item was pulled from the tube. The tube was then fed through the thermocouple
stripper until the next item was exposed. The thermocouple stripper made visi-
ble scratches on the dosimeter capsules as it peeled off the dosimeter tube, but
the scratches were not deep and only extended a short distance (the amount ex-—
posed before the capsules were pulled from the tube). The only difficulty en-
countered during the removal of the dosimetry capsules was that pieces of the
strand of tubing from the cutter occasionally clogged the stripper. The dosim-
eter capsules were shipped to GA for analysis.

A cut-off wheel was used to cut through the tabs of the temperature-monitor
capsules to remove the monitors from the thermal barrier. The temperature moni-
tors were numbered consecutively from 1 to 24, starting at the bottom and ending
at the top. An attempt was made to remove the Mo capsule containing the temper-
ature monitors from the stainless steel capsules to reduce the radioactivity of
the capsules before additional handling. The stainless steel capsules were
tapped on a table in an effort to move the Mo capsules to the lower end. The
outer capsules were cut as near the upper weld as possible, and the Mo capsules
were removed. During this operation, the Mo capsule was opened, and the monitor
was found to be contaminated with alpha-bearing material in four of the first
twelve capsules. Therefore, no effort was made to remove the other twelve Mo
capsules from their stainless steel capsules. All 24 monitors from the thermal
barrier were shipped to GA for analysis.
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The final step in the disassembly and examination of the capsule hardware
was metallographic examination of the braze connection joining a 1/8-in.-diam
tube to the capsule-end fitting. This tube was used to inject the bond sodium
into the capsule during fabrication of the capsule. The braze was irradiated
at a temperature of 370 £ 5°C (700°F) and was exposed to an order of magnitude
less fluence than the peak-power region of the capsule. The braze was exposed
to the bond sodium at the end of the fill tube inside the capsule. The micro-
graphs in Figs. 7 and 8 show that the braze has not been deleteriously affected
by its environment during irradiation.

(@ (b) (©

Fig. 7. Microstructure of Sodium Fill-tube Braze and Adjacent Stainless Steel
in Arcliive Sawple. Sample was electroetched in 104 oxalic acid,
Neg. Nos. (a) MSD-182232; (b) MSD-182234; and (¢) MSD-18223b,

/f_‘FIU.TUBE T BRAZE

FILL TUBE~

Z_Enp PLUG LN PLUG

(@ (b)

Longitudinal section through the G-3 bottom fill-tube braze after
irradiation. Sample was electroetched in 10% oxalic acid.

Fig. 8. Condition of Fill-tube Braze after Irradiation. Neg. Nos. (a) MSD-165597 and (b) MSD-165598.
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IIT. NONDESTRUCTIVE EXAMINATION OF THE ELEMENT

After the element was removed from the thermal barrier, the residual so-
dium was removed with ethanol and the nondestructive examination was begun.
Nondestructive examination consisted of visual examination, gamma scanning,
profilometry, and eddy-current scanning.

A. Visual and Photographic Examinations

The visual and photographic examinations of the element showed that its
surface was in good condition. The only significant marks on the surface were
discolorations between 3 and 17 in.
above the bottom weld. These discolora-
tions consisted of two small spots that
corresponded to the ends of the moni-
tors in the thermal barrier (Fig. 9).

No discolorations were found on the sur-
face of the upper plenum region of the
element, although temperature monitors
were also placed in this region. The
middle section (fueled region) of the
element is shown at 0 and 90° orienta-
tions in Fig. 10.

The maximum bow of the element, as

Fig. 9. Discolorations on G-3 Element Cladding 8 in. : i
: determined from photographs at a magni-

above the Bottom of the Capsule. The dis-

colorations correspond to the position of the fication of 1X, was 0.16 £ 0.0l in. at
temperature monitors located adjacent to the an orientation 120° clockwise from the
cladding in the thermalbarrier (mirror image). 0° orientation looking down on the top
Neg. No. MSD-163773. of the element, or ~180° opposite the

bow of the capsule. The maximum bow
occurred approximately 30 in. above the bottom of the capsule. The element bow
indicates that the element was in interference contact with the thermal barrier
at room temperature. However, a bow of this magnitude over the length of the
element is not considered severe.

