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SUMMARY

The current moratorium for reprocessing nuclear fuels in the United States
has Teft extended water storage as the only licensed fuel management option for
commercial spent fuel. Past experience and assessments of pool-stored spent
fuel suggest that no significant degradation of the fuel rod cladding occurs
during water storage. However, at present the experimental data base is Tim-
ited; and additional investigation is needed to assess whether degradation of
Zircaloy fuel cladding occurs during extended water storage.

This report presents the results from metallurgical examinations of
Zircaloy-clad fuel rods from two bundles (0551 and 0074) of Shippingport PWR
Core 1 blanket fuel after extended water storage. Both bundles were exposed
to water in the reactor from late 1957 until discharge. The estimated average
burnups were 346 GJ/kgU (4000 MWd/MTU) for bundle 0551 and 1550 GJ/kgU
(18,000 MWd/MTU) for bundle 0074. Fuel rods from bundle 0551 were stored in
deionized water for nearly 21 yr prior to examination in 1980, representing the
world's oldest pool-stored Zircaloy-clad fuel. Bundle 0074 has been stored in
deionized water since reactor discharge in 1964. Data from the current metal-
lurgical examinations enable a direct assessment of extended pool storage
effects because the metallurgical condition of similar fuel rods was investi-
gated and documented soon after reactor discharge.

Data from current and past examinations were compared, and no significant
degradation of the Zircaloy cladding was indicated after almost 21 yr in water
storage. The cladding dimensions and mechanical properties, fission gas
release, hydrogen contents of the cladding, and external oxide film thicknesses
that were measured during the current examinations were all within the range
of measurements made on fuel bundles soon after reactor discharge. The appear-
ance of the external surfaces and the microstructures of the fuel and cladding
were also similar to those reported previously. In addition, no evidence of
accelerated corrosion or hydride redistribution in the cladding was observed.

The only microstructural features observed during the current examinations
that had not been previously identified and reported were a few microcrack-1like
defects (~50 um deep) on the internal surfaces of one fuel rod from bundle 0074.



These defects are believed to have been formed during fabrication of the clad-
ding; however, they could possibly be shallow stress corrosion cracks produced
during irradiation. The formation or propagation of these small microcracks
is not considered 1ikely during water storage because of the minimal stresses
at internal surfaces and the low temperatures that restrict fission product
mobility and crack propagation.

The fact that no significant cladding degradation occurred after nearly
21 yr of pool storage indicates that successful storage of Zircaloy-clad fuel
in water for several decades in an excellent prospect. This conclusion agrees
with results of spent fuel examinations in Canada, the Federal Republic of
Germany, and the United Kingdom. The survival of Shippingport fuel, which
remained in the reactor from 1957 to 1974 (12.3 yr at reactor operating con-
ditions; 41,000 MWd/MTU burnup), is another impressive demonstration that
Zircaloy-clad fuel has excellent resistance to degradation by water.
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INTRODUCTION

Nuclear fuel resides in a reactor for 3 to 5 yr, and after discharge from
the reactor the "spent" fuel continues to produce residual heat through radio-
active decay of fission products. The fuel is stored in water pools because
the water dissipates the residual heat and provides a radiation shield. Until
recently, spent nuclear fuels were intended for reprocessing after interim
storage (up to 2 yr) in water. However, the 1977 reprocessing moratorium in
the United States left extended water storage as the only licensed fuel manage-
ment option for commercial spent fuel.

Nuclear fuels are encased in metal to prevent release of nuclear reaction
products into the environment. Previous experience from spent fuel pools,
theoretical assessments of expected spent fuel behavior, and several destruc-
tive and nondestructive examinations of pool-stored spent fuel suggest that
extended water storage of spent fuel is a viable techno]ogy.(a) This study
extends the earlier investigations because it involved the world's oldest pool-
stored Zircaloy-clad fuel.

The Spent Fuel and Fuel Pool Component Integrity Program at Pacific North-
west Laboratory (PNL)(b)
that has been in water storage for extended periods to characterize their dura-

is currently examining spent fuel and pool equipment

bility and metallurgical condition. This report presents the results of hot
cell examinations of two bundles of Zircaloy-clad spent fuel from the Shipping-

(c)

the effects of extended water storage (16 yr for one bundle and over 20 yr for

port Atomic Power Station. The purpose of the examinations was to assess

the other bundle) on the integrity of the Zircaloy cladding.

This report begins with the rationale for selection of the Shippingport
fuel rods, their characteristics, and history. The next section presents the
results of the current examinations; detailed experimental procedures are given

(a) Parker 1978; Hunt, Wood, and Bain 1979; Peehs et al. 1978; Huppert and
Zimmerman 1977; Warner 1977; Flowers 1977; Johnson et al. 1980; Johnson
1977; Vesterlund and Olsson 1978; Mayman 1978; Huppert 1978.

(b) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
Institute.

(c) A pressurized water reactor (PWR) located at Shippingport, Pennsylvania.



in Appendix A. Current results are then compared with results of previous
examinations of similar fuel soon after reactor discharge. Potential degrada-
tion mechanisms that were factored into the examinations are then discussed.

Finally, plans are presented for future storage of the remaining fuel rods from

the two bundles.



BACKGROUND INFORMATION

The Spent Fuel and Fuel Pool Component Integrity Program at PNL is spon-
sored by DOE's Division of Spent Fuel Storage and Transportation. As part of
this program, PNL acquired candidate spent fuel to assess the effects of
extended water storage on the integrity of Zircaloy fuel cladding. The Ship-
pingport PWR Core 1 operated from 1957 to 1964. Blanket fuel from Core 1 was
one of the candidates selected for detailed examination. The basis for selec-
tion, physical characteristics, irradiation history, and pool storage condi-

tions are presented in this section.

FUEL SELECTION

The purpose of the current hot cell examination was to determine if dis-
cernible degradation of Zircaloy cladding occurs during extended pool storage.
The metallurgical condition of the Zircaloy cladding immediately after reactor
discharge is useful so that property changes that occurred in-reactor can be
separated from those that occurred during pool storage. Since potential deg-
radation mechanisms are expected to occur very slowly under pool storage condi-
tions (Johnson 1977), fuels that have been stored for relatively long periods
are needed to identify slow degradation that may be occurring. Other factors—-
such as burnup, power history, and fuel rod configuration--could influence
spent fuel behavior and were considered in selecting fuel rods for the current

examinations.

An extensive search for candidate fuels was conducted (Johnson et al.
1980). Fuel rods from commercial reactors of current design generally lack the
detailed information regarding the condition of the cladding after discharge,
and they have been stored for relatively short periods (<10 yr). Blanket fuel
rods from the Shippingport PWR Core 1 loading are not typical of current com-
mercial reactor fuels, but they do represent Zircaloy-clad uranium oxide fuel
that has been stored in deionized water for almost 21 yr. More importantly,
an extensive data base regarding their condition after discharge is available.
Because these two criteria——prior examinations and long storage times—-were
considered essential for assessing the effects of extended water storage, the



Shippingport fuel rods were selected for the current program. These data com-
plement results from other spent fuel surveillance programs on fuel with less

(a)

storage time. Specific information regarding their selection is given

below.

Prior Examinations

The Shippingport Core 1 blanket fuel rods operated from 1957 through 1964.
During this period, selected fuel bundles from high flux positions were removed
from the reactor in 1959, 1961, 1963, and 1964 and destructively examined.(b)
The 15 fuel rods from bundle 0551 that are included in the current program were
part of a bundle examined in 1960 and thereby provide a direct basis for assess-
ing the effects of nearly 21 yr of pool storage.

Several bundles of Core 1 blanket fuel rods were selected for additional
exposure in the Multipurpose Extended Life Blanket Assembly (MELBA) test pro-
gram. Bundle 0074 was a back-up bundle for this program and was visually exam-
ined after discharge from the reactor. Results from destructive examinations
of fuel rods from bundle 0314, which was also discharged in 1964, provide the
basis for assessing the effects of extended pool storage on the fuel rods from
bundle 0074.

Metallurgical examinations on early Shippingport Zircaloy-clad fuel rods
during Core 1 operation established the effects of in-pile exposure and were
useful in later examinations to determine the effects of extended water stor-
age. Additional data regarding the effects of further in-pile exposure of
similar fuel rods are available from the results of the MELBA test program
(Hillner 1974; Hillner 1980) and involve fuel that remained in the reactor for
~17 yr (12.3 yr of reactor operation).

Pool Storage

Fuel bundle 0551 contains the world's oldest pool-stored Zircaloy-clad
fuel rods. This bundle was discharged from the reactor in 1959, and the

(a) Parker 1978; Hunt, Wood, and Bain 1979; Peehs et al. 1978; Huppert and
Zimmerman 1977; Warner 1977; Flowers 1977; Johnson et al. 1980; Johnson
1977; Vesterlund and Olsson 1978; Mayman 1978; Huppert 1978.

(b) Lynam 1963; Lynam 1964; Henke 1966; Rubin and Lynam 1966; Larson 1960;
Rubin 1961(a); Rubin 1961(b); Sphar 1962; Lynam 1961; Lynam 1962.



