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WEAPONS-DERIVED MIXED OXIDE FUEL
TEST IRRADIATION SUMMARY

S. A. Hodge
R. N. Morris
L.J Ott

ABSTRACT

For thistest program, mixed oxide (MOX) fuel was prepared with weapons-derived plutonium and
irradiated to a burnup of 50 GWd/MT. This MOX fuel was fabricated at Los Alamos National
Laboratory by a master-mix process and irradiated in the Advanced Test Reactor (ATR) at Idaho National
Laboratory. Previouswithdrawals of the same fuel have occurred at 9, 21, 30, and 40 GWd/MT for
progressive fuel performance evaluations. Oak Ridge National Laboratory managed thistest seriesfor
the Department of Energy’ s Fissile Materials Disposition Program (FMDP) and performed the post-
irradiation examinations.

A primary objective of thistest irradiation was to demonstrate fuel performance comparable to that of the
reactor-grade MOX that has been deployed successfully in overseas reactors for many years and for
which alarge database exists. This report describes the preparation of the MOX fuel, the equipment
design, and the irradiation history of the test capsules, and discusses the significance of the more
important observations from the post-irradiation examinations. Theseinclude the fission gas release
fractions, the size and state of the plutonium-rich agglomerates, the appearance of hal os surrounding these
agglomerates, the extent of fuel densification and swelling, oxidation of the cladding inner surface,
outward cladding creep, and the presence of primary ridging at the cladding sections overlying the pellet-
to-pellet interfaces. Cladding tensile properties were determined with the expanding plug technique
recently developed by ORNL for ductility test applications.

1. INTRODUCTION AND BACKGROUND

From February 1998 through April 2004, mixed-oxide (MOX) fuel prepared with plutonium derived from
one or more weapons components was irradiated in the Advanced Test Reactor at Idaho National
Laboratory (INL). Thetest fuel was fabricated at Los Alamos National Laboratory (LANL) in 1997.

Oak Ridge Nationa Laboratory (ORNL) managed this test irradiation project for the United States
Department of Energy (DOE) and performed the postirradiation examinations.

11 FISSILE MATERIALSDISPOSITION PROGRAM

The Fissile Materials Disposition Program (FMDP) is pursuing disposa of surplus weapons-usable
plutonium by reactor irradiation as the fissile component of MOX fuel.1 Utilization of MOX fud is
supported by alarge body of experience generated through research, devel opment, and deployment
programs since the mid-1950s, and it is currently employed in a number of foreign countries. Since most



of the MOX experience has been gained with reactor-grade plutonium [derived from spent low-enriched
uranium (LEU) fuel], it is desirable to demonstrate that the unique properties of the surplus weapons-
derived plutonium do not compromise the applicability of the MOX experience base.

1.2 WEAPONS-DERIVED PLUTONIUM

Weapons-derived MOX fuel differs from the commercial fuel utilized in Europein that itsinitial fissile
inventory comprises a higher proportion of 239Pu, with smaller contingents of the higher plutonium
isotopes, and because the plutonium may be accompanied by small amounts of gallium as an impurity.
The present test irradiation supports the disposition mission by demonstrating the successful use of
weapons-derived plutonium.

1.3 GENERIC TECHNICAL ISSUES ADDRESSED

Thistest irradiation was initiated before selection of a mission fuel design and fabrication process and
hence was intended to address generic issues only. These generic issues were (1) the potential effects of
gallium impuritiesin the fuel, (2) the unique distribution of isotopes in weapons-grade plutonium, and (3)
the use of hydride-derived PuO> in lieu of aqueous-derived PuO». Theirradiation test activities were
planned so as to address these three issues.

Gallium is an alloying agent present in weapons-derived plutonium at concentrations up to about one
weight percent. The technical issue is whether the small amount of gallium present in the feed plutonium
metal and the finished MOX fuel would adversely affect either MOX fuel fabrication or irradiation
performance. The MOX test irradiation, described in this report, was intended to investigate the
irradiation performance of the fuel and the possible embrittlement of the fuel cladding by gallium, if the
gallium was transferred from the fuel to the cladding during the irradiation. Accordingly, residua
gallium concentration was the primary variable of interest in the two MOX fuel types produced at LANL.
One batch was fabricated from plutonium feed containing a nominal one weight percent gallium without
special treatment for removal of impurities. The second batch was made with the same feed but
processed with a PuO, powder thermal-conditioning step intended to remove the gallium.

The second generic issue addressed by this demonstration project is the specific isotopic composition of
weapons-grade (WG) plutonium. Although early mixed-oxide was made from plutonium recovered from
low burnup UO» fuel or from military stocks, only avery limited quantity of MOX fuel was made from

high-grade (Iow 240Py content) plutonium. Almost all of the commercial MOX fuel experienceiswith
reactor-grade plutonium, which is recovered from high-burnup UO, fuel and contains appreciable

quantities of the higher isotopes (primarily 240Pu and 241Pu). Differencesin nuclear characteristics are
apparent between fuels made with the different plutonium feeds. The fabrication, handling, performance
prediction, and actual irradiation behavior of weapons-derived MOX fuel have been demonstrated by this
test irradiation.

Thethird generic issue addressed is the effects of variations in the metal-to-oxide conversion process.
The reactor grade PuO, used as feed in commercial MOX has been produced almost exclusively through
precipitation of plutonium oxalate from agqueous nitric acid solution. The resulting powder has a uniform
and well-characterized morphology, which assists in the achievement of a uniform finished MOX fuel
product. At thetime thistest irradiation was planned, several dry pyroprocesses were being considered
for possible application to the FMDP mission. Accordingly, the baseline pyroprocess identified by the
ARIES project was used to convert the weapons components into the feed oxide powder for the two
MOX test fuels. (Subsequently, use of aqueous processing was confirmed, so that dry-processed powder
is no longer a consideration for mission fuel.)



14 TEST IRRADIATION PURPOSE, GOALS, AND REQUIREMENTS

As discussed in the previous Section, initia test planning included the provision that the demonstration
irradiation technical objectives would be limited to those generic issues that could be addressed without
biasing the programmatic procurement activities ongoing at that time. The primary focus was then to
address certain outstanding technical issues for the deployment in commercial light water reactors of
MOX fuel cycles based upon weapons-derived plutonium. To this end, the four top-level goals of the
irradiation tests were established? as:

1. Demonstrate the utilization of Pu derived from weapons components in a light water reactor (LWR)
environment.

2. Contribute experience with irradiation of gallium-containing fuel to the database required for
resolution of generic LWR WG MOX fuel design issues.

Initiate irradiation of LWR WG MOX fuel in caendar year 1997.

Exercise the infrastructure necessary to promote WG MOX fuel irradiation by successfully
demonstrating abilities to convert Pu metal from weapons components to oxide, fabricate MOX fuel,
transport the fresh fuel, irradiate the fuel, transport the irradiated fuel, and perform the postirradiation
examination (PIE).

All of these goals have been met with the caveat (with respect to Goal 3) that irradiation began in early
February 1998.

Several requirements were imposed? on the test activity to emphasize the devel opment of information
toward the resolution of generic performance issuesto assist in mission fuel licensing and utility
acceptance.

All test fuel wasto be produced in the TA-55 facility at LANL.

Thetest was not to assessissues related to the inclusion of burnable poisonsin MOX fuel.

Thetest fuel was fabricated to meet a generic LWR MOX fuel pellet specification developed by
ORNL using process specifications developed by LANL.

4. Thetest wasto include a comparison of the behaviors of test fuels with and without thermal treatment
for removal of gallium.

5. The plutonium for the test fuels was to be derived from one or more weapons components. At least a
portion of this material was to be derived from components containing the maximum available
gallium concentration (~1 weight percent).

6. Test conditions were to reproduce LWR operating temperatures (cladding and centerline) to the
extent possible as explained in the detailed Design, Functional, and Operational Requirements
Document. (Thethermal gradient acrossthe fuel isimplicitly determined by the specified values for
the pellet surface temperature and the linear heat generation rate.)

7. Thesdection of fuel dimensions, cladding, fud specifications, and burnup were to be accomplished
in amanner that did not bias future programmeatic procurement activities.

Thetest fuels were to be removed from the reactor at selected points within a range of burnups.

Domestic facilities were to be used for fabrication, irradiation, and post-irradiation examination (PIE).



15 TEST DOCUMENTATION

Letter reportsin the series ORNL/MD/LTR-XX have been issued as appropriate to document the test
irradiation in the categories Requirements and Specifications, Procedures and Quality Control, Design
and Safety Analyses, Transportation, Postirradiation Examinations, Cladding Ductility Testing, and
Minutes of Project Meetings. Distribution of these reports was informally limited to project participants.
These reports, now available upon request, are listed in the Appendix, each with a brief note asto the
nature of its contents.