UPPER BLANKET CORE REGION LOWER BLANKET
CORE TOP CORF ROTTOM

ELEMENT G-3, 0° Orientation

UPPER BLANKET CORE REGION LOWER BLANKET
CORE TOP ELEMENT G-3, 0° Orientation CORE BOTTOM

Fig. 10, Fueled Region of the G-3 Element (mirror image). Neg. No. MSD-168571.
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B. Gamma Spectroscopy

Gamma spectroscopy was performed on the element with a lithium-drifted
germanium (Ge-Li) crystal scintillation detector located external to the AGHCF.
During gamma spectroscopy of an element, the gamma rays are collimated through
a 4-ft-long collimator with a l-in.-long variable height (0.01-0.084 in.) slit.
The slit opening is covered with a thin aluminum disk to maintain the alpha
barrier of the cell. A pulse-height analyzer (4096 channels) and an analog-
digital converter are used to convert the signals from the scintillation
counter into counts in the energy bands defined by the channels. Each channel
represents an energy increment of 50 keV.

Gamma scanning of the element at the AGHCF was initiated on Oct 5, 1972,
218 days after the end of irradiation in EBR-II. Extensive gamma scanning had
been performed on the G-3 capsule during the X094 interim examination at the
HFEF. However, at that time the activity level of the element was so high that
the 137Cs activity could not be distinguished from the background noise. After
218 days of decay time, the 137Cs peak was quite prominent. The results of
continuous scans of the element are summarized in Fig. 11. The results of
scans for the nonvolatile fission products showed no unusual features except
that a gap was apparent between the bottom pellet and the next pellet above.
The scan for 137Cs showed a peak near the top of the lower blanket, a sharp
peak in the gap between the bottom and the next pellet, and a peak near the
bottom of the upper blanket. The 137¢g peaks in the blanket regions are not at
the exact fuel-blanket interfaces. The peak in the upper blanket is ~1/4 in.
from the interface, and the peak in the lower blanket is ~1/10 in. from the
lower interface.

GROSS ACTIVITY

95ZIRCONIUM ACTIVITY
| . f. A ;

‘ 7 . s N ‘\,(*.‘ AES ke ¥ /o i

\«I‘M\/wa‘ Pl "‘v“rm/"‘»mw"-w% N\Y’*J W WS AL

i - - 137CESIUM ACTIVITY

e ey - - el T T

| g g ~ o] csng ]
UPPER BLANKET CORE REGION LOWER BLANKET

Fig. 11. Continuous Gamma-scanning Results in the Fueled Region of Element G-3. Note the Cs ac-
tivity peaks at the top and near the bottom of the fuel column. Neg. No. MSD-165629,
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C. Profilometry

Diametral measurements were performed on the element using a contact-type
profilometer with an accuracy of *¥0.0002 in. Measurements were made at orien-
tations of 0, 45, 90, and 135°, and each was checked by duplicating the mea-

surements after the element was rotated 180°.

" The results of the profilometry measurements are shown in Figs. 12 and 13.
The measured maximum diameter was 0.3008 in. at ~7 in. above the bottom of the
core in the 90° orientation. The maximum average (of the four azimuthal orien-
tations measured) diameter was 0.3006 in. The average measured diameter for

the upper and lower blanket regions was 0.3003 in. Preirradiation measurements

A S S L L R R O S
— POSTIRRADIATION PROFILOMETER, 0° ORIENTATION
=== POSTIRRADIATION PROFILOMETER, 90 ORIENTATION
O PREIRRADIATION MICROMETER, 0° ORIENTATION
0 - PREIRRADIATION MICROMETER, 90" ORIENTATION
BGTTOM For
LOWER CORE REGION —LUPPER
c BLANKET BLANKET
E:; UO2 PELLETS MIXED-OXIDE PELLETS (85 % U02-15% Pu0z) Uo»
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s
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Fig. 12. Results of Diametral Measurements on the G-3 Element at 0 and 90°
Azimuthal Orientations. Neg. No. MSD-165630.
(LR | A S Vi A o L B [ 0 (B [ O 5 o [ i 2L a0 [ e oy T
—— POSTIRRADIATION PROFILOMETER,45° ORIENTATION
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Fig. 13. Results of Diametral Measurements on the G-3 Element at 45
and 135° Azimuthal Orientations. Neg. No. MSD-165663.
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of the element were made at ORNL using a micrometer. These measurements showed
a fairly uniform diameter of 0.3000 in. over the entire length of the fueled
region. The temperature of the element was not measured at the time the post-
irradiation diameter measurements were made, but experience with elements at
similar burnups indicate that a postirradiation surface temperature of ~75°C
could be expected. Therefore, a correction of ~0.2 mil should be subtracted
from the postirradiation measurements to account for the thermal expansion of
the element cladding. These results indicate a maximum change of 0.2% if the
temperature correction is ignored and ~0.13% if the postirradiation measure-
ments are corrected for thermal expansion.