15 rods included in this examination had been stored in deionized water for
nearly 21 yr when they were reexamined. Bundle 0074 was discharged from the
reactor in 1964 and had been stored in deionized water for 16 yr at the time
it was examined.

Burnup

Bundles 0551 and 0074 had estimated average burnups of 346 GJ/kgU (4000
MWd/MTU) and 1550 GJ/kgU (18,000 MWd/MTU), respectively. Estimated peak rod
burnups for bundle 0074 were approximately 2500 GJ/kgU (29,000 de/MTU).(a)
The burnups and 16 to 20 yr of pool storage make these fuel rods attractive
for assessing fuel rod integrity after extended water storage.

REACTOR OPERATION AND FUEL CHARACTERISTICS

The Shippingport Core 1 loading consisted of enriched metallic uranium
seed assemblies surrounded by a region containing 791 blanket fuel bundles
(see Figure 1). Seven blanket fuel bundles were stacked axially to form a
fuel assembly; there were 113 blanket fuel assemblies in the reactor.

The blanket fuel bundles were fabricated by welding 120 individual fuel
rods to Zircaloy-2 tube sheets at each end. The rods were arranged in an 11
by 11 square array with one corner rod removed for insertion of a failed ele-
ment detection and location (FEDAL) system. The tube sheets on the welded
bundles were machined to final dimensions of 132 by 132 by 260 mm (5.2 by 5.2
by 10.25 in.), and coolant flow holes were drilled between the fuel rods.

A schematic of the individual blanket fuel rods is shown in Figure 2, and
pertinent fabrication data are given in Table 1. Each rod contained 26 natural
uranium dioxide pressed and sintered pellets that were 93 to 95% of theoretical
density (TD). The fuel pellets were encased in Zircaloy-2 cladding that had an
outside diameter (0D) of 10.44 mm and a nominal wall thickness of 0.64 mm. The
rods were filled with purified helium at ambient pressure, and Zircaloy-2 end
plugs were welded to each end. The diametral gap(b) between the fuel pellet

(a) Actual burnup on rod 110 of bundle 0074 was measured to be 3100 GJ/kgU
(36,000 MWA/MTU) during the current examination.
(b) The diametral gap is cladding inside diameter (ID) minus pellet diameter.
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J13 - BUNDLE 0074 EXAMINED AFTER 16 YEARS OF POOL STORAGE

FIGURE 1. Schematic of Shippingport PWR Core 1 Cross Section

and cladding was nominally 0.1 mm, and the axial clearance between fuel and end
caps was 3.5 to 5.0 mm. Further details regarding the fuel rod and fuel bundle
fabrication are given by Glatter et al. 1958.

The first Shippingport PWR core reached full-power operation in December
1957 and operated until February 1964. The reactor was cooled and moderated
with Tight water that was maintained at pH 10 #0.5, and the hydrogen concentra-
tion ranged from 10- to 60-mi H2 per kilogram of water. The inlet and outlet
temperatures were 538K (265°C) and 553K (280°C), respectively; and the system
was pressurized to 13.6 MPa (2000 psi).
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FIGURE 2. Shippingport PWR Blanket Fuel Rod

The enriched seed assemblies were replaced three times during the operat-
ing period from 1957 to 1964, and selected blanket fuel bundles were taken from
the core for detailed postirradiation examination (PIE) during each refueling
period. A blanket fuel bundle was also examined at the end of the first core
operation. In all cases, fuel bundles were taken from high flux positions in
the core, i.e., adjacent to seed assemblies (see Figure 1), and at the peak
axial flux region, which occurred at the third bundle up from the bottom.

After Core 1 operation, several blanket fuel bundles were selected for
continued exposure in Core 2 through the MELBA irradiation test program. Nine
partially depleted blanket fuel bundles from the Core 1 loading were further

irradiated in the central blanket region of Core 2. Three of the bundles were

removed for destructive examination during the refueling outage (seed replace-
ment) in 1969. The original six bundles plus three replacement bundles

remained in the reactor until the end of the second core (1974) and were
examined in the late 1970s.



TABLE 1. Fabrication Data for Shippingport Blanket Fuel Bundles

Type (rod array) 11 x 11(a)
Fuel Rods (not prepressurized):
Number/Bundle 120
Length 260 mm (10.25 in.)
Outside Diameter 10.44 mm (0.411 in.)
Cladding Wall Thickness 0.64 mm (0.025 in.)
Cladding Material Zircaloy-2
Active Fuel Length 231 mm (9.08 in.)
Fuel Pellets:
Number /Rod 26
Diameter 9.08 mm (0.357 in.)
Length 8.87 mm (0.349 in.)
Material natural uranium dioxide
Density 10.1 to 10.3 g/cm’

(a) One of the corner rods was removed for insertion of a failed
element detection and location (FEDAL) system.

PIE of the Shippingport Core 1 blanket fuel rods and the related MELBA
program provides what may be the world's most extensive data base for evaluat-
ing the in-pile corrosion performance of Zircaloy-clad fuel rods. Figure 3
indicates examination dates and pertinent references. An important feature of
the data base is that fuel rods with similar characteristics were examined
periodically after reactor residences ranging from 2 to 17 yr, thereby indicat-
ing how Zircaloy corrosion depends on reactor exposure (Hillner 1980).

The relationship between the present work and prior examinations is also
shown in Figure 3. Fuel rods from bundle 0551 were destructively examined in
1960; 15 of the remaining rods were examined in the current program after
nearly 21 yr of pool storage. Bundle 0074 was not destructively examined in
1964; but bundle 0314, which was located directly across the seed assembly
from bundle 0074 (see Figure 1), was examined and provides reference points
for establishing the effects of water storage on Zircaloy-clad fuel rods from
bundle 0074.
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POOL STORAGE CONDITIONS

After reactor discharge, the fuel bundles were temporarily stored in the
Shippingport canal, followed by shipment to the Expended Core Facility (ECF)
at the National Reactor Testing Station, Idaho Falls, Idaho. Selected fuel
rods from bundle 0551 were removed and destructively examined; bundle 0074 was
visually examined. The remaining fuel rods from bundle 0551 and bundle 0074
were then stored in deionized water at the ECF storage pool for more than
20 and 16 yr, respectively.

Water temperatures at both the Shippingport canal and the ECF pool ranged
from 288 to 298K (15 to 25°C) prior to 1973. ECF pool temperatures have ranged
from 280 to 288K (7 to 15°C) since 1973; this temperature range overlaps the
ranges found in many spent fuel pools (Johnson 1977). The average temperature
is lower, but the effects on oxidation are almost inconsequential. Oxidation
measured at 360K (87°C) on Zircaloy-2 process tubes in the Hanford K-East reac-
tor, Hanford, Washington, was only 0.005 um/yr (Dillon and Maffei 1965). This
oxidation rate would produce a thickness increase of about 0.1 um after 20 yr,
which is within the uncertainty of thickness measurements made by metallography.

FUEL SHIPMENT

Bundle 0074 and 15 fuel rods in two linear arrays from bundle 0551 were
shipped from the ECF to the hot cells at Battelle-Columbus Laboratories (BCL)
Nuclear Materials Technology Facility in July 1980. Prior to shipment, the
exterior of the fuel rods was visually inspected and photographed by ECF per-
sonnel; no abnormal conditions were detected. The two fuel rod sections from
bundle 0551 were wrapped in cloth to protect the fuel during shipment. The
shipping cask atmosphere was moist air. The temperature during shipment is
not known precisely but was probably less than 373K (100°C).

10



1980-1981 HOT CELL EXAMINATIONS

The current hot cell examinations include a series of nondestructive and
destructive examinations of fuel rods from two bundles (0551 and 0074) of
Shippingport PWR blanket fuel that had been in pool storage for more than
20 and 16 yr, respectively. The purpose of the examinations was to assess the
effects of extended water storage on fuel rod integrity; thus, the program was
designed to allow direct comparison of the present results to those obtained
after reactor discharge as well as to give special attention to potential
degradation mechanisms identified by Johnson (1977}.

Table 2 summarizes the experimental program for the Shippingport fuel
rods. Comparable results are available from previous investigations for each
type of examination except gamma scanning and eddy current. These were
included in the present study to help establish fuel rod integrity, aid in
selecting metallographic specimens, and provide a basis for future comparative
examinations.

The fuel rod numbers listed in Table 2 represent the relative rod posi-
tions within the fuel bundle as shown in Figure 4. The fuel rods from bundle
0551 consisted of rods 1 through 8 in one cluster and rods 13 through 19 in
the second; all 120 rods from bundle 0074 were available for examination.

In selecting the eight fuel rods for detailed examination, consideration
was given to the relative position of the fuel rods in the bundle and to the
initial visual examination of the rods while they were still attached to the
tube sheets. The four rods selected from bundle 0074 were adjacent to a seed
assembly during reactor exposure; these rods represent the highest burnups
available. Visual inspection at the eight-rod cluster from bundle 0551
revealed a potential cladding crack in rod 5. Although this apparent crack
disappeared when viewed under different 1ighting conditions, this rod and
rod 4 were selected for detailed examination. Rods 13 and 19 represent sym-
metric positions within the bundle, and their inclusion minimizes future
handling during storage.

11



Al

TABLE 2.

Summary of Experimental Program

Type of Fuel Bundle 0551 Fuel Bundle 0074

Examination Rod 4 Rod 5 Rod 13 Rod 19 Rod 110  Rod 111 Rod 119 Rod 120
Visual X X X X X X X X
Gamma Scanning X X X X X X X X
Eddy Current Testing X X X X X X X X
Profilometry X X X X
Leak Testing and X X X X X X X X
Fission Gas Release
Burst Testing X X X X
Metallography X X X X
Hydrogen Analysis X X X X
Burnup Analysis X X
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Each fuel rod was subjected to a variety of examinations (see Table 2).
The remainder of this section describes experimental operations used for the
examinations and presents the results from each type of examination. Addi-

tional details of the experimental procedures are provided in Appendix A.
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EXPERIMENTAL OPERATIONS

The eight fuel rods selected for detailed examination were removed from
the bundles with a circular saw in a milling machine by cutting the tube sheets
between adjacent rods. The "squared ends" of each rod were machined in an in-
cell lathe to form a right circular cylindrical shape, which was necessary to
obtain profilometry traces and eddy current scans and to collect fission gases.
Holes were drilled part way through one end cap along the rod axis to reduce
the drilling distance required during puncturing for fission gas collection
and to accommodate the high-pressure fitting needed for burst testing.

The entire length of the rods was visually examined at four orientations
(90° apart) around the circumference using a stereoviewer. The condition of
the fuel rods was noted, and selected surfaces were photographed. The stereo-
viewer was also used to examine the exposed cladding surfaces of fuel rods in
the bundle.

Eddy current examinations and axial gamma scans were made on all eight
fuel rods. The eddy current testing utilized an encircling coil probe; a
"standard tube" containing various machined defects was used for calibration.
137¢5 (0.63 to 0.68 Mev)
were measured during the gamma scans. Scanning speeds for both the gamma

Both the gross gamma activity (E > 0.5 MeV) and

scans and eddy current inspection were about 0.4 mm/s (1 in./min).

Rod diameters and ovalities were measured on four of the fuel rods by
spiral profilometry. The profilometer was calibrated with a standard rod con-
taining precisely machined steps of different diameters and had an estimated’
accuracy of +2.5 x 10'3 mm (+0.001 in.).

The internal fuel rod gas content was determined by drilling a small hole
through one end cap and measuring the pressure increase in an evacuated system
of known volume. The released gases were collected into ~30-m1 vials via a
diffusion pump-Toepler pump combination, and the gas compositions were deter-
mined by mass spectroscopy. The amounts of xenon and krypton in the gas
samples were compared to the amounts produced during irradiation to estimate
the fractional fission gas released from the fuel.

14



Samples for metallography, cladding hydrogen analysis, and burnup analysis
were removed from the fuel rods using a water-cooled abrasive cut-off wheel.
The metallographic samples were enclosed in a stainless steel supporting ring
to minimize edge rounding and held in Bakelite mounts using a cold-setting
epoxy resin. The samples were ground with silicon carbide abrasive papers,
polished with a slurry of Linde A alumina in a 2% chromic acid solution, and
examined metallographically in both the as-polished and etched conditions.
Etchants used for examination of the fuel microstructure consisted of 85 parts
H202 and 15 parts concentrated H2504. A freshly mixed solution of 48 vol%
H202 (30%), 48 vol% HNO3 (70%), and 4 vol% HF (48%) was used to reveal the
microstructures of the Zircaloy cladding.

Hydrogen analysis samples were defueled, cleaned, and divided to allow
duplicate analyses. Inert gas fusion--where the cladding sample is quickly
heated to 2273K (2000°C) in an argon atmosphere--was used. Impurity gases are
selectively removed, and the resultant hydrogen content is determined by the
difference in thermal conductivity of the sample gas and that of the pure argon
reference gas. The system is calibrated using National Bureau of Standards
(NBS) metal samples containing known quantities of hydrogen.

Fuel burnups were determined by completely dissolving the fuel and measur-
ing the 148Nd, U, and Pu contents by a mass spectrographic analysis. Sample
burnup was calculated according to ASTM-E-267 and ASTM-3-321 and is estimated
to be accurate to within #5%.,

Burst tests were conducted on two fuel rods from each bundle using the
same procedures as reported by Rubin (1961la). This involved slowly pressuriz-
ing the fuel rods with water through a small hole drilled in one end cap until
bursting occurred. The burst specimens were photographed. Metallographic
sections taken from the region of maximum strain enabled the failure strains
to be determined.

EXPERIMENTAL RESULTS

Visual Examination

Upon arrival at BCL, bundle identifications were located and verified.
The bundle number was stamped on the upper tube sheet surface of bundle 0074
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(see Figure 4), and two metal tags were attached to one of the fuel rods in
each of the seven- and eight-rod clusters from bundle 0551. For the seven-rod
cluster, the alphanumeric ECFR 887 was stamped on one tag and GE 0551 19 was
stamped on the other. ECFR 893 and 0551 8 were stamped on the tags from the
eight-rod cluster. The 0551 corresponds to the bundle number, and 8 and 19
represent the rod numbers to which the tags were attached.

The general appearance of the seven- and eight-rod clusters from bundle

0551 and the fuel rods in bundle 0074 is shown in Figure 5. A 3-mm diameter
(a)

southwest and northeast corners of bundle 0074 to facilitate handling in the

wire rope 1ifting cable was inserted through the end plate holes at the
storage pool. The cable was looped entirely through the bundle and clamped at
one end and had a reddish-brown iron oxide surface deposit. Some reddish-brown
deposits had also spread to the fuel rods and tube sheet areas adjacent to the
cable. Energy dispersive x-ray analysis indicated that the wire composition
was 99% iron, 0.6% manganese, 0.2% chromium, and about 0.2% trace elements.

Visual examination of fuel rod surfaces revealed no evidence of acceler-
ated corrosion during storage. The cladding from bundle 0551 fuel rods was
covered with an adherent black oxide that was very similar to that described
by Rubin (1961a) for fuel rods from this bundle immediately after reactor dis-
charge. Numerous scratches and handling marks were observed on all of the
fuel rods from bundle 0551, and some crud deposits and water marks were also

evident (see Figure 6).

Direct evidence of the excellent agqueous corrosion resistance of
Zircaloy-2 was obtained by examining the tube sheets from the two clusters
of bundle 0551 fuel rods. The tube sheets had been cut to remove these rods
from the bundle in 1960; and the cut surfaces, which had been stored in water
for more than 20 yr, showed no evidence of reaction with the water environment
(see'Figure 7).

The appearance of the fuel rods from bundle 0074 was similar to that of
bundle 0551 except for the reddish-brown deposit from the 1ifting cable and

(a) The cable is not a part of the fuel bundle.
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abnormal features noted during these examinations. No evidence of accelerated
corrosion or cladding defects was seen on any of the fuel rods.

In summary, visual examination produced no evidence of accelerated corro-
sion or significant cladding defects on the fuel rods from bundles 0551 or 0074
after more than 16 yr of pool storage. The corrosion films on both bundles
appeared very similar to the films observed immediately after reactor dis-
charge. The only defect identified (see Figure 9) was superficial, and the
scratches and handling marks that were observed are an expected result of
remote-handling operations.

Gamma Scanning

Results of axial gamma scans showed no unusual or unexpected behavior.
The gross activity of the four fuel rods from bundle 0551 was only about 100
counts per second (cps) above the cell background and was quite constant along
the rod axis. Higher activity levels (500 to 600 cps above background) were
recorded for the fuel rods from bundle 0074, which is consistent with the
higher burnup and shorter decay times of these fuel rods. Several sharp dips
in activity that were observed in each of the fuel rods from bundle 0074 can
be attributed to small axial gaps in the fuel column. No evidence of cesium
segregation was detected in any of the eight fuel rods.

Eddy Current Testing

The results of the eddy current examinations showed no strong indications
of defective cladding. Weak signal distortions (from two to six) were observed
in seven of the eight fuel rods. The eighth rod--rod 120 of bundle 0074—-
showed evidence of cladding ridging at pellet interfaces along its entire
length. Evidence of cladding ridging was also seen in the other three rods
from bundle 0074.

The eddy current technique is also sensitive to conditions other than
defects, such as surface scratches, local variations in wall thickness or tube
diameter, fuel-cladding bonding, and crud deposits (Bailey et al. 1981).
Visual examination of the fuel rods showed that over 80% of the eddy current
indications on the Shippingport fuel rods were directly associated with
scratches or handling marks on cladding surfaces. Transverse metallographic
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sections from rods 5 and 13 of bundle 0551 were taken at three of the remain-
ing locations, but no specific cause for the eddy current indications could be
identified.

Profilometry

Spiral profilometry traces were used to measure the diameters and ovali-
ties of the four fuel rods selected for subsequent burst testing (see Table 3).
No evidence of defective cladding was observed in any of the profilometry

traces.

The profilometry data showed that no significant changes in cladding
dimensions had occurred during pool storage. The average diameters were
within both the original manufacturing specifications--10.44 £0.05 mm (0.411
£0.002 in.)--and the range of diameter measurements--10.33 to 10.64 mm (0.407
to 0.419 in.)——from similar fuel rods immediately after reactor discharge.