Thelevel of detail in thisreport isthat appropriate to an “ Executive Summary.” Measurement and
calculational uncertainties are specifically addressed in thefinal “PIE” and “Implication” reports
(References 26-29, 31, 32, 66, and 67).



2. PREPARATION OF MOX TEST FUEL

The MOX fuel for thistest irradiation was fabricated at Los Alamos National Laboratory (LANL) during
1997. This chapter describes the preparation of the MOX pellets and Zircaloy-4 fuel pins.

21 PLUTONIUM OXIDE FROM LAWRENCE LIVERMORE

The weapons-derived PuO, powder feedstock was obtained from Lawrence Livermore National
Laboratory (LLNL). The baseline dry pyroprocess used at LLNL to convert the weapons components
into the feed oxide powder was the three-step Hydride Oxidation (HY DOX)3 devel oped by the Advanced
Recovery and Integrated Extraction System (ARIES) project. This process avoids the simultaneous use
of hydrogen and oxygen.

For the HY DOX metal-to-oxide conversion, plutonium metal is subjected to hydrogen diluted in an inert
carrier gas. Unreacted metal is continuously exposed as plutonium hydride spalls from the surface. The
plutonium hydrideis collected and subsequently exposed to nitrogen gas, converting to plutonium nitride.
The plutonium nitride is then oxidized through exposure to oxygen diluted in an inert carrier. PuO»
produced through HY DOX retains (from the hydride) a crystalline structure resembling date.

22 TIGRTREATMENT

At Los Alamos, haf of the weapons-derived PuO, feed received from LLNL for the MOX test fuel was
subjected to the Thermally Induced Gallium Removal (TIGR) treatment.4 Thisisadry process for
separating GapO3 in which the PuO, powder is exposed to a flowing mixture of argon and (6%) hydrogen
at about 1200°C. Under these conditions, the GapOs is reduced to the volatile GapO, which evolves from

the dry powder and is collected downstream. In addition to removing most of the gallium, the TIGR
processing served to coarsen the powder, increasing the PuO, particle size and reducing the specific

surface area.

Due to the weight gain associated with oxidation, the gallium concentration of one percent (10,000 ppm)
in plutonium metal is reduced to about 8800 ppm in the PUO, powder. The gallium content of the TIGR-

treated portion of the PuO, powder for the MOX test fuel was further reduced from 8800 ppm to about

170 ppm. However, as discussed in Section 2.5.1, almost all of the gallium in the untreated powder and
remaining in the treated powder was subsequently driven off when the fuel pellets were sintered. Thus,
use of the TIGR process produced very little change in the gallium contents of the finished pellets.

23 MASTER-MIX PROCESS

The two PuO, powders (TIGR-treated and untreated) were milled with depleted UO, powder to form two
separate master mixes. Milling produces an intimate mixing, but also modifies the powder physical
characteristics (surface area, density, flowability) while electrostatic forces induce self-agglomeration.
Each master-mix was then blended (not milled) into a much larger quantity of pure UO» powder to form a
secondary blend, from which a pellet set was pressed. Thus, the two mixed-oxide test fuels differ only in
whether the PuO» in the master mix was TIGR-treated or not.

The secondary blending (dilution) process by which each master mix was distributed into the matrix of
depleted UO, was less effective than intended, in the sense that residual portions (agglomerates) of the
master mix remain intact with equivalent diameters ranging from very small to 200 microns or more
within the final blend.



Both mixed-oxide test fuels consist of 5% PuO, and 95% depleted UO,, the latter converted by the
ammonium diuranate (ADU) process. In each case, al of the PuO2 was introduced as 31% of the master
mix. Stated another way to give a better feel for the numbers, each 100 grams of MOX test fuel includes
5 grams of PuO, and 11.11 grams of UO» that were milled together to form the master mix. The milling
reduced the PUO, and UO» particle size while promoting a homogeneous dispersion of the PuO» particles
inthe UO,. Employing a mixer/blender that does not alter particle characteristics (as does milling), these
16.11 grams of master-mix were then diluted and dispersed into the remaining 83.89 grams of depleted
UOo.

Master-mix processes were developed to facilitate reprocessing by yielding MOX pellets with better
solubility in pure nitric acid.® It is of interest to compare the MOX test fuel with the mixed oxide fuel
currently fabricated for commercial purposes by European fuel vendors utilizing master-mix processes
such as MIMAS or OCOM. These European commercial fuelstypically contain about 5 weight percent
plutonium and comprise master-mix particles (plutonium-rich agglomerates) up to 200 pum in equivalent
diameter, irregularly dispersed in aUO, matrix.6 The microstructure produced by the master-mix process
differs from the dual structure of a simple (pure PuO- particles embedded in a UO, matrix) mixture
because theinitial master mix, prepared by milling a 30%—70% PuO,/UO, powder combination, is
diluted into amuch larger (fivefold by mass) UOo matrix. Thus, the structure is more homogeneous since
the plutonium content of the agglomerates is no more than 30%.

The microstructure is aso influenced by the characteristics of the UO, powder, which determines both
the porosity distribution and the master mix distribution in the matrix.” Pore size and distribution are
affected in MIMAS by a proprietary pore-forming additive. The MOX test fuel was fabricated with a
MIMAS-type approach, in that a master mix was prepared and then diluted into a secondary blend.
However, as noted by Mr. Tom Blair, who directly supervised the preparation of the MOX test fuel at
Los Alamos, there are important differences.

The depleted UO, was not the free-flowing kind employed in the MIMAS process, the pore-forming
additive was not employed, the mill and mixer were not the same, and the master blend was not sieved.
Milling and mixing parameters were not identical to those normally used with MIMAS since these were
not known at LANL at the time that the test fuel was made. Because of these differences, the MOX fuel
prepared for this test irradiation project should not be considered as MIMAS mixed oxide, but rather as a
test fuel fabricated with weapons-derived plutonium utilizing a MIMA S-type approach.

24 AGGLOMERATES

The plutonium-rich agglomerates are in essence clumps of master-mix. The plutonium concentration
within the plutonium-rich agglomerates is higher than the MOX fuel average, but does not exceed that of
the master mix, which is 31% for the current test fuel.

Because the secondary blending was not as effective as desired in dispersing the master mix into the UO»
matrix, several of the agglomerates remaining in the final test fuel are quite large. The pellet processing
data packages prepared at Los Alamos subsequent to the test fuel fabrication indicate an average
measured area fraction of about 1.5% for plutonium-rich agglomerates with equivalent diameters greater
than 400 microns. This may be compared with the provisions for agglomerate size as included in the
Technical Specification for the MOX test pellets.8 Section 4.10 “Microstructure,” Subsection 4.10.2
“Homogeneity” provides that:

“No more than 5% of the nominal PuO, content shall be present in PuOo-rich (having a
plutonium content greater than 150% of the nominal bulk composition) particles of
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diameter greater than 200 pm. ... Area percent and volume percent should be considered
equivalent...”

The “nominal PuO, content” for thistest fuel is 5%, which, as explained in Section 2.3, was mixed with
UO, to the extent that the resulting master-mix constituted 16.11% of the total fuel mass. Within the final
fuel, the master-mix is manifested as agglomerates, ranging in size from very small to quite large.

In applying the specification, it is assumed that the milling is sufficient to ensure that the PuO» is evenly
distributed among the agglomerates. Given that the volume fraction is approximately equal to the mass
fraction, and with the guidance that “area percent and volume percent should be considered equivalent,”
this specification provides that PuOo-rich agglomerates with equivalent diameters larger that 200 pm
should occupy no more than 0.0081 (5% of 16.11%) of the unirradiated fuel cross-sectional area. Review
of the raw data measurements taken at Los Alamos following fuel fabrication indicates, however, that
about five percent of the unirradiated fuel cross section was occupied by plutonium-rich agglomerates
larger than 200 um. Although this exceeds the specification, it is not of concern since fuel reprocessing is
not of interest to thistest irradiation. (Also, as discussed in Chapter 7, the presence of afew large
agglomerates has not adversely affected fuel performance.)

It isimportant to note that the MOX test irradiation was initiated before the FMDP mission fuel was
selected. It was not intended that the test fuel should be prototypic of the mission fuel, since thisisthe
role that the lead test assemblies will play. The purpose of thistest irradiation is to demonstrate the use of
MOX fuel prepared with weapons-derived plutonium dioxide with gallium concentrations higher than
will be contained in the production MOX fuel feed material.