D. Eddy-current Inspection

The element was inspected by means of an eddy-current tester with the
capability to detect defects in the cladding ID and OD. The system utilizes a
point probe that covers ~18° of the circumference of the element. The entire
element was tested by scanning at 15° azimuthal intervals. At present, the
results of this method of testing the cladding are qualitative, since the re-
sponse of the device to defects produced by fission-product attack of the clad-
ding are much greater than the response to discrete tlaws machined into tubing
as calibrated defects. The results of eddy-current scans of the element at 0
and 180° orientations are shown in Fig. 14. These scans are quite similar to
the scans made at the other orientations. These results indicate that attack
of the cladding has occurred in the element from 2-1/2 in. above the bottom of
the fuel column to the top of the fuel column. The response of the device
indicates that attack on the order of several mils has occurred; however, sub-
sequent metallography at the bottom, 3-3/8, 6-7/8, 10-3/4 in. above the bottom,
and at the top of the fuel column shows ~0.0003 in. of uniform attack in all
regions except at the bottom. No attack was observed at the bottom ot the tuel

calumn

OUTER CLADDING SURFACE

———e e ——

EDDY-CURRENT SCAN AT 180° ORIENTATION
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INNER CLADDING SURFACE

OUTER CLADDING SURFACE

EDDY-CURRENT SCAN AT 0° ORIENTATION
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INNER CLADDING SURFACE

LOWER BLANKET REGION MIXED-OXIDE FUEL REGION UPPER BLANKET REGION
=3 B P a i i b K} -t t').".",'.‘,",'E. B
BOTTOM OF FUEL COLUMN TOP OF FUEL COLUMN

Fig. 14. Results of Eddy-current Testing of the G-3 Cladding after Irradiation. Neg. No.MSD-166499.
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IV. DESTRUCTIVE EXAMINATION

Destructive examination of the G-3 element consisted of gas sampling and
analyses, flow testing, and ceramographic and metallographic examinations.
The testing and sample-preparation procedures as well as the results of these
examinations are described.

A. Gas Sampling and Analyses

The gas was removed from the element by drilling into the plenum region,
transferring it to an evacuated gas measuring and sampling apparatus, and the
pressure was measured in a known volume. These measurements showed that the
element contained a total volume of 58.5 ml of gas at STP. The results of
mass spectrometry of a sample of this gas are given in Table II. The gas
analyses showed a helium content of 33.9% or a volume of 19.8 ml helium at
STP. The plenum volume of the element was determined to be 22.1 ml by back
filling the element with the cell atmosphere and repeating the gas-volume
measuring operation. The discrepancy between the helium volume and the volume
of the element plenum could arise from seal welding in a negative pressure
glovebox and at an elevated temperature in the vicinity of the weld.

TABLE II. G-3 Gas Analyses

1
A. Gas Composition

Volume Volume
Gas Volume, % at STP, ml Gas Volume, 7% at STP, ml
H, <0.1 <0.06 A 0.2 012
He 33.9 19.8 co, <0.1 <0.06
H,, CO 0.09 0.05 Kr 9.2 5.3
2 0.01 0.006 Xe 56.5 ' 331

B. Isotopic Analyses

Isotope Volume, % Isotope Volume, 7%
83 15.0 1313, 15.2
84gy 26.9 _ 132y, 22.4
85k, 6.7 134y, 34.2
86k, ’ 51.4 136x, 28.2

The 5.3 ml of Kr and 33.1 ml of Xe found in the element represent a gas
release of ~64%. This release is based on a generation of 0.2055 ml of fis-
sion gas per gram of fuel, (U,Pu)02, per percent burnup. The average burnup
for G-3 was estimated as 2.6%. The release of 64% of the fission gas is in
good agreement with other data from oxide elements with similar fuel densities
and power ratings.
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B. Flow Tests

Helium was permitted to flow through several regions of the element to
determine whether blockages had occurred during irradiation. The apparatus
shown in Fig. 15 was used to measure the differential pressure and flow of
helium introduced into the element through small holes drilled in the
cladding. The regions of the element that were tested and the entrance and
exit points for the gas are listed in Table III. The results of the flow
tests, given in Table IV, show that, at room temperature, a relatively free
gas flow was evident in the element, except at the ends of the fuel column.
The top and bottom fuel-blanket interface regions permitted a helium flow of
only 0.3 ml/sec at a differential pressure of ~50 in. of water.

C. Ceramographic and Metallographic Examinations

The ceramographic and metallographic examinations of samples cut from
the element constituted a major portion of the destructive examination. These¢
examinations entailed sectioning the element, preparing samples, and
performing optical microscopy and electron-microprobe analyses of the fuel and
cladding. The element was cut into specimens (Fig. 16), using a slow-speed
silicon carbide cutoff wheel. Three transverse and two longitudinal sections
were placed in electrically conducting mounts and prepared for optical
microscopy and electron-microprobe analyses. During the sectioning operation,
specimens were also cut for burnup analyses (temperature determination using
the release of 85Kr from the recoil layer of the cladding) and biaxial stress-
rupture tests. The experimental determination of the cladding temperaturc was
performed at GA; the results are not included in the present report.

°
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Fig. 15. Flow-testing Apparatus Used to Determine Helium Flow Rates
through Several Axial Regions of G-3. Neg. No. MSD-63996.
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Gas Flow Paths for G-3 Flow Test?

Gas In

Gas Out

TABLE III.
Test
Number Location
1 Plenum and Charcoal
Trap Region
2 Blanket Region
3 Top Fuel-blanket
Inter face
4 Fuel Colummn
5 Bottom Fuel-blanket
Interface

~23-1/2 in. above
reference point

~18-3/8 in. above
reference point

~17-5/8 in. above
reference point

9-1/2 in. above
reference point

4-1/8 in. above
reference point

~36-7/8 in. above
reference point

23-1/2 and
36-7/8 in. above
reference point

18-3/8, 23-1/2,
and 36-7/8 in.
above reference
point

17-5/8, 18-3/8,
23-1/2 and
36-7/8 in. above
reference point

9-1/2, 17-5/8,
18-3/8, 23-1/2,
and 36-7/8 in.
above reference
point

8Reference point is located 17.265 in. above

the bottom of the element, in-

cluding the end fitting.
TABLE IV. Results of G-3 Flow Tests:

Test Pressure, Flow Rate,
Number Location in H,0 ml/s
1 Plenum and 2 3.0

Charcoal-trap 4 6.6

Region 6 9.7

8 12.5

10 1553

20 28.3

30 39.8

2 Blanket Region 1.3 9.3
10.5 1.6

28.2 4.5

41.8 6.7

49.0 8.0

3 Top Fuel-blanket LA 0.2
Inter face 50 0.3

4 Fuel Column via 01 0.3
Central Hole 0.3 1.7

0.7 4.7

1.3 9.8

2.4 h 7

3.7 25:..3

35 33.8

7.4 42.1

5 Bottom Fuel- 12 0.2
blanket 48 0.3

Interface
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Fig. 16. Cutting Diagram for the G-3 Element. Neg. No. MSD-166495.

The samples for microscopy were prepared in the Materials Science Divi-—
sion's AGHCF using Buehler slow-speed grinding and polishing machines with
Whirlimet attachments. The samples were ground using 320- and 600-grit sili-
con carbide papers and were polished using 3 and 1 ym diamond paste. Hyprez¥
was used as the coolant in the grinding and polishing steps. The samples were
cleaned between preparation steps in ultrasonic baths containing ethanol. The
cladding was electrolytically etched using 5% HCl in methanol at 10 V. The
hot-cell atmosphere was nitrogen that contained <100 ppm oxygen aud ~50 ppm
water.

Microscopy of the samples included a series of examinations in the fol-
lowing sequence:

1 Optical microscopy in the as-polished condition was performed on all
samples. This included making a composite of eacli section at a magnification
of 50X, photo—- graplhiiung areas of intecrcst at magnifications of 250 and 500X,
photographing regions of the fuel under polarized light, and determining the
radial porosity distribution of the fuel.

2 Electron-microprobe analyses were performed on the bottom longitu-
dinal section, the middle transverse section, and the top longitudinal section.
These examinations included attempts to determine the radial distribution of
U, Pu, Cs, I, and Te, the composition of selected fission-product inclusions,
the composition of the fuel phase adjacent to the cladding, and the composi-
tion of the cladding where fission~product allack has occurred.

3 Optical microscopy of the cladding after it was etched.

4. Microhardness measurements on the cladding.

*Hyprez is a trade name for a kerosene-base liquid that does not react with alkali metals,
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D. Results of Ceramographic Examination

The as-polished longitudinal and transverse sections of the element are
.shown as composite photographs in Figs. 17 through 21. These sections show
that the fuel has restructured to produce the usual three radial zones, the
columnar-grain zone, the equiaxed-grain zone, and the unrestructured zone.

The dimensions of the zones are given in Table V. The most striking result
revealed in the composites was the closing of the central hole (the fuel was
fabricated with a 0.059-in.-diam central hole) near the top and bottom fuel-
blanket interfaces. The fuel has also expanded to close the original 0.0035-in.
diametral gap between the fuel and the cladding and is essentially in contact
with the cladding over the entire length of the fuel column.

Fig. 17. Composite of the Bottom Longitudinal Section of the G-3 Fuel Column
in the As-polished Condition. Neg. No. MSD-165604.



Fig. 18. Composite of the Transverse Section 3-3/8 in. above the
Bottom of the G-3 Fuel Column in the As-polished
Condition. Neg. No. MSD-165608.

Fig. 19. Composite of the Transverse Section 6-17/8 in. above the
Bottor of the G-3 Fuel Column in the As-polished
Condition. Neg. No. MSD-165607.

i



Fig. 20. Composite of the Transverse Section 10-3/4 in. above the
Bottom of the G-3 Fuel Column in the As-polished
Condition. Neg. No. MSD-165605.

Fig. 21. Composite of the Top Longitudinal Section
of the G-3 Fuel Column in the As—polished
Condition. Neg. No. MSD-165601.

6¢



TABLE V. Metallographic Data for Zlement G-3

Axial Cladding ID Diameter of Diamet2r of Diameter of
Sample Position,? Temperature, Central Colimnar-grain Zone, Equiaxed-grain Zone,
Number Sample Type in. *C Hole, mils i, in.
91A-5 Longitudinal Bottom 590 49 max 0.140 0.189

Closed, minP

91A-9 Transverse 3-3/8 665 64 max 0.177 0.197
91A-13 Transverse 6-7/8 700 72 max 0.183 0.201
91A-15 Transverse 10-3/4 690 63 max 0.173 0..195
91A-19 Longitudinal 13-1/2 670 49 max 0.141 0.183

Closed, minP

9z

8Distance above the bottom of the ccre.
The central hole appeared to have been closed by fuel-vapor deposition near the fuel-blanket interface.
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Metallic fission-product inclusions were distributed throughout the
columnar- and equiaxed-grain zones. These fission-product inclusions were
relatively few in number and were so small in size that their composition
could not be determined with the shielded microprobe.

The typical microstructure of the three zones in the fuel at the reactor
midplane are shown in Figs. 22-24. These figures show an area from each of
the three zones in the as-polished condition under polarized light and normal
incident light. The individual grains are apparent in the photographs made
with polarized light but not in those taken with normal illumination. The
variations in grain size from quite small grains in the unrestructured zone to
the large elongated grains in the columnar-grain zone are evident.

(b)

Fig. 22. Outer Edge of Fuel at the Midlength of the Fuel Column of
Elemeut G=3. Tlis area is typical of the unrestructured
zone of the fuel. The sample was in the as—polished con-
dition. (a) Normal bright-field Illumination. Neg.

No. MSD-164920; (b) Polarized-light Illumination. Neg.
No. MSD-164921.
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(b)

Fig. 23. Typical Area of Equiaxed Zone at the Midlength of the Fuel
Column of Flement G-3, The sample was in the "as—
polished" condition, (a) Normal Bright-[ield Illumination.

Neg, No, MSD-164922; (h) Polarized-light Tllumination.
Neg. No. MSD-164923.
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Fig. 24. Typical area of the Columnar-grain Zone at the Midlength
of the Fuel Column ot Element G-3. 'I'he sample was in the
"as-polished" condition. (a) Normal Bright-field Illumination.

Neg. No. MSD-164924; (b) Polarized-light Illumination.
Neg. No. MSD-164925.
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E. Fuel-density Determination

The density of the fuel in the metallographic sections was determined
using a Quantimet image analyzer. The measurements were made by projecting an
image of the fuel microstructure on a vidicon scanner. Features in the micro-
structure can then be detected according to their gray level. The threshold
of detection is selected by the operator and the area corresponding to that
gray level is calculated by the computer portion of the system.

The Quantimet measurements of the void area have an error of *27 as de-
termined by calibrating the instrument with UO, specimens of known density at
a magnification of 250X. The main source of error in the measurement was the
result of operator judgment being required to set the threshold of detection,
which in turn, affected the detected void size. The threshold of detection did
not change during a traverse across the fuel radius. Therefore, the measure-
ment of the relative density across a specimen was more accurate than the mea-
surement of density from specimen to specimen. Other factors affecting the
accuracy of the measurement were the extent of fuel pullout during sample prep-
aration and the presence of large cracks in the fuel. Both of these errors
were difficult to quantify, but they could be minimized by careful selection of
the radii to be traversed and careful sample preparation. It should be noted
that both of these errors tend to make the measured density less than the ac-
tual density.

The percent of fuel density, measured at a magnification of 200X for the
G-3 sections is shown in Figs. 25-27. The densities shown for the transverse
sections are the average of two radial traverses. The traverses were selected
as those representative of the general fuel structure. Large cracks and any
areas of fuel pullout were avoided. The fuel densities for the longitudinal
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core bottom. Neg. No. MSD-64128.

sections were obtained from a single diametral traverse across the fuel at the
fuel bridge near the ends of the fuel column. Since cracks in the fuel could
not be avoided during these traverses, low-density values (55%) appear in the
density distributions. The cracks are particularly evident for the bottom

longitudinal section.

The generally low-density values for the 10-3/4-in. section, when compared
with the other sections, are substantiated by a qualitative indication of greater
porosity on the composite photograph at a magnification of 40X. The lower den-
sity may reflect the lower power rating in this region or a pellet-to-pellet
variation in the as-fabricated density. Otherwise, these density distribution

results showed no unusual trends.

F. Burnup Determination

Based on interpolation between measured values, the peak burnup of the
element was ~2.8 at. %. Burnup determinations were made with both 148Nd and
13912 as the burnup monitors. The Nd and La internal spikes were added to the
same aliquot and run simultaneously on the mass spectrometer. The burnup
values reported by Ebersole3 for both monitors are given in Table VI.
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TABLE VI. Burnup Determinations

Measured Burnup,

Sample Distance above 8. &
Number Core Bottom, in. 148pngqa 1397 b
91A-7 1«5 2.26 2.28
91A-12 6.4 2.61 2.67
91A-18 13.0 2 .14 2.12

aNd fission yields for 235U and 23%Pu were 1.63 and
1.70, respectively.

bra fission yields for 235y and 23%py were 6.30 and
5.8, respectively.

G. Electron-microprobe Analyses of the Fuel

Electron-microprobe examinationes were performed on three scctions of the
fuel (the transverse section from the reactor midplane and the top and bottom
longitudinal sections). Attempts were made to determine the distribution of
the volatile fission products Cs, Te, and I in these sections. The quantities
of these fission products in the bottom and midplane sections were below the
detection limits of the shielded microprobe. In the top longitudinal section,
a small quantity of Cs was detected in the gap between the fuel and cladding.
Tellurium and iodine were not detected.

The radial distribution of Pu in the fuel was determined by point count-
ing at ~0.0l-in. intervals trom the central void to the outer edge. For each
section, the high density fuel near the central void was used as an internal
standard. The maximum counting deviations were 1.8 and 0.8% for Pu and U, re-
spectively, in this "standard." Relative concentrations of Pu and U were cal-
culated from the ratio of the net counting rate at each location to the average
for the respective standards. These relative concentrations were then normal-
ized by assuming a fuel composition of 15 wt % Pu0,-85 wt 7% UO, in the unre-
structured zone.

The Pu distribution results for the top, bottom, and midplane of G-3 are
shown in Figs. 28-30. The radial traverses across the fuel pellets (circles in
the figures) indicate a segregation of Pu toward the central void which results
in fuel containing ~19 wt % PuO, adjacent to the central void. The mid to outer
region ot the columnar—grain zone and the inner half of the equiaxed-grain zone
were slightly depleted in Pu as a result of actinide redistribution. The acti-
nide distribution in the material that was transported to the central hole at
the top and bottom of the fuel column during irradiation was also determined.
These results (triangles in the figures) show that the material filling the cen-
tral hole at the bottom of the fuel column had a distribution (Pu content versus
distance from the central void) quite similar to the radial distribution of the
pellets. The Pu content in the fuel filling the central void at the top of the
fuel column was depleted in Pu, particularly near the inner edges of the de-
posited fuel, which is the reverse of that observed in the pellets.
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H. Fuel-Cladding Chemical Interaction

Cladding attack was obscrved in all metallographic sections cul [rom Lhe
element, except the bottom longitudinal section. The attack in the section
3-3/8 in. above the bottom of the fuel column was limited to a few isolated
areas around the circumference of the fuel. In the other specimens (6-7/8,
10-3/4, and the top specimen), the attack was quite uniform and was present on
the entire inner surface of the cladding. Optical metallography of the samples
in the as-polished condition revealed that the attack extended ~0.3 mil into
the cladding, as shown in Fig. 31. This depth of attack is equal to the range
of fission-product recoil into the cladding. However, electron-microprobe ex-
amination has shown that the affected region in the cladding is characterized
by a depletion of Cr and the presence of Cs. The results of electron-microprobe
analyses on a typical area of attack near the top of the fuel column are shown
in Fig. 32. These x-ray images for the cladding components, Cs, and the fuel
components show that Cs has concentrated in the porous, Cr-depleted inner edge
of the cladding and along the outer edge of the fuel.
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Fig. 31. Attack at the ID of the Cladding in Element G-3. Sample was as-polished. (a) Fuel midplane trans-—
verse section. Neg. No. MSD-164844; (b) Area 10-3/4 in. above fuel bottom transverse section. Neg.
No. MSD-164848; and (c) Near top of fuel longitudinal section. Neg. No. MSD-164852.
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I. Cladding Microstructure

The cladding of the three transverse metallographic specimens was electro-
etched with 5% HCl in methanol. The cladding microstructures are shown in
Figs. 33-35. The cladding 3-3/8 in. above the bottom of the fuel column oper-
ated at ~665°C at the ID and ~625°C at the OD. The microstructure was charac-
terized by the presence of fine carbide precipitates evenly distributed along
grain boundaries and twin boundaries. At the reactor midplane, the cladding
operated at ~700°C at the ID and ~660°C at the OD. The microstructure in this
region was characterized by carbides in the grain and twin boundaries in the
outer half of the wall thickness. Near the ID of the cladding, the precipi-
tates coalesced into individual particles that could be resolved at a magnifi-
cation of 180X. These particles were apparent throughout the entire wall
thickness in the sample taken 10-3/4 in. above the bottom of the fuel column.
However, they have not been positively identified, but probably are precipi-
tates of intermetallic compounds, i.e., sigma, chi, or eta particles.

The etched structure indicates that the grain boundaries at the ID of the
cladding have been altered slightly, particularly in the section 10-3/4 in.
above the bottom of the fuel column. These results may indicate that fission
products have migrated deeper into the grain boundaries than was apparent from
the attack observed in the as-polished condition. However, it is not uncommon
to observe grain boundaries at the surfaces of the cladding that are affected
by sample preparation and limits of optical microscopy due to, for example,
surface rounding.
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Fig. 33. Cladding Microstructire in the Transverse Section 3-3/8 in. above the Bot:om of the Fuel Column. The
sample was electroetched in 5% HC1 in methanol. (a) Cladding cross section. Neg. No. MSD-164917;
(b) Cladding OD. Neg. No. MSD-164919; and (c) Cladding ID. Neg. No. ¥.SD-164918.
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Fig. 34. Cladding Microstructure in the Transverse Section €-7/8 in. above the Bottom of the Fuel Column. The
sample was electroetched in 10% HCI in methanol. (a) Cladding cross section. Neg. No. MSD-169712;
(b) Cladding OD. Neg. No. MSD-169715; and (c) Cladding ID. Neg. No. MSD-169713.
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Fig. 35. Cladding Microstructure in the Transverse Section 10-3/4 in. above tae Eottom o: the Fuel Column. The
sample was electroetched in 5% HC1 in m=thanol. (a) Claddir.z cross seztion. Neg. No. MSD-164932;
(b) Cladding OD. Neg. No. MSD-164934; and (c) Cladding ID. N23. No. MSD-164933,
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V. DISCUSSION OF RESULTS

The postirradiation examination of element G-3 from the F-1 series of ele-
ments revealed few unique or unusual features. One of the most striking fea-
tures was the observation of fuel material that filled the hole in the annular
pellets at the top and bottom of the fuel column. Electron-microprobe analyses
show that the actinide distribution in the material in the central hole at the
bottom of the fuel column is similar to the distribution in the typical fuel in
the remainder of the element. -However, the material in the central hole at the
top of the fuel column had a lower Pu content and an inverted distribution, when
compared with normal fuel. The Pu distribution in the fuel at the centerline
near the bottom of the column was similar to the normal pellets, which may indi-
cate the lower plug formed from fuel chips that collected at the bottom of the
central void early in the life of the element. The chips may have spalled from
the inner walls of the annular pellets during early power changes. The plug in
the central void at the top of the fuel column may have formed by vapor deposi-
tion from the fuel. The higher vapor pressure of vo,, in contrast to Pu0,,

- would then account for the reduced Pu content in this material. Additional

information on the mechanism of the formation of the material in the central
hole will be obtained during the examination of other elements from the F-1
series at higher burnups.

The gamma scanning showed that the volatile fission product 137Cs had
migrated toward the ends of the fuel column. Previous examinations“ showed 1311
had a similar axial distribution and that 137Cs and 1311 were concentrated at
the OD of the fuel. Electron-—microprobe analyses of sections of the element
from the top, bottom, and midlength of the fuel did not indicate significant
quantities of the volatile fission products. A close examination of the sec-—
tioning diagram shows that the sections examined were from areas where gamma
scanning indicated low levels of 137Cs. The large !37Cs peak in the G-3 element

was in the gap between pellets above the bottom fuel pellet. The bottom longi-

tudinal section included -only the lower portion of the bottom pellet. 1In all
other regions of the element, it is likely that the concentrations of Cs in the
fuel were below the detection limits of the electron microprobe. In fact, 137Cs
concentrations sufficient for detection were found only at the fuel-cladding
interface in the top longitudinal.section.

Another noteworthy feature observed in the G-3 was the minimal extent of
cladding attack, Optical metallography and microprobe analyses showed that the
depth of cladding attack was ~0.0003 in. The nominal depth for damage from
fission-product rccoil in etainless steel and iron is ~0.00025 in,5:6 The
electron-microprobe results show the presence of Cs and a depletion of Cr in the
affected zone of the cladding, which indicates that a chemical change has
occurred. A gray phase, which has the appearance of an oxide, is also present
in the attack zone. These factors indicate that the affected zone in G-3 is by

" cladding attack rather than by fission-product recoil.
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VI. CONCLUSIONS

Results of the postirradiation examinations of element G-3 showed that the
element was in good condition after ~2.8 at. % burnup at peak cladding tempera-
tures of 690°C. Diametral changes were quite small (<0.2% AD/DO), and the clad-
ding attack was minor (~0.0003 in.). A potential problem area was the strong
axial migration of the volatile fission products to the ends of the fuel column.
A mode of fuel-element failure, as identified by Lambert et al.,’ involves the
expansion of hyperstoichiometric depleted UO2 pellets caused by the reaction of
Cs with the pellets to form Cs UO The volume expansion causes de formation of
the cladding by mechanical 1nteract10n This is not considered to be a serious
problem because the reaction can probably be prevented by adjusting the O/M of
the pellets to the stoichiometric ratio or compensated for by allowing space in
the element that will accommodate the expansion.
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