Maximum ovalities were slightly higher than measured immediately after
reactor discharge, but the small difference is most likely associated with the
type of measurements made rather than a change in fuel cladding. In previous
investigations, rod diameters were measured optically at 0 and 90° orienta-
tions, which would not necessarily measure the maximum ovality as spiral pro-
filometry does.

TABLE 3. Summary of Profilometry Data

Average Maximum
Bundle Rod Diameter, Ovality,
Number Number mm m_
0551 4 10.44 0.08
0551 19 10.44 0.10
0074 111 10.42 0.10
0074 119 10.42 0.15

Leak Testing and Fission Gas Release

The internal fuel rod gas content was determined by drilling a small hole
through one end cap and measuring the pressure increase in an evacuated system
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of known volume. The released gases were collected into ~30-ml vials via a
diffusion pump-Toepler pump combination. One vial was used for fuel rods from
bundle 0551 while two vials, i.e., duplicate samples, were obtained for the
0074 fuel rods. Details of rod puncture and gas collection are given in
Appendix A.

After the fission gases were collected, the fuel rods were leak checked by
evacuating the system (including the fuel rod) and measuring the leak rate.
The system was then pressurized to 0.27 MPa (40 psi) with helium, and the pres-
sure drop after a 5-min period was measured.

None of the eight fuel rods showed any evidence of leaking. Leak rates
measured under vacuum ranged from 0.4 to 1.6 ym/min, and in all cases these
rates were less than the leak rates measured on the system prior to puncturing
the rods. The maximum pressure loss during 5 min at 0.27 MPa (40 psi) was 7 x

107> MPa (0.01 psi), which is within measurement uncertainty.

The content and compositions of the gas collected from the fuel rods are
summarized in Table 4. Average values obtained from the 15 fuel rods from
bundle 0551 that were examined in 1960 and reported by Rubin (1961b) are also
presented in the table. Gas contents derived from the pressure measurements
from bundle 0551 agree very well with the results obtained 20 yr ago. Results
that are directly comparable to bundle 0074 data are not available; but higher
gas content is expected at higher burnup, which is consistent with the current

results.

Comparing the gas content derived from the mass spectrographic analysis
to that obtained from initial pressure measurements shows that a considerable
amount of gas was introduced into some of the samples prior to the mass spec-
trographic analysis. The efficiency of the BCL gas collection system for these
rods is expected to be less than the normal 95% because of the small gas con-
tent of the Shippingport fuel rods. Therefore, the higher gas content derived
from the mass spectrographic analysis for rods 13 and 19 of bundle 0551 and
rods 111 and 119 of bundle 0074 show definite evidence of sample contamination
prior to mass spectrographic analysis. The major contaminants were nitrogen
and oxygen, which suggests that air leaked into the samples either during the
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TABLE 4. Summary of Internal Gas Contents and Compositions
Gas Content (micron-liters)
Rod From From Mass Gas Composition, %
Number Pressure Data  Spectrography He Xe ke H,  H0 0, ;ﬂé__ R L0, ~ Hydrocarbons
4 628 578 86.0 11.4 1.34 0.19 «0.1 0.08 0.39 0.03 0.06 0.46
5 464 433 82.3 5.63 0.64 0.31 0.70 1.78 8.18 0.14 . 0.1 0.25
13 523 5,624 7.8 0.54 0.07 «<0.1 <0.1 19.0 71.6 0.89 0.06 <0.1
19 465 593 73.0 6.49 0.74 <0.1 10.3 1.26 7.62 0.12 0.05 0.41
110 1,485 1,224 45.3 46.2 3.81 1.10 «<0.1 0.25 2.28 0.05 0.68 0.35
111 1,046 6,770 3.67 3.10 0.26 <«0.1 <0.1 19.2 72.8 0.91 0.09 <0.1
111 —_— 22,040 1.34 1.00 0.08 «0.1 0.3 20.4 75.8 0.93 0.17 <0.1
119 959 524 53.8 32.3 2.57 0.3 1.9 0.08 7.51 0.11 <0.1 1.35
119 _— 524 Sample Lost
120 712 319 57.3 37.3 2.84 0.23 1.3 <0.05 0.51 0.04 0.20 0.32
120 —_— 380 53.7 41.0 2.91 0.10 1.4 <0.01 0.55 0.04 <0.1 0.29
Previous 514 280 (1o) 76.8 13.2 1.53 1.77 - 3.83 - 0.31 1.26 1.35
Results
Bundze
0551(2)

{a) Rubin 1961a.



collection process or through the valve on the vials during the period between
gas collection and analysis. The large difference in gas content between the
duplicate samples from rod 111 indicate that leakage into the vials was the
predominant source of the contamination. However, leakage into the system dur-
ing gas collection could significantly alter the gas composition from these
small fuel rods and is the probable source for some oxygen and nitrogen in all
of the fuel rods.

Detailed examination of the data in Table 4 also indicates that the water
that was detected in some of the gas samples did not originate from inside the
fuel rods. For example, water content from two duplicate samples of rod 111
is 7 and 66 micron-liters, respectively, for samples 1 and 2. These two gas
samples were collected simultaneously, and the large difference in water con-
tent could only occur by contamination after the fission gas was collected.
Further evidence for an external source of water is obtained from the data for
rod 19 of bundle 0551. For this rod, the nitrogen and oxygen content can
account for only 41% of the difference between the total gas content derived
from initial pressure data and mass spectrographic analysis. However, more
than 90% of the difference is obtained when the water content is included,
which indicates that water was introduced into the sample after the initial

rod puncture.

The exact source of the water contamination could not be identified by
examining the procedures used during gas collection and analysis. These same
procedures and equipment are routinely used for collecting and analyzing fis-
sion gas samples with no water contamination being detected. However, the gas
content of the Shippingport fuel rods is small compared to a normal fuel rod,
which magnifies the effect of even small amounts of contamination.

The xenon and krypton contents of the fuel rods were used to estimate
fission gas release with the results summarized in Table 5. The estimated
releases range from 0.2 to 0.5% with no significant difference between the
fuel rods from bundles 0551 and 0074. In making the calculations, the com-
bined fission yields for xenon and krypton were assumed to be 0.3 and burnups
were taken from the experimental results for rod 13 of bundle 0551 and rod 110
of bundle 0074.
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TABLE 5. Summary of Fission Gas Release

Fission Gas

Bundle Rod Burnu?, Release,
Number Number GJ/kgu(a) %
0551 (b) 4 420 0.5
0551 5 420 0.2
0551 13 420 0.2
0551 19 420 0.3
0074 (c) 110 3100 0.5
0074 111 3100 0.4
0074 119 3100 0.3
0074 120 3100 0.3

(a) MWd/MTU = 11.6 GJ/kgU.

(b) Burnup data for bundle 0551 are based on
analysis of rod 13.

(c) Burnup data for bundle 0074 are based on
analysis of rod 110.

The fission gas release data reported by Rubin (1961b) for fuel rods from
bundle 0551 ranged from 0.19 to 0.72%, and the average release from 15 fuel
rods was 0.37%. These values compare very favorably with the current results
and indicate that the fuel has not deteriorated and released additional fis-

sion gas.

Burst Testing

Two rods from each bundle were burst tested using the same procedures
reported by Rubin (196la) for fuel rods from bundle 0551, which involved slowly
pressurizing the fuel rods with water through a small hole drilled in one end
cap. To duplicate these procedures required making a special fixture to hold
the fuel rods and a slight modification of the pressurizing system to use
water. Details of the fixture and experimental procedures are given in
Appendix A.

The fuel rods were pressurized in 13.8-MPa (2000-psi) increments up to
69 MPa (10,000 psi) and continuously thereafter. The pressurization rate was
about 0.11 MPa/s (1000 psi/min) with 1-min hold periods at each of the pressure
increments. The purpose of the incremental hold periods was to assure pressure
equalization along the fuel rod and to check for defective cladding (a pressure
drop would be expected during the hold period if a leak existed).
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Results of the four burst tests are summarized below.

e None of the fuel rods showed any pressure drops during the hold
periods, which indicates that no through-wall defects were initially
present and that there was good pressure communication along the
fuel rod axis.

e Bursting pressures for the four rods ranged from 99 to 105 MPa
(14,400 to 15,300 psi), and no significant differences between fuel
rods from bundle 0551 and 0074 were observed.

e The fuel rods ruptured after 0.8 to 2% diametral strain producing
axial cracks in the cladding. The ruptures initiated near the end
caps, and the total crack lengths varied from 35 to 130 mm (1.4 to 5
in.); the Tlonger cracks were observed in the fuel rods from bundle
0551. Typical burst failures for rods from the two bundles are shown
in Figure 11.

The bursting pressures for the eight fuel rods ranged from 99 to 105 MPa
(14,400 to 15,300 psi), with no significant difference between fuel rods from
bundle 0551 or 0074. Table 6 summarizes burst test data from the current work
and compares those data to information from prior examinations of fuel rods
with similar exposures. Yield and fracture stresses were calculated using the
relations

where circumferential stress

internal pressure at yielding or burst
internal diameter (9.195 mm)
wall thickness (0.635 mm).

& a O Q
LI
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The internal diameters and wall thickness used in the calculations correspond
to the values used by Rubin (196la). Failure strains were determined by mea-
suring the fuel rod circumference at the region of the initial failure and

using the relation:
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TABLE 6. Summary of Burst Test Data

Internal Pressure,

Calculated Stress,

Bundle Rod MPa MPa
Number Number 0.2% Yield Burst 0.2% Yield Stress Failure Stress Failure Strain,y
0551 4 95 103 688 746 2.2
0551 19 95 105 688 760 1.0
Prior Work - 92 to 103 - 666 to 746 -
Bundle 0551
0074 111 97 104 702 751 0.77
0074 119 94 99 682 716 1.24
Prior Work(b) 99 and 102 716 and 737 0.17 and 0.24

Bundle 0314

(a) MPa = 0.145 ksi.

(b) Data supplied by R. Atherton, Bettis Atomic Power Laboratory, West Mifflin, Pennsylvania.



C. - C.
f i
€ = — (100)
j
where ¢ = failure strain
Cf = rod circumference after burst test
C. = initial rod circumference (32.8 mm).

The data in Table 6 show no evidence of cladding degradation caused by
pool storage. The bursting pressures from the present work are within the
range of values for similar fuel rods examined after reactor discharge.
Although the failure strains were not reported for the fuel rods from bundle
0551 examined after reactor discharge, the general appearance and character-
istics of the failures are very similar to those reported previously (Rubin
1961la; Lynam 1963).

Metallography and Hydrogen Analysis

Two rods from each bundle were sectioned for metallographic examination
and hydrogen analysis of the cladding as shown in Figure 12. Longitudinal
metallographic sections were taken through the bottom end caps of rod 5 of
bundle 0551 and rod 120 of bundle 0074. In addition, six transverse metallo-
graphic specimens (three from fuel rods of each bundle) were examined; and in
all cases, samples for hydrogen analysis of the cladding were taken from
regions adjacent to the metallographic specimens.

The bottom end of rod 110 (bundle 0074) had been in contact with the steel
lifting cable, and samples for hydrogen analysis and metallography were taken
from this region to check for accelerated corrosion and hyriding caused by the
galvanic couple. Three samples for hydrogen analysis and one metallographic
specimen were taken from a 3-mm thick transverse section as shown in Figure 13.

Nondestructive examination results were used to identify the locations
for the transverse metallographic samples. For rod 5 from bundle 0551, two
small eddy current indications were observed within this sample location and
the crack-1ike surface marking that disappeared upon brushing extended through
this region. Small eddy current indications were also observed within
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samples M-1 and M-2 of rod 13 of bundle 0551. For fuel rods from bundle 0074,
all transverse metallographic samples contained regions where significant dips
corresponding to pellet interfaces were observed in the gamma scans. Pellet
interfaces represent potential regions for pellet-cladding interactions and
thereby increase the probability of finding cladding defects at these loca-
tions. Sample M-2 from rod 110 also contained the surface defect that was
shown in Figure 9.

The transverse metallographic specimens were progressively ground, pol-
ished, and examined at intervals ranging from 0.5 to 1.0 mm whereas one surface
from the longitudinal sections was examined. During the examinations, special
attention was given to the following regions:

e external cladding surfaces
internal cladding surfaces
hydride distribution
welds
uo, fuel.
No evidence of cladding degradation caused by water storage was observed during

the examinations. The results for each of the above regions are presented and
discussed below.

External Cladding Surfaces

The predominant feature of the external cladding surfaces was a thin oxide
film (see Figure 14) for fuel rods from bundles 0551 and 0074. An occasional
crud deposit was observed on some of the samples, but no evidence of acceler-
ated corrosion underlying the crud deposits was detected. As expected from
the visual examinations, small scratches through the oxide films were observed
on all of the specimens. No evidence of Zircaloy corrosion was seen at the
exposed surfaces; but it is uncertain when the scratches were made and the
surfaces may or may not have been exposed during storage.

The abnormal surface marking on rod 110 (shown previously in Figure 9) was
located and examined. It appeared to be a superficial, ~50-uym deep scratch or
gouge that had filled with crud during reactor exposure (see Figure 15).
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TABLE 7.

Bundles 0551 and 0074

Comparison of Measured Oxide Film Thickness for Fuel Rods from

Number Mean Oxide  Standard
Location,(a) of Thickness, Deviation, Range,

Bundle Rod Sample mm Measurements um um (le) um
0551 5 M-1 5 10 1.4 0.3 1.0 to 1.8
5 M-2 115 10 2.2 0.3 1.8 to 2.6
0551 13 M-1 130 10 1.9 0.4 1.3 to 2.5
13 M1 130 20 1.4 0.6 0.7 to 2.3
13 M-2 185 10 2.0 0.5 1.3 to 2.8
Average 1.7 0.7 to 2.8
0074 110 M-1 95 10 2.3 0.1 2.1 to 2.5
110 M-2 185 10 1.9 0.4 1.3 to 2.6
0074 120 M-1 5 10 2.7 0.4 2.2 to 3.3
120 M-2 120 10 2.2 0.6 1.3 to 3.3
120 M-2 120 20 2.3 0.6 1.0 to 3.0
Average 2.3 1.0 to 3.3

(a) Axial location measured from the bottom of the fuel rod.



For fuel rods from bundle 0551, the mean oxide thickness from the four
metallographic specimens ranged from 1.4 to 2.2 uym with the overall average
thickness being 1.7 um. The sample-to-sample variation in oxide thickness is
not significant as can be seen by comparing the two data sets from sample M-1
of rod 13. These data were taken from two polished surfaces that were sepa-
rated by approximately 3 mm; the difference in measured thickness (0.5 um)
primarily reflects the difficulty in preparing samples with sharp interfaces
(i.e., without edge rounding) that are essential for measuring these thin
oxide films.

Bundle 0074 was exposed to the reactor environment 4 yr longer than bun-
dle 0551; and, as expected, the oxide films were slightly thicker (~0.6 um) on
these fuel rods. Rubin and Lynam (1966) compared the oxide film thicknesses
from the Shippingport fuel rods as a function of exposure during Core 1 opera-
tion (1957 to 1964), and results presented in Figure 3 of their paper show the
average cladding oxide film thickness was 1.8 um at the end of seed 1 and
2.4 ym following seed 4. These values are in excellent agreement with the
current results of 1.7 uym for bundle 0551 and 2.3 um for bundle 0074. There-
fore, we conclude that no significant change in oxide thickness occurred during
pool storage.

Internal Cladding Surfaces

Internal cladding surfaces of fuel rods from bundle 0551 showed no measur-
able oxide films or bonding between the fuel and c¢ladding. Patches of oxide
and fuel-cladding bonding were observed on the internal surfaces of fuel rods
from bundle 0074, especially on rod 120. A typical bonded region in rod 120
is shown in Figure 16; the reaction layer is about 20 ym thick. The condition
of the internal cladding surfaces at comparable exposures after reactor dis-
charge was not reported; thus, direct comparisons with the present work is not
possible. However, patches of a gray phase at the internal surfaces in Ship-
pingport fuel rods with less exposure have been reported (Lynam 1964) that are
consistent with current observations.

The Shippingport fuel rods were among the first Zircaloy-clad U02 fuel
rods produced. The cladding fabrication technology that existed at the time
is known to have produced defects on the internal cladding surfaces (Lynam
et al. 1962; Henke 1966). The current examinations revealed some regions on
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Although the microcracks could have formed during reactor exposure, the
necessary conditions for SCC were not available during pool storage. Cladding
stresses caused by fuel-cladding contact are minimal during storage because
the fuel shrinks away from the cladding when cooled to ambient temperatures.
The internal pressure in rod 120 was estimated from fuel rod puncture data to
be only 0.2 MPa (30 psi) and could produce tensile stresses at the internal
cladding surfaces of about 0.7 MPa (100 psi). This stress level is insignifi-
cant compared to the stresses required to form (Wood 1972) or propagate (Hunt,
Wood, and Bain 1979) iodine SCCs in Zircaloy, which indicates that the micro-
cracks observed in rod 120 could not have formed or extended during pool
storage. Furthermore, fission product migration is severely limited at low
temperatures, which precludes the supply of the aggressive species at the tip
of a progressing crack.

Hydrogen Content and Hydride Distribution

Cladding samples for hydrogen analysis were taken from locations adjacent
to the metallography samples (Figure 12). The fuel was removed from the sam-
ples, and the cladding rings were split longitudinally to provide duplicate
samples from each location. Results from the hydrogen analysis are summarized
in Table 8 along with previous results from Shippingport fuels after discharge.

The data in Table 8 show that no significant increase in the hydrogen con-
tent of the Zircaloy cladding occurred during pool storage. The average values
for fuel rods from the two bundles are within the range of the average values
from several fuel rods measured after discharge at the end of each seed refuel-
ing cycle. The data shown in Table 8 also indicate that there was no signifi-
cant change in the cladding hydrogen content with reactor exposure, which is
consistent with current measurements. Furthermore, the current measurements
are well within the range of individual measurements (38 to 133 ppm) obtained
on Shippingport fuel rods after discharge from the reactor. The large range in
the measurements reflects rod-to-rod differences in hydrogen content as well as
axial variations and the difficulties in measuring small quantities of hydrogen
in the cladding.

The metallographic examinations also indicated that no measurable changes

in hydride distribution had occurred during pool storage. The hydride needles
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TABLE 8. Summary of the Measured Hydrogen Content
in the Shippingport Fuel Rod Cladding

Bundle Rod Sample Hydrogen Content, ppm
0551 5 H-1 53, 54
0551 5 H-2 83, 84
0551 13 H-1 86, 80
0551 13 H-2 74, 75
Average 73 +13 (lo)
0074 110 H-1 88, 72
0074 110 H-2 58, 58
0074 120 H-1 60, 62
0074 120 H-2 88, 79
Average 71 £13 (lo)
Prior work(a)
End of first seed 62
End of second seed 73
End of third seed 57
End of fourth seed 69

(a) Rubin and Lynam 1966.

were uniformly distributed through the cladding (see Figure 19), and their
appearance was very similar to those shown in previous reports.(a) No dis-
tinct differences in the hydride morphologies or distributions on the trans-
verse sections were observed between fuel rods from the two bundles.

As stated previously, the iron 1ifting cable that was attached to bundle
0074 provided an opportunity to examine the bottom end of rod 110 for possible
accelerated corrosion or hydrogen pickup caused by the galvanic couple between
the cable and the Zircaloy tube sheet. Results from the hydrogen analyses of
the three sections shown previously in Figure 13 are given in Table 9, and a
photomicrograph from the contact area is shown in Figure 20.

(a) Rubin 1961a; Lynam 1961; Lynam 1963; Lynam 1964; Rubin and Lynam 1966.
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in the contact area. 1In addition, there were no indications of accelerated
corrosion of the Zircaloy near the contact area.

Weld Areas

Metallographic examination of the Tlongitudinal sections through the bot-
tom end caps of rod 5 of bundle 0551 and rod 120 of bundle 0074 revealed no
evidence of cladding deterioration near the welds between the end caps and
cladding. A Widmanstatten-type structure, typical of beta-quenched Zircaloy,
existed in the end cap regions; and the hydride needles were uniformly distri-
buted in the cladding and end cap material. The welds in both fuel rods were
sound, but some evidence of incomplete penetration was observed in rod 5 of
bundle 0551. Photomicrographs illustrating these features are shown in
Figure 21.

The microstructures and hydride distributions observed during the current
examinations appear to be very similar to those shown in previous reports of
Shippingport fuel rods after reactor discharge (Rubin 1961a; Lynam 1961; Lynam'
1963; Lynam 1964). Incomplete weld penetration was also noted previously
(Lynam 1964); and, thus, the current results indicate that no changes in micro-
structure, hydride distributions, or characteristics of the welds have occurred
during pool storage.

External and internal surfaces in the end cap regions showed similar
characteristics to the surfaces in the interior of the fuel rods. A uniform
oxide film covered the external surfaces; there were no indications of local-
ized attack. The oxide film on rod 120 of bundle 0074 was slightly thicker
(0.4 um) than the average thickness on fuel rods from this bundle. However,
for rods from bundle 0551 the oxide film at the end cap region was 0.3 um less
than the average for this bundle although no significance should be given to
these differences. The internal surfaces of rod 5 of bundle 0551 were rela-
tively featureless with no oxide being evident. A ~10-um thick oxide film was
seen at the end cap-fuel interface in rod 120 of bundle 0074, which is consis-
tent with the results from the transverse section of this fuel rod. No oxide
films were observed in the weld crevices of either rod nor were microcracks or
other cladding defects detected in the heat-affected zone of the cladding.
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Therefore, the metallographic examinations provided no evidence of cladding
degradation at welds following extended pool storage.

U0, Fuel

Metallographic examinations of the U02 fuel were conducted on six trans-
verse sections (three from each bundle); no evidence of fuel deterioration was
detected. The U02 fuel showed the typical radial cracking that is caused by
differential thermal expansion during reactor operation. As expected, some
variations in fuel grain size and porosity existed between different fuel pel-
lets and radial locations; but the typical microstructures were similar for
fuel rods from both bundles (see Figure 22). Typical fuel microstructures are
also very similar to those reported for previous Shippingport fuel rods after
reactor discharge.

Burnup Analysis

Burnup analysis samples were taken from near the centers of rod 13 of
bundle 0551 and rod 110 of bundle 0074. The axial gamma scans show a rela-
tively flat profile along the rod axis; and, therefore, the burnups derived
from the small samples are representative of the entire fuel rod.

The results of the analyses give a burnup of 420 GJ/kgU (4900 MWd/MTU)
for rod 13 of bundle 0551 and 3100 GJ/kgU (36,000 MWd/MTU) for rod 110 of bun-
dle 0074. The measured burnup for rod 13 agrees very well with the burnups
measured on fuel rods from bundle 0551 during the hot cell examinations con-
ducted in 1960 (Sphar 1962). Burnup analyses were not conducted on fuel rods
after being discharged from the reactor in 1964, but the current experimental
value for rod 110 is about 25% higher than estimated by computer code calcula-
tions (Henke 1966). This apparent discrepancy is most likely associated with
the uncertainties in the computer code calculations where assumed values for
axial peaking factors, end cap peaking factors, and local hot channel factors
were used in the computations. Differences between calculated and measured
burnups of up to 14% were reported at the end of the first seed (Sphar 1962),
and the uncertainties in the calculated values will increase with burnup
because of the increasing contribution from plutonium fission. Consequently,
the 25% difference between calculated and measured burnups for rod 110 of
bundle 0074 is not unreasonable.
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Summary

Eight fuel rods from two bundles of Shippingport PWR Core 1 blanket fuel
have undergone extensive metallurgical examinations to assess the possible
effects of extended pool storage on the integrity of Zircaloy-clad fuel. None
of the examinations produced evidence of cladding degradation that was caused
by water storage. No significant changes in the appearance of the fuel rods,
cladding dimensions or mechanical properties, fission gas release fractions,
hydrogen content or distribution in the cladding, or the thickness of the
external oxide films were found after extended water storage. In addition,
localized corrosion or hydriding was not detected.

Water was detected in some of the samples collected for fission gas analy-
sis but was attributable to leakage into the sample vials rather than defective
fuel rods. Additional support for this interpretation was obtained from the
burst tests where the bursting pressures and appearance of the ruptured fuel
rods were independent of the water content in the gas samples.

Small cladding defects were observed at a few locations on internal clad-
ding surfaces. The defects were probably formed during fabrication of the
cladding, based on evidence from earlier literature (Lynam et al. 1962). Some
microcracks may have possibly formed by SCC during reactor operation in the
highly irradiated rods from bundle 0074. However, the necessary conditions
for SCC did not exist during pool storage, which strongly suggests that the
microcracks did not form or extend during this period.
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DISCUSSION

The metallurgical examinations of the Shippingport fuel rods after more
than 20 and 16 yr of pool storage agree with past experience and theoretical
assessments. The current Shippingport examinations are especially significant
because of the extensive data base that is available from examinations of simi-
lar fuel after reactor discharge and their long storage times, i.e., over 20 yr
for bundle 0551 and 16 yr for bundle 0074. The remainder of this section dis-
cusses the current results with regard to 1) previous Shippingport fuel exami-
nations, 2) specific cladding degradation mechanisms, and 3) other spent fuel
examinations.

COMPARISON WITH PREVIOQUS SHIPPINGPORT EXAMINATIONS

The relationship between the current and previous metallurgical examina-
tions of the Shippingport blanket fuel rods was shown in Figure 3. Examina-
tions were performed soon after each of the three seed replacements and

(a)

were conducted on selected fuel rod bundles from the first core loading that

following discharge of the first core in 1964. Two additional examinations
reached high exposures in the reactor through the MELBA test program (Hillner
1974; Hillner 1980). These data indicate how reactor exposure affects the cor-
rosion of Zircaloy; the effects of water storage are seen by comparing the 1980
examination results reported here to those obtained after the first and fourth
seeds.

Results from present and past examinations of the Shippingport PWR Core 1
blanket fuel rods are compared in Table 10. These comparisons suggest that no
significant changes have occurred in cladding dimensions, bursting pressures,
fission gas release, hydrogen content of the cladding, or in the thickness of
the external oxide film. The currently determined values for each of these
measurements are well within the range of the individual measurements made
after reactor discharge and thereby indicate that neither the Zircaloy-2
c¢ladding nor the UO2 fuel has significantly degraded after nearly 21 yr of
pool storage.

(a) Lynam 1963; Lynam 1964; Henke 1966; Rubin and Lynam 1966; Larson 1960;
Rubin 1961(a); Rubin 1961(b); Sphar 1962; Lynam 1961; Lynam 1962.
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TABLE 10. Comparison of Results from Hot Cell Examinations of Zircaloy-Clad
Shippingport PWR Core 1 Blanket Fuel Rods
Year Fission Hydrogen
Discharged Pool Fuel Rod Max imum Burst Gas Content of Oxide Film
from (a) Storage, Diameter, Ovality, Pressure, Release, Cladding, Thickness,
Examination Reactor o mm m MPa )3 ppm um
Erd of First 1959 — 10.41 to 10.64 0.02 to 0.09 91 to 102 0.2 to 0.7 49 to 101 1.3 to 2.5
Seed(b)
Present Work 1959 ~21 10.44 and 10.44 0.C8 and 0.10 102 and 105 0.2 to 0.5 53 to 133 0.7 to 2.8
(Bundle 0551)
End of Second Seed 1961 - 10.43 and 10.47 0.04 to 0.12 91 to 114 0.2 to 0.6 38 to €3 0.6 to 1.3
End of Third Seed 1962 - 10.33 and 10.39(c) 0.03 and 0.06 - 0.8 and 0.9 57 to 73 1.2 to 2.5
End of Fourth Seed 1964 - - - 98 and 102 — 52 to 93 1.8 to 3.3
Present Work 1964 16 10.42 and 10.42 0.10 and 0.15 99 and 103 0.3 and 0.5 58 to 89 1.0 to 3.3
(Bundle 0074)
MELBA 1(d) 1969 - - -- - - 108 to 199 7.4 to 11.9(e)
ME_BA II 1974 4 — - - - 188 to 454 7.8 to 19.6(e)

Core 1 started operation in December 1957.
The 1959 examination involved fuel rods from bundie 0551; rods from the same bundle were examined in 1980.

MELBA = Multipurpose Extended Life Blanket Assembly.

(a)
(b)
(c) Small diameters attributed to final pickling operation (Lynam 1964).
(d)
(e)

Averaged values from metallographic sections.



In addition, extensive visual examinations of external cladding surfaces,
nondestructive tests, and metallographic examinations of the cladding did not
identify any regions of localized attack due to the water storage environment.
The appearance of the external surfaces and the microstructure of the cladding
were the same as described in the early 1960s when similar fuel rods were exam-
ined after reactor discharge. The bright metallic appearance of the cut sur-
faces on the tube sheets from fuel rods of bundle 0551 after more than 20 yr in
underwater storage attest to the excellent corrosion resistance of Zircaloy-2.

The fine microcracks (Figure 18) that were occasionally observed on the
internal surfaces of rod 120 of bundle 0074 represent the only microstructural
feature observed during the current examinations that had not specifically been
identified and reported previously. Internal cladding fabrication defects were
known to exist in some of the Shippingport cladding; Lynam et al. (1962)
reported that the majority of the internal defects were less than 125 um deep
in cladding containing up to 0.37 defects/mm2 (240 defects/in.z). Photomicro-
graphs from transverse sections showing the nature of the shallow defects were
not presented by Lynam et al., but it is very likely the microcracks observed
in the present examinations were formed during fabrication of the cladding.

An alternate explanation is that these fine microcracks were formed by
SCC whereby fission products released from the fuel in conjunction with clad-
ding stresses produced by differential thermal expansion of fuel and cladding
results in premature failure of the Zircaloy cladding (Roberts et al. 1977).
Although the fission product release fraction from the Shippingport fuel was
Tow (<1%), the high burnup--3100 GJ/kgU (36,000 MWd/MTU)--and the small diamet-
ral gap in rod 120 could have provided the necessary conditions for SCC of the
cladding during reactor operation. During pool storage, however, cladding
stresses are minimal and the mobility of fission products is decreased at low
temperatures (298K), which virtually eliminates the possibility that these
small cracks could have formed or extended during pool storage.

In addition to providing the data necessary to obtain a direct assess-
ment of the effects of extended pool storage on fuel rod integrity, the exten-
sive Shippingport data base allows the in-pile corrosion characteristics of
Zircaloy-2 clad fuel to be determined (Hillner 1980). This is important to
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spent fuel storage technology because it represents an upper limit to the
cladding degradation that will occur in a water environment.

The results of the MELBA II examinations are especially significant in
this regard because these fuel rods resided in the reactor for 17 yr. For
more than 12 yr the coolant temperature was above 473K (200°C) and corrosion
was accelerated by the irradiation environment (Hillner 1980). Even under
these severe exposure conditions, less than 3% of the Zircaloy-2 cladding had
oxidized uniformly and localized attack of the cladding was not observed. The
cladding had picked up a considerable amount of hydrogen, but none of the fuel
rods failed during reactor operation where extensive thermal and stress cycling
occurs. The conditions that exist in a spent fuel storage pool are much less
severe than in the reactor (Johnson 1979); thus, the excellent behavior of the
fuel rods in the MELBA II tests adds further important evidence that extended
water storage of fuel rods with Zircaloy cladding is a safe and viable option
for spent fuel management.

POTENTIAL DEGRADATION MECHANISMS

Prior spent fuel integrity studies(a) have assessed potential cladding
degradation mechanisms that must be considered in spent fuel storage regimes.
Table 11 summarizes the mechanisms and how they were assessed in the current
hot cell examinations. Visual inspection, metallography, and hydrogen analyses
were used primarily to assess the various mechanisms; the results of these
examinations have been presented previously. None of the mechanisms appears to
have significantly degraded the integrity of the fuel rods as evidenced by the
results of the burst tests. Furthermore, no degradation of the cladding spe-
cifically caused by extended underwater storage was identified by any of the
metallurgical examinations of the Shippingport fuel rods after nearly 21 yr of
storage.

(a) Parker 1978; Hunt, Wood, and Bain 1979; Peehs et al. 1978; Huppert and
Zimmerman 1977; Warner 1977; Flowers 1977; Johnson et al. 1980; Johnson
1977; Vesterlund and Olsson 1978; Mayman 1978; Huppert 1978.
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TABLE 11. Fuel Assembly Degradation Mechanisms and How They Were
Addressed in the Current Fuel Examinations

Mechanism

Shippingport Fuel Bundles 0551 and 0074
(Zircaloy-Clad Fuel Rods)

Uniform Corrosion

Crud Effects(d)
Crevice Corrosion
(fuel bundle/assembly
components)

Stress Corrosion Cracking
(SCC) on External Surfaces

Galvanic Corrosion

Galvanic Hydriding

Pitting

Corrosion at Cladding
Defects

Fission Product Attack

Internal Hydriding
External Hydriding

Effects at Welds

Visual inspection; metallography (ID and OD
surface; oxide thickness)

Visual inspection; metallography

Visual inspection; metallography

Metallography

Visual inspection and metallography of
cable-fuel bundle contact area;
determination of cable composition
Metallography of cable~-fuel bundle contact
area; analysis of contact area for hydrogen
by hot vacuum extraction

Visual inspection; metallography

Not applicable

Metallography (check for cracks in cladding
inner surface)

Metallography; analysis for hydrogen
Metallography; analysis for hydrogen

Visual inspection; metallography

(a) For example, formation of differential aeration cells (Johnson 1977;
Uhlig 1967) or concentration of aggressive species such as chlorides
(Johnson 1977; Carlson 1963).
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RELATION TO PREVIOUS EXAMINATIONS OF POOL-STORED SPENT FUELS

The current trend in nuclear fuel management is to extend the burnup range
for fuel in commercial power reactors to more fully utilize the nuclear fuel.
Extended burnup programs presently underway in domestic commercial power plants
involve the irradiation of fuel assemblies with Zircaloy-clad fuel rods up to
expected assembly average burnups as high as 4752 GJ/kgU (55,000 MWd/MTU)
(Roberts et al. 1979). This trend to higher burnup fuel in conjunction with
the current trend for extending pool storage times suggests a need to consider
the effects of pool storage on fuels with extended burnups.

Unfortunately, most high-burnup fuels have resided in storage pools for
relatively short periods; and past spent fuel examinations reflect this inverse
relation between fuel burnup and pool storage time. This is illustrated in
Figure 23 along with the relation between the present examinations and other
spent fuel examinations.

The current examinations extend the data base to longer storage times and
thereby provide an important contribution to defining the effects of extended
water storage on fuel rod integrity. To date, none of the spent fuel examina-
tions indicated any significant fuel rod degradation caused by underwater
storage. There is now a broad concensus among spent fuel investigators that
extended water storage of Zircaloy-clad fuel rods is a viable spent fuel man-
agement option. This concensus is based on spent fuel examinations specifi-
cally conducted in four countries (see Figure 23) to define the fuel cladding
conditions after periods of water storage.

56



LS

BURNUP, GJ/kgU

7000

6000

5000

4000

2000

1000

80,000

60,000

40,000

BURNUP, MWd/MTU

20,000

FIGURE 23.

A . 0O BNFL (Zry-CLAD CANDU FUEL)
B O BNFL (Zry-CLAD BWR FUEL)
— C O BNFL (Zry-CLAD PWR FUEL)
MAXIMUM EXPECTED D O BNFL (Zry-CLAD SGHWR FUEL)
u BURNUP (COMMERCIAL E & BNFL(SS-CLAD PWR FUEL)
DEMONSTRATION
PROGRAMS) F O AECL (Zry-CLAD CANDU FUEL)
_/ G O AECL (Zry-CLAD CANDU FUEL)
T Zry-CLAD SHIPPINGPORT H O PNL (Zry-CLAD SHIPPINGPORT PWR FUEL)
PWR FUEL (17 yr IN REACTOR;
i 4 yr IN STORAGE) J A PNL (SS-CLAD CONNECTICUT YANKEE PWR FUEL)
K O KWU (Zry-CLAD PWR FUEL -
NONDE STRUCTIVE EXAMINATION ONLY)
™
— KO
| HO
co
i 2
u B
= GO
AO HO
l 1 | bo l 1 1 Fo | |
0 4 8 12 16 20 24

TIME IN WATER STORAGE AS OF 1980, yr

Summary of Spent Fuel Examinations to Define Effects of Water Storage






FUTURE STORAGE

The remaining fuel rods from bundles 0551 and 0074 will undergo further
storage at the Receiving Basin for Offsite Fuels (RBOF), a deionized water pool
at the Savannah River Plant, Aiken, South Carolina, that is used principally to
store spent fuel from university research reactors. The rods will be available
for periodic surveillance and examination as warranted. Details of these exam-
inations have not yet been determined, but the extensive data base for these
rods combined with their existing pool storage histories makes these fuel rods
attractive candidates for future examinations to further define the effects of
extended pool storage on fuel rod integrity.
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APPENDIX A

EXPERIMENTAL PROCEDURES AND IDENTIFICATIONS

The hot cell examinations of the Shippingport fuel rods consisted of a
series of nondestructive and destructive tests. Shippingport fuel configura-

(a)

standard procedures for fuel rod removal, fission gas collection, and burst

tions are not typical of standard fuel rods; and modifications in the
testing were required. The operating procedures that required modification
and the differences in the sample identification used during the examinations
and in this report are presented in this appendix. The differences in sample
identification are important for future reference in the event that fuel rods
are examined after additional water storage.

FUEL ROD IDENTIFICATION

Identification numbers for individual Shippingport fuel rods were not
available; the numbering system reported previously (Rubin 1961b) was used to
indicate the relative positions of the fuel rods in the bundle. This numbering
system is shown in Figure A.l and was used exclusively for bundle 0074.

Upon arrival at the Battelle-Columbus Laboratories (BCL) hot cells, the
relative position of the seven- and eight-rod clusters in bundle 0551 was not
known. Consequently, a reference rod was arbitrarily selected as rod 1 for
each cluster and the remaining rods were numbered consecutively (i.e.,

1 through 8 for the eight-rod cluster and 1 through 7 for the seven-rod
cluster. These rod designations were used by BCL throughout the examinations.

From detailed examinations of the fuel rod clusters and previously
reported destructive examinations of fuel rods from bundle 0551, it was deter-
mined that the eight-rod array came from rod positions 1 through 8, and the
seven-rod array came from rod positions 13 through 19. Table A.1 shows the

(a) One difference is the active full length: in the former fuel it is
0.231 m and in the latter fuel it is 3.66 m.
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FIGURE A.1. Plan View of PWR Core 1 Blanket Fuel Bundlie 0074
with Rod Numbering Scheme

correspondence between the BCL rod identifications and the relative fuel rod
positions in the bundle. The fuel rod numbers used in this report correspond
to the relative rod positions within the bundle and not to BCL's rod
designations.
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TABLE A.1. Correspondence Between BCL Rod Identification Number and Rod
Position Within Bundle 0551

Seven-Rod Array Eight-Rod Array
BCL Rod Position Within BCL Rod Position Within
Number Bundle 0551 Number Bundle 0551
1 13 1 8
2 14 2 7
3 15 3 6
4 16 4 5
5 17 5 4
6 18 6 3
7 19 7 2
8 1

ROD REMOVAL AND MACHINING

After visual examination of the as-received fuel bundle and two linear
arrays, individual fuel rods (4, 5, 13, and 19 from bundle 0551 and 110, 111,
119, and 120 from bundle 0074) were removed using an in-cell milling machine
equipped with a 0.6-mm (0.025-in.) thick circular metal blade. The saw blade
and end plate were cooled with water during the cutting operation. Single rods
were marked with paint dots for orientation and identification. The remaining
arrays from bundle 0551 (one five-rod array and two three-rod arrays) were
marked with saw cuts to preserve orientation and identification of these arrays.

Figure A.2 shows the saw cut markings used to identify the three remaining
arrays. The five-rod array was from the original 7-rod cluster and contains
rods 14 thrugh 18. The saw mark was at the top end of rod 14 (BCL rod 2) and
extended into the cladding area. However, visual examination indicated that
the cladding was not breached.

Two three-rod arrays were left from the original eight-rod cluster after
rods 4 and 5 had been removed. The three-rod array containing rods 1 through
3 was marked with two saw cuts at the upper end of rod 3 (BCL rod 6) while the
other three rod clusters containing rods 6 through 8 were marked with a single
saw cut at the top of rod 8 (BCL rod 1).
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ROD SECTIONING AND SAMPLE IDENTIFICATION

Following visual inspection, rods 4 and 13 of bundle 0551 and rods 110
and 120 of bundle 0074 were sectioned to obtain samples for hydrogen analysis,
burnup analysis, and metallography. The location of the individual samples was
shown in Figure 12 of the body of this report.

A water-cooled abrasive cut-off wheel was used to section the fuel rods.
The cut sections were numbered consecutively starting at the bottom end, and a
white orientation mark was placed at the top of each section. Sample identifi-
cation was based on the rod number, section number, and the axial location of
the sample relative to the bottom end of the fuel rod.

As discussed previously, the BCL rod numbers for bundle 0551 were not used
in this report. Therefore, the correspondence between the BCL sample identifi-
cation and that used in this report is given in Table A.2 for future reference.

FISSION GAS COLLECTION

The internal fuel rod gas content was determined by drilling a small hole
through one end cap and measuring the pressure increase in an evacuated system
of known volume. The end caps had been predrilled to a depth of about 8.9 mm
to minimize drilling time for final puncture. The fixture used to puncture the
fuel rods is shown schematically in Figure A.3. The predrilled fuel rod is
inserted into the fixture, and a vacuum seal enables the drill to move axially
and puncture the fuel rod through the end cap.

Prior to rod puncture, the prepunch system volume was calibrated by pres-
surizing the punch chamber with helium and expanding it into a known volume.
This volume is added to the calibrated volume of the McCleod gage to obtain
the total volume of the prepunch system. The entire gas collection system was
then evacuated to less than 5 ym, and the leak rates from the in-cell por-
tion of the system were measured. As expected, the maximum leak rates in the
in-cell portion of the system occurred with the drill motor running; the leak
rates ranged from 3 to 15 um/min. With the motor off, the leak rates were
generally less than 3 um/min.
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TABLE A.2. Correspondence Between BCL Sample Identification Number
and the Sample Number Used in this Report (Figure 12)

Bundle Rod PNL BCL Sample
Number Number Sample Number  Identification Number
0551 5 M-1 4-1
M-2 4-4 3/4 in.(3)
H-1 4-2
H-2 4-5
0551 13 M-1 1-5 3/16 in.
M-2 1-7 1/2 in.
H-1 1-2
H-2 1-6
BU-1 1-4A
0074 110 M-1 110-3 1/2 in.
M-2 110-7 1/2 in.
M-3 100-0D
H-1 110-3
H-2 110-6
H-3 110-0A
H-4 110-08B
H-5 110-0C
Bu-1 110-3A
0074 120 M-1 120-1
M-2 120-5
H-1 120-2
H-2 120-5

(a) Distance designations are given in inches from the
bottom end of the fuel rods.
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FIGURE A.3. Schematic of Fixture Used to Puncture the
Shippingport Fuel Rods

Upon rod puncture, the system pressure was measured using the McCleod
gage at 2-min intervals until the system equilibrated. The rod gas was then
expanded into a calibrated volume and a second pressure was recorded. The gas
content of the fuel rods was calculated from these data and the internal fuel
rod free volume, which was estimated from the preirradiated fuel and fuel rod
dimensions. The small internal volumes of the Shippngport fuel rods, ~0.5 mil,
precluded experimental measuremant of the fuel rod internal volumes.

The released gases were collected in smali ~30-ml vials via a diffusion
pump-Toepler pump combination, and the gas compositions were determined by
mass spectroscopy.

BURST TESTING

To compare the present results to those reported previously, the burst
tests were conducted using essentially the same procedures reported by Rubin
(1961a). This involved slowly pressurizing the fuel rods with water through
the small hole drilled in one end cap during gas collection. The end cap had
been drilled and reamed to accommodate an 0-ring sealed nozzle though which
the pressurized water was pumped into the fuel rod.

The fixture used to support the rods during burst testing is shown in
Figure A.4. Six supports were used to hold the fuel rod horizontal and to
prevent buckling during testing. An adjustable stop provided end restraint to
hold the fuel rod on the pressurizing nozzle; the cover minimized the spread
of irradiated particles upon bursting.
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Pressure-volume curves were used to determine the internal pressure at the
0.2% yield strength while the maximum pressure was used for the burst pressure.
Yield and fracture stresses were calculated using the relation:

Q
il
~N| O
[ad =5

where ¢ = circumferential stress
P = internal pressure at yielding or burst
d = internal diameter (9.2 mm)
t = wall thickness (0.635 mm).

The internal diameters and wall thicknesses used in the calculations corres-

pond to the values used by Rubin (196la). Failure strains were determined by
measuring the fuel rod circumference at the region of the initial failure and
using the relation:

C, - C.
. - i.c 1 (100)
i
where ¢ = failure strain
Cf = rod circumference after burst test
Ci = initial rod circumference (32.8 mm).
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