Irradiation of the MOX test fuel produces a heterogeneous fission distribution on a microscopic scale,
with most fissions occurring within the agglomerates. The local burnup within the agglomeratesis much
higher than the average for the fuel, and the internal accumulation of fission products (solids and gas)
causes the agglomerates to swell against the constraining matrix of UO». As burnup increases, the
plutonium concentration within the agglomerates decreases because of depletion by fission and alimited
diffusion into the surrounding matrix. Simultaneoudy, the plutonium concentration increases within the
UO, matrix due both to creation by neutron capture in the 238U nuclei and to aminor extent, diffusion
from the agglomerates.

25 INITIAL GALLIUM CONCENTRATIONS

Weapons-derived plutonium includes about one weight percent (10,000 ppm) of gallium. The
manufacturing process for use of this plutonium in preparation of mixed oxide fuel is designed to reduce
this gallium impurity to trace levels. Nevertheless, one of the top-level goas for thisMOX test
irradiation is to “contribute experience with irradiation of gallium-containing fuel ...” (Section 1.4).
Accordingly, to determine the extent of any adverse effects associated with gallium at low levels, the
MOX test fuel was prepared with about two orders of magnitude more gallium than will be present in the
FMDP mission fuel. This section describes the initial gallium concentrations as measured in the MOX
test fuel and cladding.

251 Fud

Residual gallium concentration was the primary variable of interest in the two fuel types produced at
LANL for the MOX test irradiation. One batch was fabricated from plutonium feed containing a nominal
one weight percent gallium without special trestment for removal of impurities. The second batch was
made with the same feed but processed with a PuO, powder thermal-conditioning step (TIGR%) intended
to remove the gallium. The variationsin the gallium concentrations through the fuel preparation
processes are shown in Table 2.1.
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Table2.1. Reductionsin gallium content during pellet preparation

Gallium concentration (ppm)

Preparation st With thermal
* i treatment (TIGR) Untreated
Plutonium metal 10,000 10,000
PuO> powder ~8,800 ~8,800
PuO, powder post-treatment ~170 —
MOX powder blend ~8.5 ~440
Sintered MOX pellet 0.79-1.88 1.004.95

(95% confidence interval)

The gallium concentration was reduced from 10,000 to 8800 ppm when the plutonium metal was
oxidized. For the PuO, powder that is TIGR-treated, this concentration was further reduced to about

170 ppm before the powder was diluted (blended with UOy). Since the final mixed-oxide blend is 5% by
weight, the dilution factor is 20, producing afinal blend gallium concentration of about 8.5 ppm. For the
untreated powder, the blending with UO» reduced the gallium concentration to about 440 ppm. In both
cases, amost all of the remaining gallium was driven off when the pellets were sintered. (Liquid gallium
deposits were subsequently removed from the sintering furnace walls.)

The gallium analyses performed at the ORNL Radioactive Materials Analysis Laboratory (RMAL) for ten
unirradiated pellets from each MOX test fuel pellet batch are described in Reference 9. With the mass
spectrometer, the presence of gallium is clearly indicated by atwo-component set of activity lines at the
stable i sotope masses 69 (60.1% abundance) and 71 (39.9% abundance). In addition, the abundance ratio
(60.1 to 39.9) serves as a check that the stable gallium isotopes are the sources of these lines.

The measured gallium levels range from 1.09 to 2.03 ppm for the TIGR-treated batch with an average of
1.33 and a standard deviation of 0.28. For the untreated batch, the measured values range from 1.81 to
4.78 ppm with an average of 2.97 and a standard deviation of 1.01.

252 Cladding

The gallium contents of 14 samples of unirradiated cladding material archived from the MOX test fuel
pins were determined in conjunction with the measurements during the 30 GWd/MT PIE (Section 6.2 of
Reference 10). The measured gallium concentrations range from 0.556 to 0.674 ppm, with an average
value of 0.589 ppm (standard deviation 0.028 ppm). Further, samples of the stainless steel spring used to
press the pellet stack within the fud pin were found to contain about 34.0 ppm gallium. These were
unexpected results, in that gallium was not expected to be present in fuel pin structural materials beyond
trace quantities.

[Subsequent to thisfinding for the MOX test fuel cladding, Framatome ANP, Inc. provided six archive
cladding samples from fuel they had produced between 1990 and 1994 for analyses at the ORNL RMAL
facility. The average gallium content for these sampleswas 0.275 ppm. Nine stainless steel fuel rod
plenum spring material samples also provided at this time were found to have an average gallium
concentration of 38.0 ppm.]

26 PELLET AND FUEL PIN DIMENSIONS

The fuel pellet ends were provided with dish and chamfer with dimensions as shown in Figure 2.1.
Figure 2.2 is a photograph of one of the actual pellets. Each fuel pin was loaded with 15 MOX pellets.
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Thirteen Zircaloy-4 fuel pins were fabricated at Los Alamos for thistest irradiation project, each
subsequently placed in a stainless steel capsule as discussed in Chapter 3. Table 2.2 identifies the indices
for each fud pin and accompanying capsule, gives the as-measured radial dimensions of both, and
provides the measured mixed-oxide fuel mass and pellet stack height within each pin.

2.7 PIN CLOSURE AT LOSALAMOS

The fuel pinswere fabricated at Los Alamos by welding the bottom end cap onto the tube, loading the
tube with 15 pellets, inserting the hold-down spring, and welding the top end cap. These operations were
performed in aglove box under helium at atmospheric pressure and temperature (11.1 psia and 80°F).
Subsequently, the 13 fuel pins were sent to INL for mating with the stainless steel capsules, as described
in the following chapter.
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3. TEST APPARATUS

The test apparatus for thisMOX fuel test irradiation was assembled at |daho National Laboratory (INL)
just prior to theinitial irradiation in February 1998. This chapter describes the purpose and design of the
stainless steel capsule surrounding each fuel pin and the overall test assembly configuration.

3.1 STAINLESSSTEEL CAPSULE DESIGN

The MOKX test fuel was cooled during irradiation by a portion of the Advanced Test Reactor primary flow
and hence, with the objective of eliminating any potential for contamination of the reactor coolant system,
required double encapsulation. References 11 and 12 established the bases for design and operation of
the test apparatus for the MOX fuel test irradiation.

The ATR Upgraded Final Safety Analysis Report requires: “ Experiment containment that holds pressure
greater than 235 psig ... must have adesign that meets the intent of ASME Section |11, Class 1 standards,
or the ability, demonstrated by prototype testing or other means, to withstand service conditions without
failure.” The maximum possible pressure that might be generated within the test capsule was cal culated
(Reference 13) as about 1100 psia. (Capsule pressure this high would occur only with complete fission
gas release from the fuel matrix, in addition to failure of the Zircaloy fuel pin.) In accordance with

10 CFR 50.55a, it was determined that “the stainless steel capsule containment shall meet the intent of the
ASME B&PV Code Section 111, Division 1, Class 1 standards,” and that “the internal design pressure
shall be 1200 psia.”

Figure 3.1 isaplan view of the fuel pin and capsule configuration, while Figure 3.2 provides the elevation
view. For the purposes of thistest irradiation, the stainless steel capsule served both to elevate the
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Figure3.1. Test assembly containment is provided by a stainless
steel capsule surrounding each sealed Zircaloy fuel
pin assembly.



ORNL 2004-203AC EFG

~— Stainless Steel
Outer Cladding
0.463 OD x 0.383 ID

Stainless Steel
Spring

Zircaloy
Inner Cladding
9.594 0.382 0D x0.332 1D

MOX Pellet
0.327 OD x 0.400
6.000

I Fuel Pin

BN QOuter Stainless
Steel Capsule

(Dimensions in inches)
|

Figure3.2. Each capsule assembly contains one Zir caloy fuel
pin with 15 fuel pellets.

temperature of the Zircaloy cladding toward prototypical commercial LWR vaues and to prevent
corrosion and hydriding of the outer cladding surface. Protection of the fuel pin outer surface was
beneficial to thisirradiation test by eliminating the potential for externally-induced cladding strength
deterioration that might otherwise have masked any effects of fuel interactions at the cladding inner
surface.



Extensive safety analyses (References 14-19) were performed to confirm acceptable conditions for
departure from nucleate boiling and coolant temperature rise al ong the experiment hot track at the steel
containment outer surface. Conservative linear heat generation rates were assumed for the pellet stack as
well as alowances for coolant pump failures and degradation of coolant flow. Surface heat transfer
coefficients were assigned as 20% below the calculated best value. The capsule design temperature was
500°F for adesign life of 8 years.

3.2 CAPSULE CLOSURE AT IDAHO

The loading of fuel pins (received from LANL) into the stainless steel capsules and the making of the two
end cap closure welds on the capsules were performed in accordance with the applicable INL quality
assurance documents. The capsules were welded inside a glove box with minimum helium purity level of
99.9% at atmospheric pressure (about 11.1 psia). All end cap welds were made using a qualified welding
process and subsequently leak tested.

3.3 BASKET ASSEMBLY AND SHIELDS

The MOX test capsules were secured within atest assembly and irradiated initially in the small (1.5-in.
diameter) northwest I-hole located in the ATR reflector as shown in Figure 3.3. The test assembly
provided nine capsule positions, asindicated in Figure 3.4. Astheirradiation progressed and selected
capsules were withdrawn for PIE, solid stainless steel capsule simulators filled any test positions not
occupied by MOX test capsules.

As shown in the basket assembly cross-section at the top of Figure 3.4, the capsule columns are arranged
with two in front (in the direction of the ATR core) and one behind. Figure 3.5 provides an expanded
plan view of this cross-section, showing the locations of the basket neutron shield and the three flux wire
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Figure 3.3. Thetest assembly wasirradiated in the small I-holes of the ATR reflector.
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holes. Three basket assemblies were fabricated of Type 6061-T6 aluminum, each fitted with either an
Inconel, steel, or duminum neutron shield. It was desirable during the course of the irradiation to
maintain high linear heat generation rates (LHGRS) by periodically increasing the thermal flux at the fuel
as necessary to counter the effects of plutonium depletion. This was accomplished first by shifting from
an Inconel-shielded basket assembly to a basket assembly with an aluminum shield. (The steel-shielded
basket was never used.) Later, the test assembly was shifted from the northwest to the higher-flux
southwest 1-hole position within the ATR reflector.

34 FLUXWIRES

To benchmark the neutronic analyses, a means for incorporating removable dosimetry has been included
in the basket design.  Throughout each of the various ATR irradiation cycles, three sets of two flux wires
each were inserted into the test assembly to record the thermal (2200 m/s) and fast (E > 1 MeV) neutron
fluencerate data. The flux wire holder locations“X,” “Y,” and “Z" are shown in Figure 3.6. The“X”
position is toward the reactor core and between the two front capsule locations. The“Y” and “Z" wire
locations are away from the reactor core and on either side of the back capsule location.

Each wire set comprised one 0.040-inch diameter cobalt-aluminum alloy wire to be counted in the energy
region 1.0to 1.5 MeV (Co-60) and one 0.020-inch diameter pure nickel wire to be counted in the range
0.7 to 1.0 MeV (Co-58). The methods for determining the 2200 m/s thermal neutron fluence rate from
the Co-60 radioactivities and the >1 MeV fluence rate from the Co-58 radioactivities are described in the
flux wire reports (Reference 24, for example). Each wire was long enough (48.7 inches) to extend over
the three capsul e positions in each capsule column. The flux wires were at first replaced after each ATR
cycle, but subsequently, the goal became to replace the wires about every 100 effective full-power days
(EFPDs) of irradiation.
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Figure3.6. MOX fuel test assembly flux wire locations and labeling.



4. IRRADIATION HISTORY

Test capsules of weapons-derived MOX fuel wereirradiated in the Advanced Test Reactor (ATR) at
Idaho National Laboratory (INL) from February 1998 through April 2004. Eleven capsules were
irradiated to burnup levels between 9 and 50 GWd/MT. This chapter describes the characteristics of the
irradiation.

41 PLACEMENT INATR REFLECTOR

The location of the small 1-holesin the reflector region surrounding the ATR core is shown in the one-
guarter-core representation of Figure 3.3. The thermal neutron flux at each small I-hole varies with the
outer shim cylinder settings, the positions of the neck shim rods in the core, and the depletion of the fuel
and boron-10 in the adjacent fuel lobe. In general, the neutron spectrum at the I-hole locations is softer
than in acommercial PWR. This meansthat the effective fission cross-sections are larger so that the
same power (fission rate) can be attained at alower thermal flux. The differenceis significant.
Reference 21 considers atypical power density of 347 W/cm3 (equivalent to 5.7 kW/ft for the MOX test
fuel pins) and finds the required thermal flux to be 6.3 E13 inthe ATR I-holeand 2.4 E14ina
commercial PWR, a difference factor of 3.7.

On the other hand, the capture cross-section for U238 is only slightly higher for the ATR spectrum. This
means that at the same power, the production of Pu239 will be sower in the ATR I-hole (because of the

lower thermal flux). Aswill be discussed later in the chapters on Post-Irradiation Examinations, this has
ramifications with respect to the buildup of plutonium around the pellet circumference (the “rim effect”).

42 LHGR VARIATION ALONG TEST ASSEMBLY

As shown in the basket assembly cross-sections of Figures 3.5 and 3.6, the test capsule columns are
arranged with two in front (in the direction of the ATR core) and one behind. Thetest assembly is
aligned vertically such that the midplanes of the middle capsules correspond to the midplane of the ATR
core. Thus, the highest thermal fluxes (and axia powers) are found for the capsules at the two front
middle positions with descending fluxes for the capsules placed at the front top and bottom, back middle,
and back top and bottom positions. As an example, for the initial heatup with al nine positions occupied
by fresh fuel, the linear heat generation rates (LHGRs) ranged from 9.2 kW/ft at the front middle to

6.2 kW/ft in the back top and bottom positions.

As noted in Section 3.3, three basket assemblies were fabricated of Type 6061-T6 aluminum, each fitted
with either an Inconel, steel, or duminum neutron shield. 1t was desirable during the course of the
irradiation to maintain higher linear heat generation rates (LHGRS) by periodically increasing the thermal
flux at the fuel as necessary to counter the effects of plutonium depletion. This was accomplished first by
shifting from an Inconel-shielded basket assembly to a basket assembly with an aluminum shield. (The
steel-shielded basket was never used.) Later, the test assembly was shifted from the northwest to the
higher-flux southwest 1-hole position within the ATR reflector.

4.3 INITIAL FLUX PROFILES

The average thermd fluxes as measured at wire positions X, Y, and Z during the first irradiation cycle
(48.4 EFPD) are shown in Figure 4.1. The three rectangles adjacent to the ordinate axis mark the
locations of the pellet stacks within the capsules in the upper, middle, and lower test assembly positions.
The three numbers within each rectangle are the indices of the capsules located at that position. For
example, Capsules 1, 5, and 8 occupied the middle level. Further, the orientation of the triangle formed
by these indicesindicates (see Figure 3.6) that Capsules 1 and 8 occupied the left and right front
positions, while Capsule 5 occupied the back position.

4-1



Figure 4.1 clearly shows how the thermal flux in the ATR reflector islocally depressed in the vicinity of
each set of MOX fuel pellet stacks. Because of its position in front of the MOX fuel in the direction of
the ATR core (see Figure 3.6), the highest thermal flux is measured on flux wire“X.”
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In contrast to its role as asink for thermal neutrons, the MOX test fuel acts as the source for fast neutrons
inthe ATR reflector. Thefast (E > 1 MeV) neutron flux profile as measured during the first irradiation
cycleisshownin Figure 4.2. The highest fission rate occurred in the middle test assembly position with
wire“X,” located between Capsules 1 and 8, recording the highest fast flux (average over the cycle).

ORNL 2004-416A2C EFG

13.68 I

12.72 |~

10—3

6.72 |-

!
w
I

Position Relative to Core Midplane (inches)
o
I
~
-

-6.72 |

13
/\

-12.72 |~

-13.68 ' .
o 2 4 6 8 10 12 14 16

Fast Flux (n/cm2-s x 1012)

Figure4.2. Averagefast flux in vicinity of MOX test capsulesduring first irradiation cycle
(48.4 EFPD).




44 SYMMETRICALLY-PLACED CAPSULE PAIRS

Asnoted in Section 2.2, half of the MOX test fuel was prepared with PuO» powder that had been
specially treated (TIGR) for gallium removal. In general, each test capsule prepared with the treated fuel
was paired with a capsule made with untreated fuel, and these two capsules then occupied symmetric
locations within the test assembly throughout the irradiation. For example, for the first irradiation cycle
with the capsules positioned as shown in Figures 4.1 and 4.2, the symmetric pairsare 1 and 8, 2 and 9,

3 and 10, and 4 and 13. Of these, the capsules with the lower indices (1-4) have the untreated fuel.

The single exception to the loading as capsule pairs is Capsule 5, which contains untreated fuel and was
irradiated as an independent entity. As discussed in more detail later, Capsule 5 was the only capsule
irradiated in every ATR cycle and always occupied low-flux positions within the test assembly.

45 NEUTRONICSCALCULATIONS

The neutronics calculations for this test irradiation were performed at INL, primarily with the Monte
Carlo transport code MCNP.20' A UNIX BASH (Bourne Again Shell) script MCWO was devel oped?! to
couple MCNP with the depl etion (radioactive decay) and buildup code ORIGEN2.22 MCWO (MCNP
With ORIGEN) is fully automated and can handle a large number of fuel burnup and material burnup
specifications, ATR powers, and irradiation time intervals.23

The MCWO program processes user input specifying the system geometry, theinitial material
compositions, any feed/removal specifications, and other cal culation-specific parameters. The MCNP,
ORIGEN, and data process model calculations are then performed successively. One-group cross-section
and flux values calculated by MCNP are transferred to ORIGEN2—from which the material
compositions after irradiation and decay are transferred back to MCNP.

The burnup dependent cross-sections calculated by MCNP rigorously account for spatial and spectral
self-shielding effects. Fission power distribution and burnup-dependent cross-sections are updated each
MCNP calculation step. The MCNP-generated reaction rates are integrated over the continuous-energy
nuclear data and the volume within the fuel pin. Isotope depletion and buildup are functions of the
energy-dependent neutron flux, the total neutron flux, and the neutron spectrum weighted neutron
interaction cross-sections.

Genera confirmation of the MCWO predictions has been made throughout thistest irradiation by
periodic comparisons of the calculated and measured thermal and fast neutron fluences at the flux wire
positionsin the test assembly. Good agreement has also been observed between the cal culated burnups
and those measured during the post-irradiation examinations.

Additional coordinated MCNP/ORIGEN?2 calculations were performed at INL with the MOCUP code,4
to track all fission and activation products produced in al capsule components. These MOCUP
calculations were used primarily to predict radionuclide inventories for shipping purposes, but they also
served as a semi-independent check on the MCNP/MCWO/ORIGEN2 burnup and LHGR predictions
(agreement was excellent throughout the test irradiation). The MOCUP cal culations also provided the
helium, krypton, and xenon inventories expected within the various capsules at the times they were
opened for post-irradiation examination.65

4.6 |IRRADIATION AND WITHDRAWAL SCHEDULE
Irradiation of the MOX test fuel wasinitiated on February 5, 1998. The two fuel types and the

withdrawal schedule are summarized in Table 4.1. Eleven capsules wereirradiated, of which 5 were
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Table4.1. MOX test irradiation fuel types and withdrawal burnups

Fuel b . Pu to PuO2 PuO» Withdrawal burnups
typed Description Initial feed conversion® purification (GWd/MT)
1 1% Ga weapons- None 9/21/30
0, -
2 5% WG Pu derived Pu 3-step Hydox TIGRA 40/50

8Each MOX fuel pin contains about 3.60 g Pu.
bUO, diluent is CAMECO powder.
¢ Derived from ammonium diuranate (ADU)
e Depleted uranium (0.26%)
CPrecursor to ARIES
dThermally-induced gallium removal

TIGR-treated and 6 were untreated. Otherwise, the fuel was identical, comprising 5% weapons-derived
plutonium with anominal initial 1% gallium content. As the fueled capsules were withdrawn for
postirradiation examination, solid stainless steel capsule simulatorsfilled any test assembly positions not
occupied by MOX test capsules.

The maximum burnup to be achieved in this test was originally set at 30 GWd/MT. It was subsequently
decided that this should be extended to 50 GWd/MT, to exceed the highest burnup planned for the fuel to
be utilized in the fissile materials disposition mission.

For record purposes, the ATR irradiation cycles have been grouped into “phases,” asindicated in
Table4.2. In general, each irradiation phase defines a different arrangement of capsules (and capsule
simulators) within the test assembly. Table 4.2 provides the MOX capsule withdrawal dates and the
associated effective full power days (EFPDs) and burnups. Of the three capsules reaching 50 GWd/MT,
only Capsule 5 had participated in al irradiation phases. Capsules 6 and 12 were introduced at the
beginning of Phasell, to replace Capsules 1 and 8 withdrawn at the end of Phasel.

Table4.2. Thepaired MOX test capsules (normal and TIGR-treated) have
been withdrawn sequentially

Irradiation Effective full Capsules Burnup
phase Date completed power days withdrawn (GWd/MT)
I September 13, 1998 154.9 land 8 8.8
Il September 12, 1999 227.7 2and 9 21.0
I (Part 1) July 22, 2000 232.4 3and 10 30.2
11 (Part 23) January 14, 2001 1131 — —
IV (Part 1) March 9, 2002 289.1 4and 13 39.8
IV (Parts 2 and 3) April 18, 2004 444.6 5, 6, and 12 50.0

Aphase |11 (Part 2) provided catch-up irradiation for Capsules 5, 6, and 12 only.






5. POSTIRRADIATION EXAMINATIONS FOR LOW
AND MEDIUM FUEL BURNUPS

Test capsules containing weapons-derived MOX fuel irradiated in the Advanced Test Reactor (ATR) at
Idaho National Laboratory (INL) were withdrawn in sequence at progressively higher burnups for
postirradiation examination (PIE). This chapter describes the irradiation histories for capsules withdrawn
with burnups of 30 GWd/MT or less and the general PIE results for these capsules. Similar information
for the capsules withdrawn at 40- and 50-GWd/MT is provided in Chapter 6. Detailed discussions of PIE
findings are the subject of Chapters 7 and 8.

51 PURPOSESAND SCOPE OF THE PIE

Successive PlIEs were performed on the same fuel types at increasing burnups to monitor the progress of
theirradiation and, in particular, to determineif the fuel was behaving in accordance with the models
utilized in the pretest predictions. In general, each succeeding PIE was more extensive and involved
improved equipment and methodology. Confirmation of the fuel performance predictions was an inherent
component of the overall safety analyses.

All PIEs comprised examination of the stainless steel capsule, withdrawal of the fuel pin from the
capsule, examination of the fuel pin, sectioning of the fuel pin, and examination of the fuel. Metrology
included capsule surface temperatures (to check decay heat levels), dimensions, and axial gamma scans,
plusfuel pin dimensionsincluding a highly accurate and reproducible axia cladding surface profile to
indicate the extent of primary ridging due to pellet hourglassing. The metallographic steps included fuel
mount polishing and etching, pellet surface gamma scans, and scanning electron microscope (SEM) and
electron probe micro analyzer (EPMA) applications. Additional steps added in the later PIEswill be
described in the following sections.

5.2 GENERAL EXPECTATIONSAND PRE-PIE PREDICTIONS

It was expected that the performance of this MOX test fuel prepared with weapons-derived plutonium
would be generdly similar to the performance of commercial MOX fuel in Europe, which iswell
documented in the open literature. Stated another way, it was expected that neither the use of a weapons-
grade (instead of reactor-grade) plutonium isotope composition nor the presence of small amounts of
galium would adversely affect the efficacy of the mixed oxide fuel.

Figure 5.1 indicates the |ocations of the test capsules during each phase of the MOX test irradiation.
Calculations were performed in advance of each PIE to predict the pellet, fuel pin, and capsule behaviors
across an average pellet midplane during the as-runirradiations. The primary tool for these analyses was
the Capsule Assembly Response-Thermal Swelling (CARTS) code developed at ORNL. In essence,
CARTS determines the quasi-steady state coupled thermal/mechanical solutions at each point in a series
of stepwise advancesin integrated internal energy release.

For each irradiation cycle, the CARTS input comprises the integrated energy release per unit heavy metal
and the associated average linear heat generation rate (LHGR) during the cycle. The integrated energy
release was calculated for nominal fuel stack dimensions and fuel mass by the MCNP code?0 and derives
from all sources, including fission product decay and gamma heating by the ATR core. The CARTS
input is then obtained for an individual capsule by adjusting for the actual fuel mass, pellet stack height,
and power history.
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Fuel behavior simulations employing the same capsule irradiation history were also performed with the
Nuclear Regulatory Commission (NRC)-sponsored FRAPCON-3 code.2> These calculations employed
the time-dependent cladding surface temperature predicted by CARTS as a boundary condition. Given
the appropriate fuel densification parameters derived from the PIE, the fuel modelsin CARTS and
FRAPCON-3 were found to adequately describe the performance of the weapons-derived MOX fuel.

53 CAPSULESWITHDRAWN AT 9 GWd/MT BURNUP

Thefirst PIEs (Reference 26) were performed for Capsule 1, which provided containment during the
irradiation for Fuel Pin 2, and Capsule 8, which served as containment for Fuel Pin 11. The MOX fuel
within Fuel Pin 11 was created from PuO» that was treated by the TIGR process before being blended

with UO, and pressed into pellets. The MOX within Fuel Pin 2 was untreated.

5.3.1 Irradiation History for Fuel Pins2 and 11

Fuel Pins 2 and 11 occupied symmetric (left- and right-front middle) positionsin the test assembly during
Phase | of the MOX test irradiation. (See Figure 5.1 for the Capsule 1 and 8 locations.) The basket
assembly with Inconel neutron shield was employed throughout. (See Figure 3.5 for basket assembly and
neutron shield configuration.) Total exposure was 154.9 effective full power days (EFPDs), accumulated
over five ATR cycles run between February 5 and September 13, 1998.

The average linear heat generation rates (LHGRS) calculated for Fuel Pin 2 during each cycle of the
Phase | irradiation range from 7.76 to 8.86 kW/ft, with an overal Phase | average of 8.24 kW/ft. The
corresponding calculated fuel centerline temperatures range from 1180-1300°C. The symmetrically-
loaded Fuel Pin 11 experienced smilar LHGRs and temperatures.

The centerline temperature traces for MOX test capsules carrying untreated fuel are shown versus ATR
effective full power days (EFPD) in Figure 5.2. [In theinterest of reducing clutter, the similar
temperature traces pertaining to the TIGR-treated counterparts are not included.] Also indicated on this
figure isthe withdrawa of Capsule 1 (Fuel Pin 2) at the completion of Phase | of the irradiation.

Because the initia pellet-to-cladding gaps were small, hourglassing during the initial heatup caused the
fuel to contact the cladding at the pellet ends. This contact was sufficiently forceful to produce plastic
deformation in the form of primary ridging, which was |ater detected by fuel pin surface profilometry.
There was never any contact between fuel pin and stainless steel capsule.

532 PIE Resultsat 9 GWd/MT

Both stainless steel capsules were examined visually and gamma-scanned before opening. These scans
qualitatively indicated that all internal fuel pin components (pellets, end caps, and spring) remained in
their initial locations, with no signs of distortion. The capsules were opened by cutting at the bottom, just
abovetheweld. Nointerna pressure measurements or fission gas activity measurements were included
inthisfirst PIE.

Both fuel pins were easily extracted from the capsules and found to be in excellent condition. Visual
inspections and dimensional measurements revealed no abnormalities. Metallographic examination of
fuel specimens taken from Fuel Pin 2 revealed good performance. The sectioned fuel was polished,
etched, and gamma-scanned. The fuel exhibited no restructuring, with the microstructure essentially
unchanged from the unirradiated condition. The extent of fuel swelling, asinferred from polished cross
sections, corresponded to the best-estimate predictions of the CARTS code analyses.
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The burnup analysis, which was limited to the second pellet as counted from the fuel pin gas plenum and
spring in Fud Pin 2, indicated 7.95 (£5%) GWd/MT. Thisis consistent with the fuel pin average value of
8.8 (+2.5%) GWdA/MT as predicted by the MCNP code at INL. Further, the qualitative gamma scan of the
fuel cross section indicated the burnup profile to be off-center peaked, as expected from the MCNP code
pretest caculations.

Fuel Pin 11 was sectioned to facilitate the tracking of gallium within the fuel pin components. Although
determination of gallium content in fresh fuel is straightforward, difficulties were encountered in the mass
spectrometric examination of irradiated cladding and fuel due to the interference spectra generated by the
presence of rare earth fission products. Nevertheless, resolution of measurements was sufficient to
indicate that no gross migration of gallium had occurred during the irradiation.

The PIE findings for Fuel Pins 2 and 11 are discussed in detail in Reference 26. No significant
differences were noted between the performance of the TIGR-treated and untreated fuels. Both fuel types
were found to have behaved normally, with no cause to reconsider the continuation of thistest irradiation
to higher burnups. Three cladding sections and two weld samples were set aside for future ductility
testing (discussed in Chapter 9).

54 CAPSULESWITHDRAWN AT 21 GWd/MT

Capsule 2 containing Fuel Pin 5 and Capsule 9 with Fuel Pin 12 were withdrawn for PIE at the end of
irradiation Phase |1, each with burnup of about 21 GWdA/MT. Fuel Pin 12 carried the TIGR-treated fuel.

5.4.1 Irradiation History for Fuel Pins5 and 12

Asindicated in Figure 5.1, Capsules 2 and 9 occupied the symmetric left- and right-front bottom test
assembly positions during irradiation Phases| and Il. The thermal flux at the fuel pinswas increased for
Phase Il by replacing the Model 1 Inconel shield basket assembly employed during Phase | with the
Modd 2 aluminum shield basket assembly. Total exposure was 383 EFPD, accumulated over 13 ATR
cycles run between February 5, 1998 and September 12, 1999.

The burnup-averaged LHGRs for Fuel Pin 5 were 7.93 kW/ft during Phase | and (reflecting the shift to
the auminum shield) 8.19 kW/ft during Phase Il. The highest LHGR was 9.42 kW/ft at the beginning of
PhaseIl. The calculated fuel centerline temperatures are plotted against burnup in Figure 5.3. As
indicated, the Capsule 2 (Pin 5) fuel temperature exceeded the Halden Criterion for 1% gas release
(discussed in Section 7.5.3.3), reaching a maximum of about 1580°C at 12 GWd/MT.

542 PIE Resultsat 21 GWd/MT

The 21 GWdA/MT PIE revealed the first high-burnup structure within the fuel. High-burnup structure
forms within fuel that has accumulated about 60 GWd/MT burnup while the local temperature has
remained less than 1000°C. At 21 GWd/MT average fuel burnup, many agglomerates had achieved local
burnups of 60 GWd/MT, but the temperature condition was satisfied only in the outer region of the fudl,
around the pellet perimeter. High-burnup structure within agglomerates in the outer regions of the fuel
made them visible against the background of the surrounding depleted UO> matrix. First observedinthe
21 GWd/MT PIE, the outer-region agglomerates became more pronounced at 30 GWd/MT, as shown in
Figure 5.4.

Another first for the 21 GWd/MT PIE was the determination of the fission gas release fractions by
measurement of krypton-85 activity. A check was provided by means of the measured fuel pin pressure.
Gas releases were about 1.3% for Fuel Pin 5 and 1.9% for Fuel Pin 12. Gas releases greater than 1% were
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Figure5.4. High-burnup structurewithin agglomeratesin the cooler outer
region of a pellet cross-section (30 GWd/M T average fuel
burnup).

expected since the fuel centerline temperatures had exceeded the Halden threshold. (The gas releases
determined in thisMOX test irradiation are discussed in detail in Chapter 7.)

Reference 27 describes the findings for this PIE. All fuel examinations indicated that the fuel was
behaving normally. Other than the higher fission gas release fraction noted for Fuel Pin 12, there was no
significant difference between the performance of the TIGR-treated and untreated MOX fuels. Fuel
densification was found to be prototypic of commercia fuel. One cladding section from each fuel pin
was designated for later ductility testing (discussed in Chapter 9).

The gallium concentrations measured for fuel and cladding demonstrated that any gallium migration was
insignificant. In thiscontext, it isimportant to recognize that the fuel linear heat generation rates and fuel
temperatures were higher for these test capsules than is expected for the mission fuel.

Finally, careful comparison of the measured cladding dimensions with theinitia values, and with the
values measured during the previous (9 GWdA/MT) PIE, provided conclusive evidence of permanent
outward cladding relocation. Such creep is consistent with the outward pressure gradient across the fuel
pin wall combined with accumulation of fast neutron fluence. Chapter 8 includes a detailed discussion of
the outward cladding creep observed in thistest irradiation.



55 CAPSULESWITHDRAWN AT 30 GWd/MT

Capsule 3 containing Fuel Pin 6 and Capsule 10 with Fuel Pin 13 were withdrawn for PIE at the end of
irradiation Phase 11, Part 1, each with burnup of about 30 GWdA/MT. Fuel Pin 13 carried the TIGR-
treated fuel.

5.5.1 Irradiation History for Fuel Pins6 and 13

Asindicated in Figure 5.1, Capsules 3 and 10 occupied the symmetric left- and right-front upper test
assembly positions during irradiation Phases|, 11, and Il Part 1. Thethermal flux within the test
assembly was increased after Phase | by replacing the Model 1 Inconel shield basket assembly with the
Modd 2 aluminum shield basket assembly. (See Figure 3.5 for basket assembly and neutron shield
configuration.) Total exposure was 615 EFPD, accumulated over 20 ATR cycles run between February 5,
1998 and July 22, 2000.

The burnup-averaged LHGRs for Fuel Pin 6 were 7.85 kW/ft during Phase |, increasing to 8.08 kW/ft
with the shift to the @ uminum shield for Phase |1, and decreasing to 5.40 kW/ft during Phase 111 Part 1.
The highest LHGR was 9.58 kW/ft near the beginning of Phase Il.

The CARTS-caculated fuel centerline temperature trace for Capsule 3 isincluded in Figure 5.3. The
maximum centerline temperature is about 1600°C, corresponding to a burnup of just under 12 GWd/MT.
Asindicated, the Halden Criterion for 1% fission gas release was exceeded almost continuously between
about 8- and 22-GWd/MT burnup.

552 PIE Resultsat 30 GWdA/MT

Visua and dimensional examinations of Capsule 3 (containing Fuel Pin 6) and Capsule 10 (containing
Fuel Pin 13) revealed no signs of damage or distortion. Gamma scans confirmed that all internal
components (pellets, endcaps, and spring) were in their initia locations with no signs of fuel pin
abnormality. The pellet end peaking exhibited by the gamma scans conformed qualitatively to MCNP
code predictions. Capsule pressure was sub-atmospheric, indicating no fuel pin leakage.

Fuel pin gas pressures were 26.7 psiafor Pin 6 and 33.2 psiafor Pin 13. The corresponding fission gas
rel ease percentages (based on measured Kr-85 activities) are 1.5% and 2.3%. Similar to the previous PIE,
fuel temperatures exceeded the Halden threshold during irradiation, and the fission gas release fractions
exceed 1%.

After the capsules were opened (by cutting just above the bottom weld), the fudl pins were easily
removed. Visual and dimensional examinations revealed no abnormalities. Fuel pin cross-sections were
polished, etched, and gamma-scanned. The gamma scan indicated qualitatively that the fuel cross-section
burnup profile was off-center peaked, as expected from the MCNP pretest calculations. Metallographic
examination revealed good fuel performance.

As shown in Figure 5.4, plutonium-rich agglomerates were visible in the outer fuel regions by virtue of
their transformation to high-burnup structure. Many of these were larger than is expected for mission
fuel, but large agglomerate sizes in thistest irradiation have not been accompanied by detrimental effects.
The extent of pellet cracking is considered normal.

SEM/EPMA examinations of the fuel and cladding revealed no abnormal behavior. Elemental mapping
confirmed that the agglomerates were rich in plutonium and that the solid fission products Ruthenium,
Palladium, and Neodymium were localized to the agglomerates.



Gallium concentration determinations for fuel and cladding confirmed no significant migration of gallium
from fuel to cladding. Neodymium-148 burnup analyses produced estimates of 29.9 GWdJ/MT for both
fuel pins, very near the MCNP-calculated value of 29.6 GWd/MT.

There was clear evidence of asmall progressive outward expansion of the cladding during irradiation,
about 0.12 percent diametral at 30 GWd/MT burnup. Primary ridging caused by pellet end/cladding
interactions was also noted. Cladding and weld sections from each fuel pin were set aside for later
ductility testing (discussed in Chapter 9).

The PIE findings for Fuel Pins 6 and 13 are discussed in detail in References 28 (Observations) and
29 (Implications). For thistest fuel at 30 GWd/MT burnup, the Implications report offers the following
conclusions:

1.

The weapons-derived test fuel is behaving smilarly to the European experience with reactor-grade
fuel. Thereisno evidence of gallium migration from fuel to cladding.

Fission gas release to the fuel pin free volume at 30 GWdA/MT exceeds one percent. This corresponds
to the European experience for MOX fuel operated at axia powers (LHGRS) as high asthose
imposed during this test irradiation.

Relatively large agglomerates are visible in the irradiated MOX test fuel.

At 30 GWA/MT average fuel burnup, local burnups within the agglomerates approach 180 GWdA/MT.
Fuel lattice swelling is about 13%, and agglomerates in the cooler outer regions of the pellet undergo
an additional swelling of as much as 40%. Thus, the gas-retaining agglomerates visible in the current
PIE have swollen by as much as 60 percent from their initial (preirradiation) size. For the largest
single equivalent diameter measured at 600 microns, thisindicates an initial value of about

510 microns. Existence of afew particles with thisinitial sizeis consistent with the preirradiation
measurements for thistest fuel.

Although thistest fuel began irradiation with a greater fraction of large agglomerates than is normally
encountered in modern mixed-oxide fuel, the subsequent swelling during irradiation has been in the
proportions expected for the current burnup, and there have been no performance problems with this
fuel. In particular, the fission gas rel ease has been no greater than that expected from the European
experience.

The test cladding diameter has expanded by about 0.45 mil at 30 GWd/MT, an increase of 0.12%.
(This outward cladding creep is consistent with the small wall tensile stress generated by internal gas
pressure under the test conditions, but at the time of the 30 GWd/MT PIE, this had not yet been
demonstrated.)

ABAQUS code finite-element cal culations performed for the zero-burnup case with as-built test
component dimensions and the actual LHGRs predicted pellet hourglassing with cladding contact at
the pellet ends, with sufficient local stressto induce yielding. This explained the small local cladding
deformations (“primary ridges’) observed in the PIE.

Nothing in the PIE findings challenged the adequacy of safety analyses (discussed in the following
Section) for irradiation of the remaining test capsules beyond 30 GWdJ/MT.



56 EXTENSION OF PLANNED BURNUPS

The charter for thistest irradiation is the Fissile Materials Disposition Program Light Water Reactor
Mixed Oxide Fuel Irradiation Test Project Plan.30 The original safety analyses for this test were
approved during a Design Review Meeting held at INL on August 12, 1997. These analyses were based
on afina capsule burnup of 30 GWdJ/MT and incorporated the very conservative assumption that the
LHGR would be constant at 12 kW/ft throughout theirradiation. Following the successful Design
Review, capsule irradiation began February 5, 1998.

Anintegral part of the overall safety guarantee for thistest is that the progression of the irradiation would
be monitored by periodic PIE. Phasel of theirradiation led to the withdrawal of the two lead capsules for
PIE at burnups of about 8.8 GWd/MT. Phase Il involved irradiation of the remaining capsules (plus two
fresh replacements) until the two new lead capsules reached 21 GWdJ/MT, when they were withdrawn for
PIE. Phaselll theninvolved irradiation of the seven remaining capsules until the two new leads reached
30 GWdA/MT (July 22, 2000). While resumptions of irradiation after capsule withdrawals were not
delayed to await PIE results, continuation of the irradiation throughout the planned duration of each new
phase was contingent upon finding, viathe PIE for the previous phase, that the fuel was behaving as
expected.

Because the test fuel had behaved well, and given that the as-run LHGRs had been much less than

12 kWI/ft, it became practical to consider extending the burnup for the five remaining capsules beyond
30 GWd/MT. By thistime amission contractor had been selected, and it had been determined that the
average burnups for the mission fuel would be about 44 GWdJ/MT. It was desirable that the test
irradiation should meet or exceed the burnup intended for the mission. The Framatome-Advanced
Nuclear Power (FANP) contractor responsible for obtaining the Nuclear Regulatory Commission (NRC)
license for the mission requested that this be done, and the Department of Energy (DOE) sponsor
authorized planning for a Phase-1V irradiation, during which the remaining capsules would obtain
additional burnupsto as high as 50 GWd/MT. It then became a matter of demonstrating that irradiation
of the remaining capsules to this burnup would be safe.

The bases for the design and operation of the planned additional burnup isfound in the Design,
Functional, and Operational Requirements for Phase IV of the Average-Power Mixed-Oxide Irradiation
Test12 jssued in March 2000. Wheresas the as-run LHGRs were now employed for the portion of the
calculations representing the aready-completed Phases |, 11, and I11, this document specifies that the gas
and material temperatures during Phase IV “shall be those predicted for an LHGR of 9.0 KW/ft...” Since
plutonium depletion had reduced the LHGRs to about 6.0 kW/ft by the end of Phase 11, this requirement
to consider a constant 9.0 kW/ft during Phase IV was quite conservative.

Reference 18 provides an overview of the extensive safety analyses that were performed for the proposed
burnup extension. These safety analyses were considered, and the proposal was approved at the MOX
Irradiation Phase IV Extended Burnup Design Review Meeting held at INL on June 27, 2000.
Specifically, two capsules would be taken to 40 GWd/MT, then withdrawn for PIE. Contingent upon
satisfactory fuel performance as demonstrated by the 40 GWdJ/MT PIE, irradiation of the three remaining
capsules would be continued to 50 GWd/MT.

Irradiation for Phase IV began January 27, 2001. The PIEs for fuels examined at 40- and 50-GWd/MT
are discussed in the following chapter.
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6. POSTIRRADIATION EXAMINATIONS FOR FUEL
AT 40 AND 50 GWdA/MT

Test capsules containing weapons-derived MOX fuel irradiated in the Advanced Test Reactor (ATR) at
Idaho National Laboratory (INL) were withdrawn in sequence at progressively higher burnups for
postirradiation examination (PIE). Originally scheduled for completion at 30 GWdJ/MT burnup, the test
irradiation was subsequently extended to 50 GWd/MT. This chapter describes the irradiation histories
and general PIE results for capsules withdrawn at 40 and 50 GWd/MT. Detailed discussions of PIE
findings are the subject of Chapters 7 and 8.

6.1 |IRRADIATION HALLMARKSFOR EXTENDED BURNUP

As discussed in the previous chapter, successive Pl Es performed on the same fuel types at increasing
burnups were used to monitor the progress of the irradiation and, in particular, to determine if the fuel was
behaving in accordance with the models utilized in the pretest predictions. Observations that fuel

behavior was in accordance with fuel performance predictions based on European MOX experience
provided an important and necessary confirmation of the safety analyses. The PIE findings for the six

fuel pinswithdrawn at burnups between 9 and 30 GWd/MT demonstrated that any performance effects
attributable to use of weapons-derived plutonium are insignificant.

Extending the planned fuel burnup for five of the MOX test capsules beyond 30 GWdJ/MT required
additional safety analyses, as discussed in Section 5.6. Progress was to be monitored by withdrawing two
of these at 40 GWd/M T—with the remaining three taken to 50 GWd/MT. It was recognized that
accumulation of additional burnup would amplify certain irradiation effects that would influence the PIE
observations. The most important of these high-burnup hallmarks are an increased period of irradiation at
relatively low fuel temperatures, additional conversion of depleted uranium to Pu239, an exponential
increase in the amount of helium created within the fuel matrix, and a potential increase in fission gas
release with aresulting increase in the fuel pin pressure.

Fuel temperatures are lower for irradiation beyond 30 GWd/MT burnup because much of the fissionable
plutonium has been depleted, reducing the linear heat generation rates (LHGRS). Lower irradiation
temperatures promote fuel matrix transformation to high-burnup structure, which formslocally within
fuel regions that have accumulated 60 GWdA/MT burnup at temperatures below 1000°C. Burnupislocaly
high within agglomerates, and transformation to high-burnup structure makes them visible. Previously,
agglomerates had been visible only in the outer regions of the fuel cross-sections, where temperatures
were lower during irradiation. For higher burnups, it was expected that more agglomerates would be
observed (visible) in the central regions of fuel cross-sections.

In conventional commercial LEU fuel, high-burnup structure becomes visible at the pellet rim if the fuel-
average burnup exceeds about 40 GWdA/MT. Because of fuel self-shielding, burnup is higher at the pellet
rim, where the conversion of U238 to Pu239 is greatest. Although at first reading, it seems that this “rim
effect” should also be observed in the depleted uranium of the MOX test fuel taken to 50 GWdA/MT,
closer analyses beliesthis. Asdiscussed in Section 4.1, the softer flux spectrum inthe ATR reflector is
associated with amuch larger effective fission cross-section so that the required thermal flux for agiven
power is about four times lower than the flux that would be required in acommercia LWR.21 A lower
thermal flux in the ATR reflector also slows the production of Pu23° from the depleted uranium of the
MOX test fuel. (The effective cross-section for U238 captureis only about 10% higher in the ATR
spectrum.) Thus, even at 50 GWdJ/MT average fuel burnup, it was not expected that high-burnup
structure would be observed outside of the agglomerates in the MOX test fuel.



Finally, it was recognized that the helium contribution to the total fuel pin gas pressure would be much
greater at higher burnups, particularly for the 50 GWdA/MT withdrawals, where fission gas release
fractions were expected to be low. Helium generation and release within MOX fuel is among the subjects
discussed in Chapter 7. Briefly, helium is primarily created by the decay of Cm?242, more of which forms
in MOX fuel dueto the shorter transmutation chain when plutonium (as opposed to uranium) isirradiated.
Table 6.1 indicates the helium inventories created within the MOX test capsules as predicted by the
ORIGEN calculations performed at INL.

Table6.1. Created helium inventories at shutdown and 120 days ther eafter

Withdr awal Created helium ]
Capsules (gram-moles x 10)
(GE\’/l\J/rdr}ll\JApT) E()é[l):o;;r)e At shutdown Shutdown + 120 days
2and 9 21.0 383 1.16 152
3and 10 29.7 615 2.46 2.94
4 and 13 39.0 904 5.20 6.19
6 and 12 50.1 1307 11.31 11.98
5 49.5 1462 11.97 12.66

Some of the created helium is released into the fuel pin free volume, where it joins the approximately

4 x 10~ gram-moles initialy present when the fuel pins were sealed (at atmospheric pressure). Since the
helium release fraction is 3-5 times the fission gas rel ease fraction, much more helium was expected in
the 50 GWd/MT fud pins than in the previous withdrawals.

6.2 TEST ASSEMBLY SHIFT TO HIGHER FLUX LOCATION

Toward the end of Phase IV, Part 1, fuel depletion had caused capsule LHGRS to decrease into the range
3.54.7 kWI/ft. To increase the thermal flux in the vicinity of the test fuel, the test assembly was relocated
from the Northwest to the Southwest I-holein the ATR reflector. The higher power in the ATR core
Southwest Lobe (23 versus 17 MW) then produced higher test capsule LHGRS, which ranged from 5.3 to
6.4 KWI/ft after test assembly relocation.

Theincreasesin fuel centerline temperatures associated with this test assembly relocation may be seenin
thefinal two ATR cycles of Phase IV, Part 1 as shownin Figures 5.2 and 5.3. It should be noted that
these were the last two cycles prior to withdrawal of Capsules 4 and 13 for the 40 GWdA/MT PIE. Thetest
assembly remained in the Southwest |-hole for the remainder of the Phase IV irradiations.

6.3 CAPSULESWITHDRAWN AT 40 GWD/MT BURNUP

Capsule 4, which provided containment for Fuel Pin 7, and Capsule 13, which contained Fuel Pin 16,
were withdrawn in March 2002 at the completion of irradiation Phase 1V, Part 1. Burnups were about
39.0 GWA/MT. The MOX fuel within Fuel Pin 16 was created from PuO, that was treated by the TIGR
process before being blended with UO, and pressed into pellets. The MOX within Fuel Pin 7 was
untreated.

The capsules withdrawn at 40 GWd/MT experienced higher LHGRs than any other capsules during this
test irradiation. For burnups beyond 8 GWd/MT, fuel centerline temperatures in Capsules 4 and 13 never
dropped below 990°C.



6.3.1 Irradiation History for Fuel Pins7 and 16

Fuel Pins 7 and 16 occupied symmetric (upper- and lower-back) positionsin the test assembly during
Phase | of the MOX test irradiation. (See Figure 5.1 for the Capsule 4 and 13 locations.) Thisinitial
irradiation phase employed the Model 1 basket assembly with Inconel neutron shield. (See Figure 3.5 for
basket assembly and neutron shield configuration.) Total exposure was 154.9 effective full power days
(EFPD), accumulated over five ATR cycles run between February 5 and September 13, 1998.

The thermal flux within the test assembly was increased after Phase | by replacing the Inconel shield
basket assembly with the Modd 2 aluminum shield basket assembly. An additional boost to the thermal
flux specific to Fuel Pins 7 and 16 was introduced for Phase |1 by relocating Capsules 4 and 13 to the | eft-
and right-front middle positions, as shown in Figure 5.1. Table 6.2 provides the LHGR histories for these
fuel pins, showing an increase of more than 50% in proceeding from Phase | to Phaselll.

Table 6.2. Capsulelocations and average linear heat generation ratesfor Fuel Pins 7 and 16

Capsule 4 (Fud Pin 7) | Capsule 13 (Fud Pin 16)
Irradiation Phase Capsulelocations average LHGR average LHGR
(KW/Ft) (KW/Ft)
I Upper and lower back 5.86 5.90
] Left and right front middle 8.99 9.11
I, Part 1 Left and right front bottom 5.67 5.73
IV, Part 1 Left and right front middle 5.18 521

Phase Il comprised 8 ATR cycles (228 EFPD) between November 9, 1998 and September 12, 1999. The
highest LHGRSs, about 10.7 kW/ft, occurred during the first ATR cycle of the Phase I irradiation.

Figure 5.2 shows (for Capsule 4) that fuel centerline temperatures approached 1800°C during this period.
Fuel burnup increased for Capsule 4 (Pin 7) from 6.3 to 20.0 GWd/MT during Phase I1.

The LHGRs and fuel temperatures were reduced for Capsules 4 and 13 during Phase I11, Part 1, for which
they were moved from the front middle to the front bottom test assembly positions. