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Summary

The Tritium Production Core (TPC) Topical Report (unclassified, non- proprietary version)
(Westinghouse 1999) identified steps to be taken by the U.S. Department of Energy, Tennessee Valley
Authority (TVA), and Pacific Northwest National Laboratory (PNNL) to monitor and evaluate
performance of 32 tritium-producing burnable absorber rods (TPBARs) during and after their irradiation in
four lead test assemblies (LTAs) in cycle 2 of the Watts Bar Nuclear Power Plant (WBN). This report
documents the monitoring and evaluation that was performed.

As part of a Department of Energy project, a confirmatory demonstration of the performance of
TPBARSs, TVA contracted to irradiate four LTAs for one reactor operating cycle in the WBN. Thirty-two
TPBARs were fabricated by PNNL in the summer of 1997 and shipped to the Westinghouse Fuel
Fabrication Facility in Columbia, South Carolina, where four LTAs, each with eight TPBARs, were
assembled and then shipped to WBN for irradiation. The U.S. Nuclear Regulatory Commission issued a
license amendment on September 15, 1997, authorizing WBN to irradiate the four LT As for one operating
cycle. The LTAs were placed in the WBN core on September 25, 1997. WBN achieved full power on
October 17, 1997, and operated with the LTAs until February 27, 1999. The LTAs were removed from the
WBN core on March 8, 1999, and from their host fuel assemblies on March 19, 1999, when they were
placed in transportation arrays in the WBN spent fuel pool. From July to September 1999, the LTAs were
individually shipped from WBN to Argonne National Laboratory-West (ANL-W), located on the Idaho
National Engineering and Environmental Laboratory site near Idaho Falls, Idaho. Nondestructive
postirradiation examinations were conducted on all 32 TPBARs at ANL-W. Four TPBARs were then
shipped in December 2000 from ANL-W to PNNL for destructive postirradiation examination.

Overview

Based on monitoring performed during the 17-month irradiation in WBN and the subsequent
postirradiation examinations, the TPBARs performed as expected during irradiation. WBN experienced
no difficulties during the cycle attributable to the L TAs. Evaluation of the tritium concentrations in the
reactor coolant determined that the LTA irradiation met its design goal of releasing less than 6.7 Ci per
TPBAR per year. Following irradiation and shipping for nondestructive postirradiation examination, the
TPBARSs were intact and undamaged. The nondestructive and destructive postirradiation examinations
confirmed that the TPBARSs performed as expected.

Postirradiation visual examination of the TPBARs in the WBN spent fuel pool showed no visible
indications of damage to the rods or unusual amounts of corrosion. The TPBARs were easily removed
from their host fuel assemblies and reinserted into shipping arrays, thus indicating no unusual growth,

- bow, or other physical distortion as a result of irradiation.

Nondestructive postirradiation examinations at ANL-W confirmed that the cladding of all
32 TPBARSs remained intact during irradiation and postirradiation handling and shipping. Neutron
radiography and full-length axial spectral gamma scanning confirmed the physical integrity of internal
components. Analysis of measured rod gas pressures, void volumes, and gas composition confirmed that
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the TPBAR internal components functioned as designed; that is, the tritium production was as expected
and the tritium was contained in the internal components.

Destructive postirradiation examinations were conducted at PNNL on four of the TPBARs. These
examinations included measuring lithium isotopic ratios to determine lithium burnup and tritium
production, performing tritium assays to evaluate the quantity and distribution of tritium within the
TPBARSs, performing hydrogen assays to evaluate the pickap of hydrogen from the reactor coolant,
performing postirradiation measurements of the performance of the getters, and performing optical
metallography of the components to observe visual changes in the TPBAR components. The results of
the destructive exarninations confirmed that the TPBARs performed as expected and that no changes are
required to the current TPBAR design. :

In summary, the irradiation was completed without any adverse impacts on reactor operation or on
the TPBARs, and all LTA expectations were met. All results were as expected, and no changes to the
TPBAR design are necessary as a result of the postirradiation examination data.

Performance During Irradiation and Storage

During the period of time the TPBARSs were resident in the WBN core, TV A performed weekly
monitoring of the reactor coolant for tritium concentration. Evaluation of the measured tritium
concentrations in the reactor coolant determined that the LTA TPBARs met their design goal of releasing
less than 6.7 Ci per TPBAR per year.

In preparation for shutdown of WBN from cycle 2, PNNL requésted that TVA take samples of the
spent fuel pool water and measure tritium concentration levels prior to placing the LTAs in the spent fuel
pool. This monitoring began 2 weeks before shutdown, with samples taken on a daily basis prior to
placing the TPBARS in the spent fuel pool. Monitoring of the spent fuel pool continued on a weekly
basis for the entire time the TPBARs were in the spent fuel pool (Maich to September 1999). Monitoring
showed no increase in tritium in the spent fuel pool prior to discharge and no change during the time the
TPBARSs were stored. ‘

Nondestructive Postirradiation Examinations

Nondestructive postirradiation examinations of the irradiated TPBARs were performed by ANL-W
beginning in September 1999 and were completed in June 2000. The following nondestructive
examinations were performed on all 32 TPBARs at ANL-W

® Visual examination and photography — All TPBARs were examined visually over their full length in
at least two orthogonal orientations. Handling scratches, variations in the oxide appearance, and
small amounts of reactor coolant system “crud” deposit were observed. No damage to the cladding
was observed.
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¢ Rod length, diameter, and bow measurement — Postirradiation diameters were approximately the -
same as pre-irradiation; TPBAR lengths increased approximately 0.1 inch during the irradiation,
which was less than allowed in the design; and maximum TPBAR bow was less than 0.5 inch.

e Axial gamma scanning — Axial profiles of activation products in the TPBARs confirmed the a"xial
power profile for the irradiation. Uniform gamma activities-among the TPBARs’ conﬁrmed the - -
relatlvely flat.distribution of power acr0ss the LTAs. g -

¢ Neutron radlography- All rods*were neutron radlographed over theirentire length These :

- radiographs provided:a good “picture’” of the axial Iocation and physical state of the pencﬂs.and the
absorber pellet columns. The radiographs confirmed that the internal’ components.maintained ‘their -
physical integrity during irradiation and postirradiation shipping and handling. Cracked absorber
pellets were observed, but they were maintained in position by the getter and’ 11ner ‘No’ opening of

SRRt

axial gaps bétweer: penerls or between pellets ‘was obserVed SR L

[ e
R T H

e Rod puncture — Al TPBARs were punctured v01d volume and gas pressure were measured and gas
composition was measured. Analysis of the void volumes, gas pressures, and gas composmons
confirmed the predicted tritium production; that is, trititim't productiot derived frof these dat’ agreed ‘
with the predicted tritium production. Ana1y51s of the gas, composmon also conﬁrmed that the '
internal components performed their functlon of retalmng the tntlum P

+

Destructive Postirradiation Examinations

Four TPBARs were cut into three ségmeiits éach by ANL-W #nd then-shipped to PNNL in December
2000. The destructive exaniinations weré‘performed by PNNL béginning in Jahuary 2001 and completed
in March 2002; ‘One TPBAR 'was exteilsively'examined along its full fength while confirmatory
measurements were thade on thé other three TPBARs. The’ followmg destructive exarmnatlons were
performed on the four TPBARs at PNNL: - :

e Assay for lithiom isotopic ratio — The results were used to evaluate lithium burnup and tritium -
production and confirmed the expected tritium production derived from the analysis of TPBAR void
volumes, gas pressures, and gas compositions.

¢  Assay for tritium concentrations in the getters, pellets, and liners — The results were used to evaluate
the distribution of tritium in the 1nterna1 TPBAR components and confrrmed the retentlon of the
tritium in the TPBAR components.

¢ Assay for hydrogen concentrations in the getters and liners — The results were used to evaluate the
ingress of hydrogen from the reactor coolant and confirmed that hydrogen pickup by the TPBARs
was below the upper bound set by the design.

¢ Assay for helium concentration in the pellets — The results were used to refine the tritium production
calculations.



® Measurement of the hydrogen pickup rate of irradiated getters — The results confirmed that the
end-of-irradiation performance of the getters met the design requirements.

* Optical metallography and scanning electron microscopy — The results confirmed that no unexpected
microstructural changes occurred during the irradiation.

" The results from the destructive postirradiation examinations were as expected and showed that the
performance of all four examined TPBARs was consistent.

Evaluation of the nondestructive and destructive postirradiation examination data shows that the

performance of the TPBARs met the design goals and assumptions. No changes to the current TPBAR
design are indicated from the postirradiation examination data.
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Acronyms and Abbreviations

Term Definition

ANL-W Argonne National Laboratory-West
Ar argon

ATR Advanced Test Reactor

cc cubic centimeter

CFFF Columbia Fuel Fabrication Facility
Ci curie

Cl chlorine

Co cobalt

DE destructive examination

EOL end of life

F fluorine

g gram

GASR Gas Analysis, Sample, and Recharge (system)
H hydrogen

He helium

HLRF High Level Radiation Facility

ID inside diameter

Li lithium

LiAlIO; lithium aluminate

LTA lead test assembly

mg milligram

mm millimeter

N nitrogen

Nb niobium

NDE nondestructive examination

NIST National Institute of Standards and Technology
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Term

Definition

oD
PIE
PNNL
psia

STP

THO
TPBAR
TPC
TTQP

WBN
Zr

um

outside diameter

postirradiation examination

Pacific Northwest National Laboratory
pounds per square inch absolute
standard temperature and pressure
tritium

tritiated water

tritium-producing burnable absorber rod
Tritium Production Core (topical report)
Tritium Target Qualification Project
Tennessee Valley Authority

Watts Bar Nuclear (power ﬁlant)
zirconium

micrometer
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1.0 Introduction

The Tritium Target Qualification Project (TTQP) at the Pacific Northwest National Laboratory
(PNNL) supports the U.S. Department of Energy’s Tritium Production Project to demonstrate and qualify
the fabricability and viability of the getter-barrier design concept for tritium-producing burnable absorber
rods (TPBARSs) irradiated in a light-water reactor.

Thirty-two TPBARSs were fabricated by PNNL in July 1997 for irradiation in four lead test assemblies
(LTAs), each containing eight TPBARs. The U.S. Nuclear Regulatory Commission issued a license
amendment on September 15, 1997, authorizing the Tennessee Valley Authority’s Watts Bar Nuclear
(WBN) Power Plant to irradiate the four LTAs for one operating cycle. The four LTAs were attached to
baseplates at Westinghouse’s Columbia Fuel Fabrication Facility (CFFF), inserted into host fuel
assemblies, and then shipped to WBN for irradiation in cycle 2. After the irradiation, the LTAs and their
host fuel assemblies were removed from the core and placed in the spent fuel pool. The L TAs were then
transferred to transportation arrays and shipped to Argonne National Laboratory-West (ANL-W)at the
Idaho National Engineering and Environmental Laboratory site near Idaho Falls, Idaho. At ANL-W, the
LTAs were unloaded into the Hot Fuels Examination Facility and disassembled into the 32 individual
TPBARS; then the 32 TPBARs were nondestructively examined. Four TPBARs were segmented by
ANL-W into three pieces each for shipment to PNNL for destructive examination.

Test plans and specific requirements for the nondestructive and destructive postirradiation
examination (PIE) of the LTA TPBARs were defined in several documents.! Table 1 and Table 2 list the
required examinations, results to be obtained, and testing requirements to be met.

Two classified reports present the complete results of the postirradiation examinations. The
nondestructive examination (NDE) data collected by ANL-W are reported in detail in the classified
report, PNNL-TTQP-3-528, Evaluation Report on Nondestructive Examination of LTA TPBARs (U)
(Lanning and Cunningham 2001). A review of the NDE data combined with a complete compilation of
the destructive examination (DE) data and analyses and interpretation of all the PIE data are presented in
the classified report, PNNL-TTQP-3-542, Results of Nondestructive and Destructive Examinations on the
LTA TPBARs (U) (Lanning et al. 2002).

This unclassified report describes the NDE and DE methodology, presents unclassified excerpts of
the NDE and DE data, summarizes the data analyses, and presents unclassified conclusions based on all
PIE results. The remainder of this section of the report describes the fabrication and irradiation of the
LTA TPBARs. Section 2.0 describes the NDE methodology and presents the NDE data. Section 3.0
describes the methodology and analysis of the DE data and presents unclassified excerpts of assay data.
A description of the optical metallography is presented in Section 4.0. Conclusions are presented in
Section 5.0.

! Classified documents that identify requirements for the nondestructive and destructive PIE are PNNL-TTQP-3-511,
Test Plan for Postirradiation Examination of LTA TPBARs (U) (Lanning 2000a); PNNL-TTQP-3-509, Technical
Requirements Document for the Nondestructive Examination of the LTA TPBARs by ANL-W (U) (Lanning 2000b);



Table 1. Nondestructive Examinations

Examination - Results Testing Requirement
: Addressed

Visual Examination | General condition, surface anomalies | Verification of no bulk
boiling and of TPBAR
surface condition

Neutron Nondestructive view of rod internal | Physical stability of
Radiography components : components, especially

' pellets
Size of axial gaps
Presence or absence of liquid
water

Rod Metrology Length, diameter, deviation from Dimensional stability of
straightness | TPBARs

Deviations from as-fabricated
dimensions

Axial Gamma Axial profiles of activation products Réla,t_jve exposure among
Scanning - I A TPBARs :

: ol o ' Location of major axial gaps
. and interfaces

TPBAR Punctare Plenum gas composition, TPBAR TPBAR integrity

and Gas Analyses void volume, and gas pressure at
time of puncture

Tritium activity

TPBAR total tritium/helium
production

PNNL-TTQP-3-527, Sectioning and Examination Plan for the LTA TPBARs (U) (Lanning 2000c); PNNL-TTQP-1-686,
Information Requirements for Postirradiation Testing of the LTA TPBARs (U) (Lanning and Gilbert 1998).
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Table 2. Destructive Examinations

Exanunatmn 2l R Results . Testing Requirement . ~|:.:Components
' S Addressed Involved
‘Lithium Isotopics | Section-average lithium | Eithium burnup and local i « = Pellets”
isotopic distribution tritium production .
Tritium Assay Tritium concentration. . | Tritium partmgn dlstrlbutum Pellets ..
' e o0l Getter ldadmg Getters';‘ :
i o HDT D ‘ 1
Liner loadmg ’ Lmers )
_ o Disks* i
Helium Assay . | He-4 coneentration Residual helium Pellets :
Protium Assay Protiumsconcentration Protium dlstrlbutlon __estltnate o Getterg ‘
4. 1| (and trpum oo o4-0f protiumingress 2 ooiLiners A ¢
concentration in metal oo, |
components) ’ :
iGetter Rate ﬁnd-of life getter rate at Getter rate on irradiated getters Getters |
“Festing -~ standardrzcd*te_st” S| U [~ T T
: PEEVESTAAS COl’fdltiOIlS ST U U S U R S \ Birt . " ’ 4 *
?’Optical N v_\_’lsual a_pgearance of Cladding permeation barrier Cladding p
.Metaliogréphy ' “ ?Ici(i)mponent nlaterials at | condition End Plug Weld
and Scanning  |.high rnf%mt}lcau.orn_. "o Getter plating condrtmn‘and 177 Getters-
.Electron 2l ! 5 _ h’ydnd'mg k% ,/"' 2
Microscopy , A HEEGY HER o »:¢ Liners
‘1 o Pellet mlcrqstructure and Pell .
caere |V damage from irradiation. cllets
e s s e [LADELOXIdALOD L e L
Weld integrity and crevice
deposits
* Not included in the current TPBAR design.

1.1 TPBAR Design

Selected nominal design parameters for the LTA TPBARs are listed in Table 3. An isometric
illustration of the TPBAR is shown in Figure 1. The getter-barrier TPBAR design features sintered,
high-density, annular, lithium aluminate pellets as the tritium-producing material, contained in special
stainless-steel cladding tubes with aluminized barrier layers to inhibit hydrogen ingress and tritium
permeation leakage. Special nickel-plated Zircaloy getter tubes are placed between the pellets and the
cladding to capture tritium released from the pellets, and Zircaloy liner tubes run along the inner bore of
the annular pellets to chemically reduce tritiated water (THO) vapor released from the pellets. The liner
tubes also contain the pellets mechanically.



Table 3. Selected LTA TPBAR Nominal Design Parameters

- Parameter

Value*. .. |

TPBAR Overall Length (inch) - : i

152.37 +0.050 =0.210-

TPBAR Length upper end plug shoulder to t1p of lower end plug
fnchy @

151.70 +0.050 -0.210

Radial Dimensions (inch)

.Cladding Outside Diameter (OD) x Inside Diameter (ID), Uncoated 0.381 x 0.336
Pellet OBxED Lo e | - 0.303 x 0.223
Liner OD x ID 0.208 x 0.200
He F111 Gas Pressure (atm absqute) : .
. L1~6 Ennchment (atom %) B s hkaelen oy
-LiAlO, Density (% theorencai dens;ty) e B o ol . 95
* PNNL-TTQP-1-1024, TPBAR Design Drawings (1) (Hagerty and Gates: 1996)1 e
i pit Ty
: e "ercaloy-4 :
ek Llner ¥
Lithium
_. Aluminate
5 . Pellet
'-$|rcaloy-4 o
; : ~ Tritium
Plate ;
o Reactor Grade
ég’g&ﬁ'&de 316 Stainless Steel

Cladding

Not to Scale

Figure 1. Isometric Section of a TPBAR

9




1.2 TPBAR Irradiation in WBN

The TPBARS were shipped from PNNL on July 23, 1997, to'the: CFFF in Columbia, South Carolina.
At this facility, elght TPBARs and 16 thimble plugs were attached to each of four hold down plates to
form four LTAs. The LTAs were then inserted into four host fuel assemblies that were placed in .
Westinghouse fuel shipping casks and sh1pped onJ uly 29, 1997, from Columb1a to the WBN plant m
Spring City, Tennessee.

The fuel assemblies with the LTAs were loaded into the WBN cote on September 27, 1997, and
irradiated in cycle 2 for 471 effective full-power days from October 8, 1997, to February 27 1999

Figure 2 shows a plot of the WBN power history during cycle 2. Flgure 3is a schematic showmg ‘the
relative orientations of the TPBARs in the LTAs and of the LTAs in the WBN core, and a correlauon
with Westinghouse’s calculation of tritiumn production. This correlation is 1mportant in comparmg
predicted and measured tritium production and lithium burnup, The symmetrical platement of the LTAs
around the center of the WBN core, and the predlcted nearly flat power distributions across the LTAs

-------- SR LT Sl Dl ey L S e e

During the irradiation of the LTAs, WBN regularly analyzed the reactor coolant for the concentration
of tritium and provided the data to PNNL. Based on its subsequent analysis of the data, PNNL concluded
that no TPBAR failed during the irradiation and that tritium permeatlon from the TPBARs into the reactor
coolant was less than the L. TA design limnit of less than 6.7 Ci per TPBAR per year (Migliore 2000).

After the shutdown of cycle 2, the 1rrad1at§;d fuel assembhes with the LTAs were removed from the
core and placed in the spent fuel pool. In preparatlon for shutdown of WBN from cycle 2, PNNL had
prior to placing the LTAs in the spent fuel poo] This monitoring began 2 weeks before shutdown, with
samples taken on a daily basis prior to placmg ‘the TPBARs in the spent fuel pool. Monitoring of the
spent fuel pool continued on a weekly basis for the entifé timé the TPBARs were in the spent fuel pool
(March to September 1999). Monitoring showed no increase in tritium in the spent fuel pool prior to
discharge and no change during the time the TPBARs were stored..

On March 19, 1999, the LTAs were removed from their host_-fuel assemblies, visually inspected, and
then placed into transportation arrays for shipmerit to ANL-W. The four LTAs were shipped individually
to ANL-W from July through September 1999.
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Figure 2. WBN Power History during Cycle 2




. LTA 8TR003 LTA 8TR0O01
Shipped to CFFF in Container TP04 Shipped to CFFF-in Container TP02
Irradiated in Fuel Assembly D55 Irradiated in Fuel Assembly D53
T0277 T0290 T0291 TO169
MO18 . MO20 : MO10 MO12
E C G i E
T0183 TO168
MO19 MO11
D F
T0210 T0260 | T0281 | T0237
MO25 MO21 | MO17 MO13
F B B H D
T0262 : T0238
MO23 MO15
H : B ,

T0225 T0217 TO171 . : -] T0256
MO24 MO22 MO16 ; MO14
G A . A ]

CL »

T0215 T0241 T0195 T0209
MO26 MO28 MO0 MO04
C A . A . G
T0202 T0207
MO27 MOO03
B H
T0266 T0165 T0205 T0263
MO33 MO29 MO09 MOO05
D H B F
T0176 T0261
MO33 MO07
F D
T0287 T0232 T0206 _T0166
MO32 MO30 MO08 MO06
E G C E
LTA 8TR002 LTA 8TR004
Shipped to CFFF in Container TP03 Shipped to CFFF in Container TP01
Irradiated in Fuel Assembly D54 irradiated in Fuel Assembly D56

Key: TOxxx = number assigned to TPBAR by TTQP
MOxx = number assigned to TPBAR by Westinghouse for tracking purposes during LTA
assembly
i = letter corresponding to assembly position in Westinghouse’s production calculations;
the DAl position is always toward the core centerine.

The 0YD corer of the fuel assemblies is always toward the northwest, which is the upper left in this schematic.
The four TPBARs identified by italics and bold (for example, T0297) were selected for DE at PNNL.

Figure 3. Schematic of LTA/TPBAR Orientation in the WBN Core during Cycle 2




2.0 Nondestructive Examinations

Activities at ANL-W consisted of unloading the LTAs in the transportation arrays from the NAC

International legal-weight truck cask, removing the TPBARs from the LTA hold-down plates, and then
performing the examinations specified by PNNL (Lanning 2000b).

The examinations conducted on the TPBARs consisted of neutron radiography; visual examination;

metrology (diameter, length, and bow); spectral axial gamma scanning; and rod puncture to measure
internal gas pressure, gas composition, and rod internal volume.

Data were transferred from ANL-W to PNNL in discrete transmittal packages. Selected results are

provided in this report to illustrate specific observations and/or features; see Lanning and Cunningham
(2001) for a complete description of the NDE results. All neutron radiographs, photographs, and the
digital data from these examinations are stored in PNNL records with the data transmittals.

One factor that complicated the TPBAR examinations at ANL-W was the length of the TPBARs

(~153 inches). The examination stations in the Hot Fuels Examination Facility at ANL-W were built for
shorter rods. To accommodate the long lengths, three approaches were needed.

For the neutron radiography, it was necessary to invert the TPBARSs to radiograph the upper portion
of the TPBARs. The lower ~100 inches of the TPBARs were radiographed first, then the TPBARs
were inverted and the upper ~60 inches of the TPBARs were radiographed.

For the metrology, full-length axial gamma scanning, and detailed visual examination, the support
stages were modified. The upper portions of the TPBARs (except for approximately the top

10 inches) were examined or measured; then the support stage was lifted so that the lower portions of
the TPBARS could be examined or measured. Pits in the hot cell floor were of sufficient depth to
accommodate the length of the TPBARs.

For the rod puncture, it was necessary to lower the TPBARs fully to the bottom of the pit so that the
laser beam would be aimed at a section of the plenum above the upper getter disk. During this period,
the TPBARs were self supporting and were clamped into the puncture rig. An informal evaluation by
PNNL was performed to ensure that the TPBARSs could support themselves in this orientation with no
damage, as long as no lateral bending moment was applied.

2.1 Disassembly of the LTAs

Disassembly was performed by placing the LTAs (hold-down plates with eight TPBARs and

16 thimble plugs) into a jig to support the LTA vertically. Clamps were then placed on the individual
TPBARsS to prevent them from dropping when the nuts holding the TPBARSs to the hold-down plates were
removed. A photo of LTA 8TR004 supported in the disassembly jig is shown in Figure 4. The nuts were
easily removed and the TPBARs could be seen to drop easily away from the hold-down plate (about a



l-inch drop). This indicates mininz! corrosion of the nuts and the area where the upper end plugs were
inserted througa the hold-down plates.

After the nuts:for all eight TPBARs were removed, the hold-down plate with thimble piugs still
attached was lifted away from the TPBARs. Fixtures were then attached to-the uppe: end plugs of the
TPBARS to facititate handling and movement within the hot cell. Each TPBAR was then lifted out of the
disassembly jig and placed into a storage container. A visual exarination was performed at this time
using binoculats through the hot ceil window, which allcwed the seiial numbers of the individual
TPBARSs (on the upper end ping) to be read. '

During this phase of the opc:rations, the TPBARSs appeared to hang straight with no visually apparent
bow. There were no apparent significait defects or failures in the TPBARs. Noticeable fedtures of the
TPBARs inclvded the following: ’

¢ Variations in the gray oxide layer on the exterior of the cladding.
e Axial scraiches ,511‘ the oxide from handling of the TPBARs at WBN and ANL-W. ,

¢ A circumferentisl region of differing appearance ~18 inches above the bottom of the TPBARs. This
formation carne to be called the **1 8-inch region” on the TPBARs. Figure 5 shows a photo of the
18-inch region, as observed during disassembly. This region appears to-be a deposit that relates to
changing fiow conditions in the guide tube. (A coolant entrance hole and the top of the guide tube
dashpot regicn are in this genicral location.) The extent and axial location of the 13-inch region varied
from TPBAR to TPBAR. The Jater composiie photography and detailed visual examination (see
‘Section 2.2} better Gepicted this region.

A surface swipe of the deposits in the 18-inch region was taken on TPBAR T0i66. Subsequent
analysis for elemental and isotopic composition indicated that it was apparently reactor coolant system
“crud.” Further discussion of analyses of swipes taken during the NDE is presented in Section 3.7.2 of
Lanning and Curningham (2001).
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Figure 4. LTA 8TR004 in Disassembly Jig (Photo DD12224e)
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Flgure 5. 18 ‘Inch Regron on' TPBAR T0263 as Observed durmg LTA Drsassembly (Photo T0263#1 8)

2.2 Visual Exémination of the TPBA_RS )
Visual examination of the TPBARs at ANL-W was performed in several phases. The first phase was
during the disassembly of the LTAs, as described earlier. This examination was done through the hot cell
w1ndows using the naked eye and binoculars. Digital photography was used to document some aspects of
the exammatlon All components were found to be covered with an adherent gray oxide. The
1dent1flcat10n numbers on the hold- down Jplates were clearly readable.

N
[

The'second examination was composite photography. Each TPBAR was digitally photographed
along its full length at 0°, 120°, and 240°. Prints were prepared at near 1:1 scaling, with each print -
covering ~11 inches of TPBAR length. Prints and compact disks of the digital files were provided to’
PNNL. The prints were also used by ANL-W staff to identify potential features for additional detarled
visual examination and photography.

12




The th1rd exarmnatron was at the visual exarrunatlon station usmg d1g1tal photography through a

to’ ANL-W for th' ‘Balance of the examlnatrons Prmts of selected features plus compact.d
ofall photograph_.,{ aken were, provﬂed to PNNL.'_:;’~

A variety of features were observed during the visual examinations. The appearance of the
often varied depending on the lighting and viewing technique; a change in brightness.or direc
lighting (during any of the visual examinations) could change the appearance of a feature Selected
photos have been mcluded in this report for 1llustrat10n and example as drscussed below :

All TPBARs were covered with a varying gray’ oxrde, arid handling marks (scratches in;the
were easily observable on all TPBARs with sore/variation from TPBAR to TPBAR. See Frgu
example. One feature of the oxide is what has been characterized as a cychcal/hehcal var1atr
referred to as chevrons ). This may be described.is a brighter region either overlaymg or under
more normal gray oxrde This variation in the ox1de 1s illustrated in Figure 7. Another 0x1d'
that was observed was regular circumferential bands at the top of the TPBARs ﬁlnd the th1m
illustrated in Frgure 8 “The oxide variation is assumed to be due to coolant flo riati
region of the guide’ tubes where the inner diameter:of the guide tube varies bec ,'\,se of the me
attachment to the hold~down plate. These features: were also observed during the underwat
observation performed'at WBN. -". p B ~

All TPBARs were observed to have the 18- mch—reglon feature, but the featﬁfe vaned in mt
axial location. The fedture generally covered less than an axial inch of a TPBAR: and was g
14 to 22 inches above the bottom of the TPBARs. PIllustratrons of the 18-inch réglon are prov1de
Figure 9. - S

A P LS )
An example of the appearance of the lower end plug and weld is provided 1rf'F1gure 10. In‘this:
the photo on the left was taken during composite photography. It-shows that oxide had rubbed off the
TPBARSs in the lower end plug weld region and deposited on the tray used to support the TPBARs during
this examination. This is an indication that the oxide, while highly adherent, can be removed through
metal-to-metal contact. All lower end plugs looked sat1sfactory and ' no unusual featurées were observed.
The view on the right in Figure 10 was taken during detailed visual examination.

A feature characterized as a “circular mark” was observed on some TPBARs. This mark was similar
to the 18-inch region, but was morelimjte'd'and appeared as a small circle. An example of this feature is
shown in Figure 11. The feature usually occurred at about 22 inches and at 140-143 inches above the
bottom of a TPBAR. These positions generally correspond with the axial position of the fuel assembly
grid structures, so it is postulated that the markings are the result of guide tube internal features resulting
from the fabrication of the fuel assembly structure (that is, they result from a change in flow
characteristics within a guide tube and are probably crud deposits).

During attachment of the TPBARSs to the hold-down plates at Westinghouse’s Columbia facility, a
circumferential scratch was observed on TPBAR T0256. This scratch was ~0.0018 inches deep by

13



0.125 inches long, and analysis concluded that it did not impact the structural integrity of the TPBAR.
The scratch was ~37 inches above the bottom of the TPBAR This scratch was examined during the
visual examinations and photos are provided in Figure 12 The postirradiation appearance of this scratch
was very similar to the pre-irradiation appearance thus; the scratch was apparently not impacted by the
irradiation.

Although a variety of features were noted on the surface of the TPBARs, there was no indication that
these features had any impact on the TPBARs. :

Figure 6. Example of Handling Scratches, TPBAR T0256 (Photo 2560#2)
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Figure 8. Example of Light Gray Oxide Bands at Top of TPBAR T0238 (Photo 23804#1)
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Figure 7. Example of Cyclical/Helical Oxide Af)pearance, TPBAR T0256 (Photo 2560#8)
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Figure 9. 18-Inch Region on TPBAR T0238

Upper Left: 0° (Photo 2380#14);
Upper Right: 120° (Photo 238120#14);
Lower: 240° (Photo 238240#14).
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Figure 10. Examples of End Plug Weld Condition at End of Irradiation
(Left, Photo 2380#16; Right, Photo VEM 256#27)
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Figure 11. Example of Circular Mark on TPBAR T0256 (Photo VEM 256#24)
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Figure 12. Photographs of Circumferential Scratch.on TPBAR T0256 at 37 Inches

Top Photograph from Composite Photography (Photo 2560#12).
Bottom Photograph from Visual Examination (Photo VEM 256 #32).
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2.3 Neutron Radiography

To conduct the neutron radiography, two TPBARSs at a time were inserted into individual tubes and
placed onto a carrier. After the neutron exposure, a foil pack was removed and the activated foils were
placed in contact with unexposed camera film to expose the film.: The exposed filia was then developed
to produce the neutron radiographs. Dysprosium-exposed films tepresent the thetmal neutron radiographs
and indium-exposed films represent the epithermal neutron radicgraphs. - An axial scale can be seen on
the dysprosium, thermal neutren radiographs, but not on the mdmm epithermal neutron radiographs. The
reason for the two neuiron energy radiographs is that the pellets are more apparent in the epithermal than
in the thermal neutron radiographs, but the scale and other TPBAR feafures are Vmible in the thermal
neutron radiographs. : SHEAE '

In addition to the filrs, “positives” of the films were made for TPBARs T0166, T0195, T0281, and
T0291 for PNNL’s use in defining sectioning positions for the D, T’ He: posm fes were made by exposing
the films to a high-inteusity light source. : Cl

All neutron radiographs were labeled with a number (for ANL-W use), the test identification, the
elevation of the radiograph, and the TPBAR identification. The first TPBAR Pumb& was for the bottom
image and the second TF BAR number was for ahe top image. ot

- As previously ncied, to 1ad10gmph the entire lengﬂl of the TPBAR@, it wa 1ecessary to invert the
TPBARs, and PNNL reviewed the neutron radiography for the first pait of TPRARS {T0207 and T0209)
at ANL-W. Because there was no observable axial shifting of the pencil column from the inverting
process, PNNL authorized the inverting 2 process for all remaining TPBAI\S ' '

A number of feamzfs Wele ev 1dem from the neutron radiography tbat are e evzmt to the performance
of the TPBARs. It was f,xpecwd that the TPBAR cladding would not fzit f‘urlng the irradiation. The
neutron radiography displayed no e vidence of free moisture in any TPBAR, thus providing evidence that
the TPBAR cladding had not failed: This conclusion that the cladding was mtact tOL every TPBAR was
confirmed by the rod punf‘ture and gas analysis co*xdur‘fed later. e

It was expected that the pell@t matemal which is a neutron absorber, would not relocate during the
irradiation. Relocation of the absorber material could result in unacceptable local power peaking.
Relocation could occur from either pencil movement that opened axial gaps. between the pencils, or pellet
cracking that could cause pellet pieces to fall out of the pencils. :

%

Ay .

No gaps between peticils were observed in the neutron radiography. Thus, there was no apparent
axial movement of the pencils during the irradiation or subsequent handling and shipping. This
observation also correlates with the observed difficulty of removing getters from cut sections during the
DE of the target rods irradiated in the Advanced Test Reactor (ATR) (Lanning et al. 1999).

A substantial number of pellets were observed to be cracked, but the general structure of the pellets
was maintained between the getter and liner, as expected. Many bottom pellets in a pencil were observed
to be circumferentially cracked about 0.1 inch above the bottom of the pellet. This observation of
cracking conforms with observations of pellet cracking that occurred during the getter coining operation
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of pencil fabrication. Other cracks likely occurred during fabrication also because of high loads during
pencil ccining. :

A few TPBARs (T0281, T0266, T0165, T0232, T0263, T0169, T0183, T0262) showed some
evidence of a little pellet debris falling out of a pencil and moving to the bottom of the TPBAR. It was
apparent that the debris came from the upper pellet in a pencil stack and from the upper edge of the pellet
where the inner liner did not capture the pellet piece after it broke. It is not possible to determine if the
pellet broke during fabrication or handling, but fabrication is suspected. The quantity of pellet material
observed was small; the largest observed quantity was an approximately conical shaped pile with a base
diameter equal to the inside diameter of the liner and a height of ~0.1 inch. This material was apparently
free to move down the inside of the pencil column, because the broken pellet material in some of the
TPBARs also was observed at the top of the pencil column in the inverted neutron radiography.

An unexpected observation on the mechanical integrity of the pencils was that the liner was
commonly observed to extend from the top of a pencil into thé bottom of the next higher pencil in the
column. This occuirence was observed as a thin line in the pencil-pencil intérface on the inside of the
pellets. This was not an expected observation because the pencils were designed to accommodate liner
growth, but apparenily not the amount that was obsérved. Further discussion of pencil and liner length
changes is provided in Section 2.8.2. Although this behavior was evaluated, it had no apparent impact on
the in-reactor performance of the TPBARs.

The neutron radiographs also provided information on the tritium and hydrogen distribution within
the TPBARs because, first, tritium decays in place to He-3, which is a very good neutron absorber; and,
second, because hydrogen isotopes are goced neutron scatterers. Tritium (He-3) absorption is apparent as
bright spots, while neutron scatter is more apparent as a bright fogging.

2.4 Axial Gamma Scanning

Axial gamma scanning and spectral analyses were performed on all 32 TPBARs. Two of the
TPBARSs designated for DE, T0291 and T0195, were scanned in 0.1-inch steps along the full length, from
~12 inches below the shoulder on the upper end plug to the bottom end plug. The other 30 TPBARSs were
scanned in 0.1-inch steps across a 12-inch span in the midplane (70 to 82 inches from the shoulder),
which did include the pencil-6-to-pencil-7 interface. All scanning was done with equal slit width
(0.1 inch), counting time (300 seconds), and distance from aperture to TPBAR, to provide same-basis
qualitative comparisons between the TPBARs and axial positions.

Pencil-pencil interface locations were clearly discernible by peaks in the Co-60 activity levels. In
addition, the lower end plug location was clearly discernible as a large Co-60 peak. These same scans
have a large peak in the Nb-95/Zr-95 activity adjacent to and just above the Co-60 end plug peak,
corresponding to the solid Zircaloy disk at that location. Except for these peaks, the activity was quite
uniform (as predicted) along the majority of the TPBAR lengths. The activity of specific isotopes was
also quite uniform among TPBARs, which is consistent with Westinghouse predictions of uniform tritium
production (within 5% relative) among the TPBARs.
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Finally, close inspection of the full-length Zr-95 and Nb-95 scans revealed that very little (<0.1 inch) -
separation of pencils occurred, even though the TPBARs had been inverted for neutron radiography and.
profilometry prior to gamma scanning. This is consistent with the observatlon of mlmmal pencil-pencil
separatlon in the neutron radiographs. ' :

2. 5 Metrology . e » i :
All TPBARs were measured for diameter- (at five angles) for total length amd for bow These
measurements and results are discussed.in the following sections.. - wriaiis =™ Liw

R NNV i D L TSI U NSRRI § LR T

251 TPBAR Diameter

TPBAR d1ameter measurements were taken w1th the TPBARS hangmg freely from the1r end f1tt1ngs
and all measurements are mdexed from the shoulder of the upper end.plug.. The, dlameter scans began v
from ~12. mches below the upper end plug shoulder the top 12 1nehes could.not, be measured beeause of
physical l1nutat10ns in the hot cell. The dlameter meas,urements were. reeqrded at, O° 45° 9()° 135°, and
180°, relative to the index pin of the TPBAR end ﬁttmg,,thts onentatlon is arbttrary for1 any. specxﬁc
TPBAR. SR ool v sunon

An example diameter plot for TPBAR T0291. is provided in Eigure 13. The average diameter for all
TPBARs is provided in Table 4. Except for. a few cases, these valugs are. v ithm the, as-fabricated
spe01ﬁcat1on of 0.3810 inch +0.005 inch. _

il £
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Figure 13. Diameter Plot for TPBAR T0291, 0°
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Table 4. Summary of Average Postirradiation Diameter for the TPBARs

TPBAR Average Average Average Average - Average
Diameter at 0° | Diameter at 45° | Diameter at 90° | Diameter at 135° | Diameter at 180°
(inch) (inch) (inch) (inch) (inch)
LTA 8TR001 L
T0168 0.3812 0.3810 03811 . 0.3810 0.3809
TO169 0.3810 0.3811 0.3813 - 0.3813 0.3810
TO171 0.3810 0.3811 03809 | . 03811 0.3811
T0237 0.3810 0.3812 0.3813 " 0.3810 0.3811
T0238 0.3811 0.3812 0.3812 " 0.3812 0.3812
T0256 0.3813 0.3816 0.3816 0.3816 0.3814
T0281 0.3807 0.3808 0.3811 10.3811 0.3812
T0291 0.3811 0.3810 0.3811 - 0.3811 0.3812
LTA 8TROO2 IS :
TO165 0.3813 0.3812 " 0.3810... 0.3811 0.3811
TO176 0.3809 0.3811 03832 e 0.3810 0.3809
T0202 0.3812 03813 _ |. .7 03814 0.3815 0.3815
T0215 0.3809 0.3811 " - | ¢ 0:812 0.3812 0.3811
T0232 0.3811 0.3811 ©.0.3816.. 0.3813 0.3813
T0241 0.3810 0.3812 C 038125 0.3812 0.3812
T0266 0.3811 03812 = .t .. -0.3813 0.3813 0.3813
T0287 0.3810 0.3810 . ... '0.3811 0.3815 0.3815
LTA 8TR003 e ‘
TO183 0.3810 0.3813 03811 - 0.3809 0.3811
T0210 0:3810 0.3810 0.3810 0.3809 0.3809
T0217 0.3812 0.3812 - . 038117 0.3813 0.3811
T0225 0.3810 0.3811 = 03812 0.3810 0.3812
T0260 0.3809 0.3812 ©0.3811 0.3809 0.3811
T0262 0.3812 0.3811 0.3809 0.3811 0.3811
T0277 0.3813 0.3815 ©0.3816 0.3815 0.3814
T0290 0.3810 0.3808 0.3808 0.3810 0.3809
LTA 8TR004 N
T0166 0.3811 0.3812 0.3812 0.3813 0.3813
T0195 0.3808 0.3809 0.3809 0.3810 0.3810
T0205 0.3810 0.3809 0.3810 0.3809 0.3811
T0206 0.3814 0.3815 0.3815 0.3815 0.3815
T0207 0.3810 0.3811 0.3812 0.3811 0.3812
T0209 0.3811 0.3811 0.3811 0.3811 0.3810
T0261 0.3811 0.3811 0.3812 0.3812 0.3813
T0263 0.3811 0.3811 0.3811 0.3812 0.3812

25




2.5.2 TPBAR Length and Bow

TPBAR length and bow measurements were taken with the TPBARs hanging freely from their end
fittings. All measurements were indexed from the shoulder of the upper end plug, so the total length of
the TPBARs is the recorded length plus 0.670 inch for the threaded portion of the upper end plug. The
TPBAR bow scans begin from ~12 inches below the upper end plug shoulder; the top 12 inches could not
be measured because of physical limitations in the hot cell. The position of the TPBAR was measured in
three-dimensional space at a number of axial locations, typically at 10-inch increments along the length.

Rod bow is defined as At_vhe distance from the theoretical rod tip_-to-tip centerline to the rod’s centerline
at any axial position along the TPBAR, where the tip-to-tip centerline was inferred from the bow and
length data. '

The vertical length was determined by touching the bottom tip of the TPBAR to a conductive plate
and then comparing that Z-position to the Z-position of a similarly positioned length standard. The
bowed length was calculated by summing segment lengths (from measurement to measurement) between .
the three-dimensionsi posmons of the TPBAR centerline,

TPBAR length and bow measurements are summarized in Table 5. The length measurements are
graphically shown in Figure 14, and the bow measurements are graphically shown in Figure 15. In
addition, bow as a function of TPBAR axial oosmon is presented in Figure 16 for TPBARs T0166,
T0195, T0281, and T0291.

No d1rect pre- madlatlon measurements of TPBAR length were made; the TPBRARs were checked
only to see that they met the specification. In Figure 14, measured postirradiation TPBAR length is
compared to the fabrication specification (151.70 inches equals the total length of 152.37 inches minus
the shank length of 0.670 inches) and the calculated design bound of postirradiation length. The
measured postirradiation length for the TPBARs is greater (by up to 0.08 inch) than the upper tolerance of
fabrication and less than the postirradiation length that was acceptable for the design.

From Table 5 and Figure 15, it can be seen thai the TPBAR bow ranged from ~0.1 to 0.4 inch. This
agrees well with the qualitative observations of minimal bow from the visual examinations and the
neutron radiography.

Figure 16 shows that maximum bow usually occurred from about 60 to 80 inches below the top of the
TPBARSs.
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Table 5. Summary of TPBAR Length and Bow Measurements: ~ .., *

TPBAR Vertical Length Bowed Length _Maximum Bow;and. Axial Distance
S (inch) . (inch), 1. from TPBAR Top (inch)

LTA 8TR001. Sy N

_TO168. 151.761 151771 ., 0267.at62,21

TO169 151.790 o 151795 ...} . . 0262at6219 .

T0237 151.793 151795, -+ |. -, . 0.101at108.90

T0238 151.826 151.828 0.291 at 68.89

T0256 -151.804 ot 31 3151.806 . e 0.205a062.190

TO171 -0 151,777 ob 11517780 S0 s, 0,268 at 6220 5 ..

T0281 151.784 151.796 0.235 at 78.89 .:::

T0291 151.781 151.797 0.146 at 88.8

LTA STRO02 EEVESE T N R EE N T Y R TR A

TO165 CYS1780 et R PTUI51785 ¢ [ T AU 017Dt 9890 ¢

T0176 CIISET6LT v S1BI768T AT T0.300%R.92 10 88191

T0202 151.776 CeTyspgghte U O 0 A4R4e 900

TO215 151.761 151.769 043828890

T0232 151763 0 | T sty T 0070 at 9880 T

T0241 1517771 TS L 07127 at 78.89 10 88.90

T0266 151777 15178 | 0.165a88.89 . .

T0287 151.761 151.765 0.235 at 88.89

LTA 8TR0O03 L eyt e

TO183 1se760 [ 151966  0.133at6220

T0210 Coasuas4 Lo b 151,766 . 0.191 at, 138.89

T0217 .. 151758 ;.. .| .. 151761, N 0.380.at 68.89

T0225 151764 L5173 o : +0.344 at 78,89

T0260 . 151.774 . AS178L .., 0.180 at 78:89

T0262 151.776 151.786 0.359 at 78.90

T0277 151.780 4. (15786 ~. 0.238 at 68.89.

T0290 _ 151.764 ~151.768 . 0.372 at 78:89

LTA 8TR004 e

T0166 151.780 151.788 0.360 at 68.79

TO195 151.753 151.768 . 0.192 at 52.22'to 62,21

T0205 151.781 151.791 0.295 at 58.89 to 62.21 -

T0206 151.798 151.802 0.383 at 69.90

T0207 151.739 151.759 0.286 at 62.18

T0209 151.770 151.783 0.139 at 52.20

T0261 151.781 151.804 0.301 at 62.21

T0263 151.759 151.771 0.355 at 62.19

NOTE: Lengths are from upper end plug shoulder to tip of lower end plug and do not include threaded portion of the upper end plug.
Axial position of maximum bow is relative to upper end plug shoulder.
Angles for bow measurements are provided in the data transmittals from ANL-W. However, they are not reported here because the
angles relate to arbitrary installation positions in the handling fixtures and are not related to in-reactor orientations.
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2.6 Rod Puncture and Gas Analysis

ANL-W’s Gas Analysis, Sample, and Recharge (GASR) system was used to puncture the TPBARs,
collect gas for composition analysis, and measure both TPBAR internal gas pressure at the time of
puncture and TPBAR internal void volume. PNNL provided to ANL-W four test articles of prototypic
pressure and gas volume for qualification of the GASR system. These test articles allowed ANL-W to
demonstrate that adequate adjustments had been made o the GASR system, since the TPBARs would
hold a greater quantity of gas than rods normally handled by the system. Satisfactory comparisons of
as-built conditions and as-measured puncture results were also obtained on the test articles prior to
puncturing the first TPBAR.

The TPBAR puncturing and gas analysis provided the definitive evaluation of whether the TPBARs
were intact after irradiation and shipping. All TPBARs had the expected irradiation-induced
pressurization levels, and the gas compositions indicated no failure of the TPBARs. Oxygen
concentrations, when significant, occurred in conjunction with nitrogen concentrations that indicated air
inleakage into the gas samples, not air or water inleakage to the TPBARs. Therefore, it may be concluded
that all 32 TPBAR:s successfully survived the irradiation and subsequent shipping with no cladding
failures.

2.6.1 Rod Puncture, Void Velume, Gas Pressure

The TPBARs were punctured in the upper plenum region above the upper getter disk using a laser.
The laser punched a small hole ~0.005-0.010 inch in diameter through the cladding. A sample line from
the GASR system allowed a quantity of gas to be collected (outside the hot cell) in sample bottles for
subsequent gas composition analysis. A series of backfills and expansions using helium were performed
to determine the TPBAR void volume. After this work was done, no attempt was made to backfill the
TPBARS or to reweld the puncture hole; thus, the internal atmosphere became a mixture of helium from
the irradiation and backfills, and of argon from the hot cell atmosphere.

The measured gas pressures and void volumes were quite uniform across all 32 TPBARs. This
supports the predicted uniformity in the TPBAR design and fabrication, in the irradiation conditions, and
in tritium production.

The GASR gas lines were cleaned between punctures using a PNNL-recommended gas mixture of
hydrogen-doped argon (Ar-0.01%H2) to remove residual tritium that might 1mpact subsequent gas
collection and analysis.

2.6.2 Gas Composition Analysis

Gas composition and isotopic helium analyses were performed using a VARIAN-MAT model CH7
magnetic sector mass spectrometer. The evacuated cylinders were filled with plenum gas sampled by
attaching them to an out-of-cell gas sampling port connected to the in-cell GASR system. Ambient
(out-of-cell) temperature was monitored during the collection process, and the out-of-cell portion of the
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system was maintained by controlled gas expansion to be significantly sub-atmospheri¢.pressure (~5 psia)
during the sample collection process. This mitigated the potential for out-of-cell spread of
tritium-contaminated gas, but introduced the potential for air inleakage into the sample. . . -

The cylinders containing the gas samples were then transported to the analysis laboratory and
attached to a part of the mass spectrometer inlet system attached to an MKS Baratron capacitance
manometer. (certified by the National Institute of Standards and Technology, [NIST]). The sample gas
was then expanded in a series of steps prior to the analysis. Data was collected and reduced and the
system was controlled by a personal-computer-basgd data acquisition system. Calibration pf the
system-control software was done with pure NIST-traceable gases. i, :

Isotopic scans were performed. directly by the datg.acquisition system software. The isotopic scan
routine of the data acquisition software assumed no bias. effects exist for.isotopes of the same element. .
However, results of calibration work determined that,a,significant bias existed (about 10% to 15%) in the.
helium mass range (He-3 relative to He-4), and thiswas attributed to the electron multiplier bias.
Therefore, reported isotopic helium atom percents.and ratios were derived from summmg(and
renormahzmg the helium gas composition results. Instrument composition, calibration used pure He-3 |
and pure He-4 gases, and treated those isotopes as independent gas types. This corrected for the obser_ved
bias because instrument calibration for gas composition does incorporate ionization efficiency and
multiplier bias for each pure gas calibrated.

et} mtasied

All TPBARS had the expected predommantly helium atmosphere. Samples from four TPBARS
(T0207, T0215, T0241, and T0168) had small concentrations of nitrogen and exyget. The ratio. of oxygen
to nitrogen was typical for air, which indicates shght 1nleakage of air durmg the collectlon or handhng of
these gas samples. R S Y S :

Tritium activity was measured inrthe gas-collected immediately after puncture. Tritium activity also
was measured in samples taken after helium backfill gas sat in the last-punctured TPBAR (T0266) for 1,
2, 3, and 4 weeks. o : .

Evaluation of the gas pressure and gas composition datz is provided in Section 2.8.1. .-

2.7 Other Examinations Performed by ANL-W

In addition to the examinations discussed previously, ANL-W also.performed other examinations to
support the PIE and to provide data to support operations at the production reactor and at the Tritium
Extraction Facility being built at the Department of Energy Savannah River Site. This additional work
consisted of segmenting the four TPBARs that were sent to PNNL; taking swipes of TPBAR surfaces to
. provide data on possible crud composition; performing gamma dose rate measursments on a TPBAR and
hold-down hardware; and collecting a large volume of gas so that Savannah River staff could analyze it
for the trace isotope Ar-39." The results of these examinations are provided in Lanning and Cunningham
(2001). -
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2.8 Evaluations of the Nondestructive Data

The TPBAR gas puncture data permitted a calculation of the quantity of He-4 produced for each
TPBAR and, therejore, the quantity of tritium produced in a TPBAR. The full-length axial gamma scans
for relative Co-60 activity were used to estimate the axial distribution of the tritium production. These
data-based tritium estimates are presented here, compared to the predicted tritium production, and later
will be compared to the destructive assay data. Both the production of tritium and its distribution within
the TPBARSs appear to be consistent with their specified and expected performance, as discussed below.

2.8.1 Predicted Versus Measured Tritium/Helinm Producticn

The 32 TEBARSs were type-designated by their distance relative to the core center, with eight
different designations (A through H) within the four syminetrically placed assemblies, as shown in
Figure 3. Westinghouse provided end-of-cycle estimates for the total tritium production and axial
distribution for each TPBAR designation.” The predicted total tritium production per TPBAR ranged
from 0.88 g to 0.92 g iritium, which is a very narrow range.

The He-4 production (in moles per TPBAR) is equivalent numerically to the tritium production,
because cne atom of He-4 is produced along with each atom of tritium. The derived tritium production
(converted to grams per TPBAR) is compared to the predicted tritium production for each TPBAR
(provided by Westinghouse) in Table 6 and Figure 17. The agreement is very close, and appears to
follow the position-dependent pattern predicted by Westinghouse (indicated by a least-squares-fit line
through the data in Figure 17 having a slope of ~1.0). On average, the derived tritium production is about
2% greater than the predicted production. On a TPBAR-average basis, this derived tritium production
corresponds to a lithium burnup of ~11%, a Li-6 burnup of ~50%, and a gas-volume ratio of ~145. This
is the standard-temperature-and-pressure (STP) volume of gas produced per unit volume of pellet. These
estimates were further confirmed for TPBAR T0291 by measurement and integration of the Li-6 burnup
along the length of the TPBAR (see Section 3.5).

Measured He-3/He-4 ratios show a slight negative correlation with tritium production, as illustrated in
Figure 18. Fhls negative relationship is consistent with higher neutron flux resulting in both higher He-3
burnup and h1gher tritium production. It also is further indication that the measured He-3 is '
predominantly from He-3 produced and released during in-reactor operation, not during post-shutdown
decay of tritinm.

The tritium concentration in the collected gas was found to be consistent with design expectations.

* Letter from ML Travis, WesDyne Nuclear Development Program, to CK Thornhill, PNNL, “Tritium Production in the
TBPAR LTAs,” February 15, 2002, PD-02-0373.
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Table 6. Derived and Predicted Tritium Produgtion in'L'TA TPBARSs

TPBAR
Number

Puncture-Derived Tritium.

Produced (g T)

Predicted Tritium .
,.Production* (g T) , ..

T0165

0.905 ol

T0166 .

0.915

5 0919~

TO168: .. -

0911 =

cn 0904

T0169

<0915~

091G gopkd

TO171

0.922

0.880

TO176

7D

0215 e

O %1

R 0'9504'143 L duo

B
Q\”‘/»'\‘

TO183

0912

0.904

TOL9S: o s

St = 0,904 s o o

S Lirant 0'880

s SR

TO202 .« |-

T0205*"

RN 0884

R 0.9060 b

L LErROZ ]y s s
T s

- T0206

e i 0‘921 e

T0207

0.885"

.. . T0209 .

0,906

P

St

0.907 5n i i

Y To21s,

e 13.0-98‘715" PR

PR CR,

- . 2 T0217.

o 0887 s

S ST 20,8800 i e

.Te225 ol

093 v Al

~ s

L 0.920

B n

0232

sanfl 5 LT 9940

'=_!j P #

0.92047" -

2l

0237

K BV ’)/0899 ‘ :

PRI N ,\6904'. SR S

7

TT0238 T

L300

G

0835 "

o . 0880

L

1 T

10256

©0.965

T 0919 L

T0260

0.893

0.893

T0261~ =

et L A890 e s i

. 0904 s

T0262:.

0.902 " s b

0.893

T0263

10903 - 7

0904 -

Tl

T0266

09197

0.904

T0277

0.939

0.919

T0281

0.904

0.893.

T0287

0.936

0919

T0290

0.937

0919

T0291

0.954

0.920

*  Letter from ML Travis, WesDyne Nuclear Development Program, to CK Thornhill, PNNL,
“Tritium Production in the TPBAR LTAs,” February 15, 2002, PD-02-0373.
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2.8.2 Pencil and Liner Length Change from Neutron Radiography

Postirradiation lengths of pencils (getters) and liners were determined by reviewing the. neutron
radiograph negatives for TPBARs T0166 and T0195. To determine lengths, the positions of the '
pencil-pencil interfaces were determined by reference to a scale. Two 72-inch scales were placed on-end
adjacent to the TPBARSs in the specimen holder; from these scales it was possible to obtain the position of
a feature to within +0.01 inch. However, due to parallax distortion, the positions obtained from one end
of a pencil could not be directly combined with (that is, subtracted from) one obtained from the other end,
because each position was a different distance from the center of the radiograph. Each position reading
was corrected for this distortion before it was uséd to determine the pencil length. An algorithm was
developed to automatically correct any position for parallax prior to combining it with other positions.
For a complete description of the measurement method, parallax correction, and results see McKee
(2000). :

Liner length measurements were not made directly because the ends of the lme,rs were obscured by
other components and could only be inferred from the locations of other components There were,
however, bounding constraints on the length that allowed estimates to be made. Specifically, the flange
prevents the bottom end of the liner from extending down the iniside of the inner annulus of the pellet
stack, though it could move down below the stack (this was not observed in any pencils). It was also
clear that the top end of the liner could not protrude past the bottom end-of an adjacent liner in the next
pencil down, because all liners were the same diameter. Therefore, the postirradiation length was
determined for those liners in which the. top end protruded past the top of the pellet stack. No uncertainty
was calculated for these measurements because they were only estlmates The top of the liner was taken
to be equal to the indication for the bottom of the pellet stack in the next pencil up, whereas the liner
bottom was taken as the indication for the bottom of the pellet stack for the pencil in Wthh the liner of
interest was contained.

Measurements were also made to determine the postirradiation lengths of the plenum compression
spring and the plenum getter and disk assembly.

The liners showed indications of growth in some pe,nc'-ilg..‘(seé‘fFig‘Eire 19 and Figure 20). This growth
was observed only in the pencils located near the top, which may indicate a temperature dependency. It
should be noted that, unless the liner protruded beyond the end of the pencil, it could not be observed in
the radiographs. No error bars are shown in these figures as these data are only estimated.
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3.0 Destructive Examinations

In this section, the TPBAR sectioning plans and the strategy for sampling/destructive analyses are
summarized followed by general observations made during component separation. Selected assay results
from the destructive quantitative analyses of the component samples are presented for each of the four
TPBARs. Finally, evaluations of the resulting DE data are discussed.

3.1 TPBAR Segmenting for Shipment to PNNL

Because the full-length TPBARSs (~153 inches long) were too long to be accommodated in PNNL’s
hot cells, ANL-W cut the four TPBARSs that were to be sent to PNNL into three segments each. This
cutting was done by ANL-W at locations on the TPBARs specified by PNNL. The resulting three
segments for each TPBAR were a bottom segment consisting of the bottom end plug and pencils 1-4; a
middle segment consisting of pencils 5-8; and a top segment consisting of pencils 9-12, the plenum
region, and the upper end plug. The cutting was done by a rmllmg operation; a through cut was assured
when pellet powder was seen. :

3.2 Summary of the Sectioning and Examination Plan

The four TPBARs selected for DE were T0166, T0195, T0281, and T0291. An analysis plan
(Lanning 2000c) was developed for each TPBAR, consisting of a matrix of the radiochemical analyses
required on the components from each TPBAR. It was decided to extensively examine only one TPBAR
and then obtain confirmatory measurements from the other three TPBARs. TPBAR T0291 was selected
for extensive DE because it had the higher predicted tritium production of the two TPBARs that were
full-length gamma scanned (T0166 and T0291). The general strategy was to provide axial distribution for
lithium burnup and component tntlum, protium, and helium concentrations for TPBAR T0291 and to
only spot-check these attributes on the other three TPBARs.

As specified in Lanning (2000c), sections were cut along the entire length of T0291, including the
upper and lower end plugs, upper and lower getter disks, and pencil-pencil interfaces. For the
confirmatory measurements, sections subsequently were cut from each end of the middle segments of the
other three TPBARs. The top and bottom segments of TPBARs T0166 and T0195 were used for tritium
extraction work.

To minimize the radiation dose for assay work, the sections were cut in 4-mm lengths. The individual
components were then separated from the intact sections for the assays. For optical metallography and
scanning electron microscopy, the sections were cut in 20-mm lengths to provide sufficient length for
handling. The individual components were usually separated and then mounted individually to minimize
problems associated with polishing dissimilar materials and to reduce the gamma dose of the mounted
specimens during scanning electron microscopy.
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Axial positions for sectioning to obtain samples were identified using the following considerations:

e Three adjacent sections in a midpellet location would provide a “standard suite” of examinations.
These three sections would be used for 1) optical metallography and scanning electron microscopy
(20 mm-long section); 2) tritium/protium assays of the getter and liner components and Jithium
isotopic assay of the pellet; and 3) tritium-only assays of the getter and liner components and
tritium/He-4 assay of the pellet. A standard suite at the top and bottom of the middle segments of all
four TPBARs was used to evaluate consistency for all TPBARs.

® Secticns at pencil-pencil and pellet-pellet interfaces in T0291 would provide additional data.

*  Getier exd disks (upper and lower) plus sections of the plenum getter tube from both T0291 and
T0281 would be analyzed for tritium and hydrogen.

¢ Sections capturing the upper and lower end plug weld regions on T0291 would be evaluated for
integrity and indications of corrosion using optical metallography.

Examination locations were specified relative to the top of the TPBAR. The “top” was defined as the
_ shoulder of the upper end plug. The sections of TPBARSs were identified by the TPBAR number, the
segment they were cut from (top [T], middle {M], or bottom[B]), and the sequential order. For example,
section 281T-03 was the third section cut from the top segment of TPBAR T0281.

3.3 Reod Sectioning, Component Separation, and Data Analysis Approach

A special, automated, low-speed,; diamond-wheel saw assembly was fabricated and commissioned in
B-Cell of the High-Level Radiochemical Facility in the 325 Building at PNNL. The TPBARs were
sectioned at low cutting speed (about 1 hour per transverse cut) and at nearly ambient temperature under
argon gas. The cut sections were captured in metal tubes. The saw assembly permitted the positioning
and sectioning of each TPBAR segiment to an absoluie accuracy of better than 1/8 inch relative to the end
of the TPBAR segment.

As sample sections were sawed off, they were individually captured in pre-marked steel tubes, called
“vials,” with O-ring-sealed, press-fit end plugs. Cut sections remained in these vials until they were
removed to separate the liner, pellet, and getter for examination. Observations and procedures for
separation of the different types of sections are described below.

The liner generally fell out of the 4-mm sections and was recovered from the steel vial when it was
opened. The pellet was easily punched out of the section (usually in one or two large pieces). The getter
was harder to separate from the cladding, but could usually be punched out. Occasionally, the cladding
would have to be “snipped” (cut with metal shears) to facilitate removal of the getter. An in-cell video
camera was used to facilitate and document these activities and provide a photographic record of the
appearance of the separated components.
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The separated components were then placed in pre-marked, pre-weighed glass vials for transfer to the
analytical laboratories. The glass vials were purged with argon and sealed. Air exposure of the
component samples was limited to <1 hour. The vial tare weights were recorded to 0.1-mg accuracy, and’
the weights after sample insertion were taken to the same accuracy, to ‘obtain nulhgram-level accuracy for
the sample. welghts - : s :

! . L

Notes.on the actual sectioning results results of component separatron, and sections used for
examinations are provided in Lanning (2000c). S TIP K

The component assay procedures and data manipulating approaches are briefly described for-gach of
the species assayed in the following sections. These descriptions include the manipulations by which
reported data were processed 40 a form that can be compared to estimates.of local linear production or
TPBAR functional criteria; and example results are shown: - For example,:the results of tritium-reeovery
from getter samples via high-temperature vacuum extraction are reported as tritium curies per gram of
getter sample. This value is converted to curies per inch of getter, to compare to esumates of tntlum
production per inch of TPBAR. L ' R RN L PEL PO PP SRR

RN S IS IS RO

3.3.1 Pellet Lithium Isotoplc Analyses and thhium Burnup Estlmates PRI I i L

Entlre 4 -mm-long, full—round pellet sectlons were crushed ‘and homogemzed pI‘lOI‘ to samplmg for
lithium isotopic distribution to obtain a representatlve pellet-average result. This action was taken to
negate significant radial (through-wall) gradients in the pellet Li-6 burnup that are possible due to
self-shielding effects within the pellet wall. Small aliquets of the crushed and mixed powder were -
prepared into acid slurries and loaded onto filaments. These filament samples were then vaporized and
analyzed for lithium isotopic ratios by thermal ionization mass spectrometey. The1i-6 and Li-7 atom
fractions in the material were measured from the results of nine separate runs.on each sample, and
spot-checked on duplicate slurry samples. The Li-6 burnup:could ohly be derived by:comparing these .
results to lithiumyisotopic fractions from unirradiated archive pellets. Therefore, archive. LTA pellets
were subjected to the same analysis procedure. The results for the-archive pellets are also listed below.

The calculation of Li-6 burnup is as follows:
Xo,Zo = initial (unirradiated) atom fractions of Li-6 and Li-7, respectively ~ : ,
Xo=2130atom% . . :
Zo=7870atom% , -

X,Z = measured (irradiated) atom fracuons of L1 6 and Li-7, respectlvely
Ro = Xo/Zo = 0.27065 (unirradiated Li-6 to Li-7 ratio)
R = X/Z

Because the number of Li-7 atoms remains constant, the Li-6 burnup, “B,” (in % of initial Li-6
- atoms) is given by:

B(%) = 100*(1 - R/Ro)

Thus, for example, the measurement of Li-6 burnup in a TPBAR section, with 11.8 atom %
measured Li-6, is 100*(1.0 - 0.1338/0.27065) = 50.6%. ’
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3.3.2 Tritium Recovery, Concentration, and Loading

The tritium concentrations were measured in pellet, getter, and liner samples. No cladding samples
were analyzed for tritium or protium because 316SS cladding contains hardly any tritium or protium. The
measurements were made by inductively heating the samples to melting temperature in a graphite crucible
within a vacuum system, adding protium gas to provide isotopic swamping, then oxidizing the HT to
THO, and condensing the tritiated water vapor in a cryogenic cold trap. The contents of the trap were
then collected, diluted, and measured for tritium activity by liquid scintillation counting offline to
determine the total tritium recovery. The scintillation counter was checked daily against a NIST standard.

The component samples were weighed before processing, and the tritium concentrations (curies per
gram) were calculated by the total recovered tritium (in curies) divided by the sample weight. This
concentration was reported together with the sample weight and the date of the counting. The conversion
of this reported concentration to tritium recovery (Ci/inch) included a decay correction factor to correct
the measured tritium activity to what it was at time-of-shutdown. Because of the 2.1 to 2.7 years between
shutdown and counting, this correction factor ranged from 1.12 to 1.16, depending on the count date. The
remainder of the conversion was different for each component, as described below.

3321 Pellet Recovery Calculation

From the pellet stack data reports, an average pellet mass per unit length was derived. This figure
was multiplied by the reported concentration in curies per gram, and the decay correction applied to
obtain the derived tritium concentration at shutdown in curies per inch.

3.3.2.2 Liner Recovery and Loading Calculations

From the liner drawing and the liner stock material description, a Zircaloy mass per unit length was
determined. This figure was multiplied by the reported concentration in curies per gram, and the decay
correction applied to obtain the derived tritium concentration at shutdown in curies per inch.

3.3.2.3 Getter Recovery and Loading Calculations

For the getters, the total mass/unit length (nickel + Zircaloy) was determined. The tritium
concentration reported for the getters was tritium per gram of getter sample. To calculate the recovery,
the reported concentration was multiplied by the total mass/unit length and the decay correction,

3.3.3 Protium Concentration and Loading

Protium was measured along with tritium in selected getter and liner samples by the following
method. First, the sample was placed in a closed, evacuated volume and heated to a high temperature to
drive off both protium and tritium. Next, the gas in this chamber was sampled and analyzed by mass
spectrometry to determine the mole fractions of T», HT, and H, and, therefore, the H/T ratio. The
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remaining gas was pumped through an analysis train consisting of a heated copper-oxide bed to oxidize
the hydrogen isotopes to water vapor, and water bubblers to capture the tritiated water vapor. The
contents of the bubblers were then scintillation-counted to obtain the absolute quantity of tritium that was
evolved. A correction was made for the gas removed for off-line mass spectrometry, based on
chamber/sampler pressure-volume-temperature measurements. The tritium was then reported as curies
per gram of sample, and the protium was reported as H/T atom ratio, as calculated from the reported mass
spectrometry results. To obtain the protium loading, the decay-corrected tritium loading was first: '
calculated as outlined above. The protium loading (H/Zr) was-calculated as the product of the tritium ~
loading (T/Zi)-and the reported H/T ratio, divided by thé deéay correction factor, since the H/T ratioc
involved decayed (as-found) tritium. Therefore, both trmum loadmg and protium loadmg data pomts
were denved from a protmm data report.- :

3.3.4 Pellet He-4 Recovery

- The He-4 and tritium assays were conducted s1multaneously for. selected pe]lets The pellets were. .
placed in a graphite crucible in a chamber. The chamber was evacuated, and the pellets heated:
inductively to thermally evolve all gas from them. This gas was then spiked with a known quantity of
He-3. The gas was sampled and analyzed for He-4/He-3 ratio by mass spectrometry. Correction was
made for the He-3 (from postirradiation tritium decay) that wag: geticratdd by thespéliet; ‘assuming all this
decayed He-3 remained in the pellet. This procedure was corroborated by consistent retained-He-4
estimates with nearby unsplked samfiples, assummg all the He 3 in the unsp1ked samples was due to
postirradiation tritium decay. ’ S : '

He-4 concentration was reported as STPcc/g of pellet. This was converted to helium recovery
(STPcc/inch) by multiplying by the pellet average mass per unit length.

or

3.4 Assay Results for Ilidivi(lual TPBARs
This section provides the lithium isotopic results, Tithium bJurnup, and pellet He-4 recovery for each of

the TPBARs. Assay results for tritium recovery, tritium loading, protium loading, and hydrogen gettering
rate were also determined, but these data are classified and are reported in Lanning et al. (2002).

3.4.1 Assay Results for T0291

A full axial distribution of assay measurements was obtained on TPBAR T0é91 to provide a
comprehensive picture of “performance” for one TPBAR.

The measured Li-6 and Li-7 concentrations and derived Li-6 burnup for samples taken from T0291
are presented in Table 7. Note that the measured Li-6 burnup ranges from 50% to 59%, which agrees
with the predicted burnup of 50% to 60%.

The pellet He-4 data for T0291 are provided in Table 8.
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Table 7. Lithium Isotopic Results and Lithium Burnup Estimates for T0291

Measured Li-6 i

Section Measured Li-7 Li-6/Li-7 Calculated Li-6
Number in Total Li in Total Li Ratic Burnup
(atom %) (atom %) (atom %)

Archive * 21.30 78.70 0.27065 -
291B-18 2.3 877 0.1403 48.2
291B-18 122 87.8 0.1390 48.7
291B-14 1i:2 88.8 0.1261 53.4
291B-14 112 8.8 0.1261 534
2918-07 i0.3 89.7 0.1148 57.6
291B-07 i0.4 - 89.6 0.i161 57.1
291M-03 11.8 88.2 0.1338 50.6
(Re-run) 11.0 89.0 0.1236 54.3
291M-03 11.9 88.1 0.1351 50.1
(Re-run) 12 888 0.1259 53.5
291M-33 10.1 89.9 0.1123 58.5
291M-33 10.4 89.6 0.1161 57.1
291M-44 10.1 89.9 0.1123 58.5
291M-44 10.2 89.9 0.1135 58.1
291T-10 10.3 89.7 0.1148 57.6
291T-10 10.3 89.7 0.1148 57.6
291T-i4 10.1 89.9 0.1123 58.5
291T-14 101 89.9 0.1123 58.5
291T-16 10.2 89.8 0.1136 58.0
291T-16 10.3 89.7 0.1148 57.6
201T-22 11.7 88.3 0.1325 51.0
291T-22 11.7 88.3 0.1325 51.0
291T-26 11.7 88.3 0.1325 51.0
291T-26 11.7 88.3 0.1325 51.0

*

Average of seven measurements of unirradiated pellets from archive.
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Table 8. He-4 Recovery Data on Pellets from TPBAR T0291

Section Number - He-4 Recovery
o (STPcc/mch) 2
291B-15 - 5,20 e e
291B-06 . 543 o
S 201M02 | ..391... o
T20IM32 .. | .. .456 . . IR
T 20IM-36%. - | ... 406 . . -} s
201M-45 - |- .. 675
201T-03 o | . 366 ..
T 20113 . 569 | g
_20IT2s 583
o T e B : - — )
* Indicates unspiked samples. All other results ’ T
~: ‘were evaluated from He-3-spiked gas samples. . _, m" ~
. ; 2
342 Assay Results for T0281 S <

Assay samples from TPBAR T0281 ‘were taken primarily from the top.and bottom of the m1ddle
segiment (the chosen location for comparing assay results acrossatl four TPBARs)—A few getter and dlSk
saraples were also taken from the top andbottom of the. TPBAR for tmtlum andprouum assay :

‘The rneasured Li-6 and L}_—;’l‘epncentratlons and the derived Li-6 bumup for samples taken from
T0281 are presented in Table 9. The mi¢asured Li-6 bufnup for the niiddle segment of T0281 (~55%)
agrees with the measured buraup for the middle segment of T291 (50%-58%). '

The pellet He-4 da{a fof;T()"Zél are presented ir?fable 1 0. V o
-?. -

s

Table 9. Lithium Isotoplc Results and Lithium Bumup Estimates for T0281

Section ‘ Measured Ll-6 in Measured L1-7 in Ll-6/L_1-7 Calculated L1-6 1
Number Total Li - Total Li Ratio Burnup

S (atom %) - | - (atom %} " - (atom %)
281M-05- - 108 - 89.2 - o o.azir 35.3
281M-05 10.7 89.3 0.1198 55.7
281M-20 10.7 89.3 0.1198 55.7
281M-20 10.7 89.3 0.1198 55.7

For archive isotopic results, see Table 7.
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Table 10. He-4 Recovery Data on Pellets from TPBAR T0281

Section Number He-4 Recovery
(STPcc/inch)
281M-04 4.31
281M-05 4.53

- 3.4.3 Assay Results for T0166

Assay samples from TPBAR T0166 were taken only from the top and bottom of the middle segment;
the top and bottom segments were used for whole-segment extraction testing.

The measured Li-6 and Li-7 concentrations and denved Li-6 burnup for samples taken from T0166
are presented in Table 11. The measured Li-6 burnup for the middle segment of T0166 (~56%) agrees
with the measurcd burniup for the middle segraent of T0291 (50%-58%) and T0281 (~55%).

The pellet He-4 data for TC166 are presented in Table 12.

Table 11. Lithiumulsof.opic Results and Lithium Burnup Estimates for T0166

Section Measured Li-6 in Measured Li-7 in | Li-6/Li-7 | Calcuiated Li-6
Number Total Li Total Li Ratio Burnup
(atom %) (atom %) (atom %)
166M-04 10.5 89.5 ‘ 0.1173 56.7
166M-04 104 - 89.6 0.ii61 57.1
166 M-08 10.7. , 89.3 0.1198 55.7
166M-08 10.6 89.4 - 0.1186 56.2
For archive isotopic results, see Table 7.

Table 12. He-4 Recovery Data on Pellets from TPBAR T0166

Section Number He-4 Recovery
. (STPcc/inch)
166M-03 ‘ 4.39
166M-09 4.58
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3.4.4 Assay Results for T0195

P 7y

Assay samples from TPBAR TO0195 also were taken only from the top and bottom of the middle
segment, while the top and bottom segments were used for whole-segment extraction testing.

The measured Li-6 and Li-7 concentrations and derived Li-6 burnup for samples taken from T0195
are presented in Table 13. The measured Li-6 burnup for the.middle.segment of T0195 (~56%) agrees
with the measured burnup for the other three TPBARs (50-58%).

The pellet He-4 data for T0195 are presented in Table 14.

Table 13. Lithiurh I,spt,op_ic.Resultsuud Lithium Burnup Estimates for T0195

Section Measured L1-6 in Measured Li-7in | Li-6/Li-7 Calculated L1-6
Number ' Total Li . Total Li | kaﬂo } Burnup
(atom %) (atom %) ) (atom %) _

195M-04 106 " 894 01186 | 562
195M-04 10.6 80,4 e eant 0118601 jot w562 0
195M-08 10.9 89.1 0.1223 54.8
195M-08 10.9 18O M s liricQ 1223 it 5408

For archive isotopic tésults, §ee Table 7. 7" 7,7/ 7 =i LT T

Table 14 He-4 Recovery Data on Pellets from TPBAR T0195 .

Seetlon Number | - He-4 Recovery
A o . {STPccl/inch) . .
. .195M-03 4.85
v A9SM-10. 0 o v e w432

3.5 Discussion of Li-6 Burnup Results

[Ty e

£ - f.

3.5.1 Total He-4 Production and Deﬁved Li-6 Burnup

The tritium production and TPBAR-average lithium burnup (total atoms of Li-6 reacted) have been
predicted with neutronics codes. The tritium production and TPBAR-average lithium burnup in the
TPBARSs have also been derived from the quantity of He-4 recovered on puncture (in excess of the
1-atmosphere fill gas during fabrication), modified by a correction for the residual He-4 in the pellets.
This is because one atom of He-4 is produced in the lithium aluminate pellets for every atom of Li-6
reacted. See Table 6 for derived and predicted tritium production.
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The method by which TPBAR total lithium burnup and total tritium/helium production were
estimated is as follows:

1. Convert the pressure/void volume measurement results and the gas mass spectrometry analysis results
from NDE rod puncture to moles of He-4 found in the end-of-life gas.

2. Subtract the quantity of He-4 initially present as fill gas.
3. Correct for measured residual He-4 left in the pellets.

The resuits of this calculation are shown graphically in comparison to the neutronics-calculated
tritium production for all 32 TPBARs in Figure 17.

3.5.2 Li-6 Burnup from Isotopic Data Compared to Derived Burnup

Local measurements of Li-6 burnup, derived from measured pellet-average lithium isotopic ratios, are
provided in Table 7, Table 9, Table 11, and Tuble 13.

For TPBAR T0291, the tritium productior was 0.968 g and the TPBAR-average Li-6 burnup was
given by the following:

0.968 g T/3.016 g T/mole / (142 inch * 1.34 g pellet/inch / (6.8+27+32 g/mole pellet) *
0.2133 mole Li-6/mole Li) * 100%/fraction = 52.0%

The tritium production for TPBARs T0281, T0166, and T0195 were 0.918 g, 0.929 g, and 0.918 g,
respectively, which corresponds to TPBAR-average Li-6 burnups of 49.4%, 49.7%, and 49.4% using the
calculation described above.

The axial distribution of lithium burnup and, therefore, the axial distributions of tritium and helium
production are estimated from the relative axial distribution of cladding activation, deduced from axial
scans for Co-60 gamma activity reported in Lanning and Cunningham (2001).

To estimate the axial variation of Li-6 burnup, the Co-60 activity was least-squares curve-fit as a
function of axial position. Then the curve-fit was normalized over the 142-inch pellet column portion
such that the average value over that range equaled 1.0. This normalized curve equation is:

Normalized value = (0.326429 - 0.019951X + 0.00554X2 - 0.0002402X3 +
0.00000479538X4 - 0.0000000519044X5 + 0.000000000312455X6 -
0.0000000000009757X7 + 1.21378E - 15X8) * 1.036

where X is the distance from the top of the rod in inches.

This normalized curve was then multiplied by the 52.0% TPBAR-average burnup determined for
TPBAR T0291.
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For the other three TPBARS, the axial distribution found for TPBAR T0195 was assumed to-apply.
The normalized least-squares equation for this curve is:

Normalized value = (-1.031694 + 0.226917X - 0.010939X2 + 0.00030085X3 ~ -
0.0000050966X4 + 0.00000005401017X5 - 0.000000000348456X6 +
0.0000000000012514X7 - 1.91945E - 15X8) * 1.019

This result was then multiplied by the 50. 3% rod-average bumup for TPBAR T0195 and by the
49.7% rod-average burnup for TPBARs T0166 and T0281. -

The axial distribution of Li-6 burnup for TPBAR T0291 is compared-in Figure 21.to the -
measurements of Li-6 burnup derived from irradiated pellet Jithium isotopic distributions. The two .. -
independent estimates of burnup distribution match within ~5% relative along the length of the TPBAR.
This close agreement is confirmation of the calculated bumup axial distribution and, therefore the
tritium/helium production.disttibution for TPBAR TO291, ~ “ae /frf - feve i it ber !

Similar comparisent betwéen derived and'measured Li-& burnups are presentedirt Figlire 22,
Figure 23, and Figure 24 for TPBARs T0281, T0166, and T0195; respectively: The agreement is within
8% relative for each TPBAR, and this is conﬁrmatlon of the tr1t1um and hehum productlon and
distribution for these TPBARs.”” o ‘ é
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Figure 21. Measured and Derived Li-6 Burnup for TPBAR T0291
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Figure 23. Measured and Derived 1.i-6 Burnup for TPBAR T0166
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Figure 24. Measured and Derived Li-6 Burnup for TPBAR T0195

3.6 Evaluation of Tritium and Protium Assay and Getter Rate Results

Additional evaluations regarding tritium, protium, and getter rate results as described below were

conducted. Details concerning these evaluations are classified and may be found in Lanning et al. (2002).

At specified locations along each TPBAR, midpellet (non-interface) sections were taken for
measurement of the tritium in the pellet, getter, and liner, and measurement of the retained He-4 in
the pellet. The purpose was to obtain a sum of recovered tritium and He-4 at those locations, which
could be compared to the locally generated values.

The normalized burnup axial distribution curve was used to generate curves of linear tritium and
helium production by renormalizing to the TPBAR-average linear production of each.

The He-4 generated in the pellets at a given axial location was estimated in a manner similar to that
for the generated tritium, by multiplying the TPBAR-average He-4 generation times the normalized
generation distribution found from the fit to the Co-60 gamma activity. Then, the retained He-4
found in a pellet sample was compared to the locally generated value.

To express the partition of tritium between getter, pellet, and liner on a consistent basis, the tritium
recovery for each component in a non-interface section was divided by the estimated tritium
production for that section. e

The getter protium data was used to infer the effective hydrogen ingress permeation reduction factor.

Getter rate constants were measured for irradiated getter samples for comparison to nonirradiated
samples and to the fabrication specification.
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4.0 Optical Metallography

Samples examined by optical metallography were analyzed in a process similar to that used earlier to
analyze irradiated ATR rod samples (Lanning et al. 1999). This work began in the High Level Radiation
Facility (HLRF) hot cells at PNNL. Samples were then transferred to a mini-hot cell in the Shielded
Analytical Laboratory for mounting, grinding, polishing, etching (as desired), and examination.

4.1 Sample Cutting

Samples were cut from the TPBAR segments using a sectioning saw in the HLRF hot cell. The
samples supplied for metallographic examination were approximately 20 mm in length. The sectioning
saw does not use a lubricant and damages the material as it cuts. Therefore, each sample was further
sectioned using a slow-speed saw with a thin diamond-impregnated blade and using water as a lubricant
and coolant. Each 20-mm section was cut in a manner that yielded samples approximately 7 mm long
that were suitable for mounting. This also allowed sufficient material for archive purposes (to provide
duplicates should a sample become damaged or react with the mounting media as was observed in the
ATR examinations).

4.2 Sample Mounting

As the samples were cut, each component was separated and placed in individual, labeled sample
vials. Each LTA component was mounted individually, rather than combined with other components as
had been done for the ATR components. Many problems had been encountered with the ATR samples,
including difficulty impregnating the samples with mounting resin and difficulty obtaining an optically
flat surface due to the varying hardness of the components. Mounting the LTA samples individually
helped to eliminate those problems.

All of the samples were mounted in a low viscosity, clear, epoxy resin. The resin was chosen for its
sample adhesion and low shrinkage characteristics. The samples were potted under vacuum to remove
bubbles. The best way to remove bubbles was to repeatedly apply vacuum, vent to atmosphere, and
reapply the vacuum until most (if not all) of the bubbles were removed from the sample mounts. The
samples were mounted in phenolic sample rings having a 32-mm diameter.

4.3 Sample Grinding

Planar grinding (rough leveling) and polishing of the samples was accomplished in the Shielded
Analytical Laboratory mini-hot cell. Once the samples had been mounted, a small hole was drilled into
the back of the samples to allow mounting on the polishers located in that hot cell. Diamond pads were
used to perform the grinding on each sample. All samples were ground progressively from 30 um (rough
grinding) to 3 um (fine grinding).
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The samples were then subjected to progressive sanding steps using adhesive-backed silicon carbide
sanding papers mounted to glass platens. Each sample was progressively finished starting at 120 grit and
finishing at 1200 grit using deionized water as a coolant and lubricant. The samples were rinsed between
each finishing stage with deionized water. Optical examination was performed at each step to ensure
sanding scratches were uniform prior to moving to the next finer grit size. The optical examination was
used to set the sanding operating parameters; the saraples responded differently to the applied pressure
and rotational speed of the sander. These settings are subjective and many hours were expended trying to
get each sample as scratch-free as possible.

Follewing the finish sanding steps, the samples were polished. Adhesive-backed polishing cloths
fixed to glass platens were used in the polishing operations. Water-based polycrystalline diamond slurries
were purchased from several vendors for polishing. Polishing grit sizes ranged from 6 um to 0.25 um.
Each sample was progressively polished from coarse to fine using clean, new polishing cloths at each
step. Similar to the finish sanding steps, the polisher settings were selected as a function of the response
of each sample to the polishing action.

Once polished, the samples were examined in the as-polished state, or etched and then examined.

4.4 Sample Etching

Most of the optical examinations were conducted on the samples in an as-polished state. However,
often it was desirable to examine the microstructure further using etchants to reveal additional features.
The etchants were selected for their ease of use, relative safety, and easy neutralization for waste disposal.
A methanol-based aqua regia (56% HCl, 19% HNOs, 25% methanol) was used to reveal the grain
structure on iron-based components. A hydrogen fluoride-based etchant (<1% HF, 50% H,0,,

50% HNO;) was used for zirconium alloys.

4.5 Optical Examination

An inverted Leitz metallograph fitted with a digitally controlled x-y-z motion stage and a digital
black-and-white camera was used for the examinations. Stage motion control and image capture were
computer controlled. A’ quartz-halogen light brought into the hot cell via a fiber-optic cable provided
lighting. Images were stored digitally on the computer's hard drive or on compact disk. The images were
printed from a personal computer equipped with graphics software and a high-resolution printer.

52




4 6 Exammatlon Results

Detalled results from the examinations are provided in Lannmg et al. (2002) Those results include
the fol lowmg observatlons -
. An end plug weld region was examined. The weld zone had a grain structure composed of laminar
pearlite.(as expected for a naturally cooled, untreated weldment).: No corrosion was e\'ldenb on the'
surface of the weld area, and the weld appeared to have no visible defects. ~ - - il T v

e The nickel plating on.the getter appeared delaminated:ftom the sample in places. - Thi likely decurred
during sample cutting and handling and was likely due to the polishing operation. The nickel plating
conformed to the base material, which:corroborates the concept that the delammatmn was due to the
cuttlng and pohshmg operatlons : o S : TR T

¢ The rmcrostructure of the pellets was uniform in nature, and the pellet did not appear to contain .
cracks, voids, or other defects.

ey e Ly e s e T i e o
Ot e T A L P s e e

¢ No signs of corrosion or other attack were noted on the exterior of the cladding that was exposed to
the reactor coolant.

-
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5.0 Conclusions

Thirty-two TPBARs were successfully irradiated during cycle 2 of the WBN plant and then
nondestructively examined by ANL-W. Four of those TPBARs were then sent to PNNL for DE. Based
on the data collected during the irradiation, the NDE of the 32 LTA TPBARs, and the DE of the four
TPBAR:s, the following conclusions were reached:

. The TPBARs were intact following the irradiation, removal from the reactor core, and shipping to
ANL-W. This was demonstrated by the following:

o In-reactor performance of the TPBARs met the design limit of releasing less than 6.7 Ci of
tritium per year per TPBAR.

o The TPBARs had the expected helium atmosphere and pressure with no moisture when
punctured.

e There were no difficulties in removing the LTAs from their host fuel assemblies and inserting them
into the transportation arrays at the WBN plant, nor in then removing the TPBARs from the
hold-down hardware at ANL-W.

e An adherent gray oxide covered all TPBARSs and the hold-down hardware. Variations were seen in
the oxide that likely resulted from flow variations in the guide tubes. Handling scratches were also
seen in the oxide. Swipes of the TPBAR surfaces removed minimal amounts of material; the material
removed was representative of typical reactor coolant system crud.

e Plenum gas pressure, void volume, and gas compositions were as expected upon TPBAR puncture.
The measured tritium production ranged from 0.88 to 0.97 g tritium per TPBAR. The measured
average tritium production was within 2% of the predicted average tritinm production for the LTAs.

e Dimensionally, the TPBARSs changed very little from their pre-irradiation condition. Postirradiation
diameters were very near the fabrication specification of 0.381 inch. Postirradiation length was
greater than the fabrication specification, but less than the bounding prediction for irradiation-induced
growth. Rod bow was concluded to be minimal, at <0.5 inch over the TPBAR length.

e The neutron radiography revealed several internal features of the irradiated TPBARs. First, a large
number of cracked pellets were observed; however, only negligible quantities of pellet were found
outside of the pencils. Second, negligible gaps were observed between pencils. Finally, liners were
observed to extend up through some pencil-pencil interfaces.

¢ Full-length axial gamma scanning confirmed the predicted tritium production profile. From these
gamma scans, it was possible to detect pencil-pencil interfaces and fuel assembly spacer grid
locations. In addition, there was minimal variation in gamma activity among TPBARs, thus
confirming the expected minimal variation in neutron flux across the LTAs and host fuel assemblies.
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- The results of the tritium, hydrogen, helium, and lithium isotopic assays performed on samples
obtained from the four TPBARs that were destructively examined confirm the in-reactor performance of
the TPBARs determined from the nondestructive PIE data; that is, the TPBARs were successfully
irradiated, produced the expected tritium quantities, and retained the tritium.

The overall conclusion from the NDE and DE of the LTA TPBARs is that the TPBARs remained
intact throughout irradiation and postirradiation handling and shipping, and that the TPBAR components
performed as designed. No indications were found of large dimensional changes or component physical
or functional failures and no changes are required to the current TPBAR design.

56




6.0 Reférences

T

Hagerty DM, and RO Gates. 1996. TPBAR design drawings.(U). PNNL-TTQP-1-1024, Rev 0, Pacific -
Northwest National Laboratory, Richland, Washington.

Lanning DD, and ER Gilbert. 1998. Information requzrements for postzrradzatzon testmg of the LTA
TPBARs (U). PNNL-TTQP-1-686, Rev 0, Pacific Northwest Natlonal Laboratory, Richland, Washmgton.

Lanning DD, and ME Cunmngham 2001. Evaluatzon report on nondestructzve exammanon of LTA
TPBARs (U). PNNL-TTQP-3-528, Rev 0, Pacific Northwest National Laboratory, Richland, Washmgton.

Lanning DD, DL Baldwin, and SC Marschman. 1999. Final report on postirradiation examination of
Advanced Test Reactor test rods, Vol 1 (U). PNNL-TTQP-3-525, Rev 0, Pacific Northwest National
Laboratory, Richland, Washington.

Lanning DD. 2000a. Test plan for postirradiation examination of LTA TPBARs (U).
PNNL-TTQP-3-511, Rev 1, Pacific Northwest National Laboratory, Richland, Washington.

Lanning DD. 2000b. Technical requirements document for the nondestructive examination of the LTA
TPBARs by ANL-W (U). PNNL-TTQP-3-509, Rev 2, Pacific Northwest National Laboratory, Richland,
Washington.

Lanning DD. 2000c. Sectioning and examination plan for the LTA TPBARs (U). PNNL-TTQP-3-527,
Rev 1, Pacific Northwest National Laboratory, Richland, Washington.

Lanning DD, DL Baldwin, ME Cunningham, and SC Marschman, 2002. Results of nondestructive and
destructive examinations on the LTA TPBARs (U). PNNL-TTQP-3-542, Rev 0, Pacific Northwest
National Laboratory, Richland, Washington.

McKee RS. 2000. Measurements from the post-irradiation neutron radiographs of Watts Bar LTA
TPBARs # T0166 & T0195 (U). PNNL-TTQP-1-763, Rev 0, Pacific Northwest National Laboratory,
Richland, Washington.

Migliore RJ. 2000. PNNL-TTQP-3-517. Warts Bar tritium data analysis for the lead test assembly (U).
Rev 0, Pacific Northwest National Laboratory, Richland, Washington.

Westinghouse. 1999. Tritium production core (TPC) topical report (unclassified, non- proprietary
version). NDP-98-181, Rev 1, Westinghouse Electric Company, Monroeville, Pennsylvania.

57



PNNL-13931

Distribution
No. of No. of
Copies Copies
OFFSITE ONSITE
10 Office of Tritium Production, NA-125.1 13 Pacific Northwest National Laboratory
U.S. Department of Energy
1000 Independence Avenue, SW D. L. Baldwin P7-22
Washington, DC 20585 M. E. Cunningham K8-60
G. W. Hollenberg K9-85
D. D. Lanning » K8-34
K. C. Larson K9-85
S. C. Marschman P7-27
B.D. Reid K8-34
G. C. Sorensen K9-85
C. K. Thornhill K9-85
TTQP Records (2) K9-85
Information Release (2) K1-06

Distr.1



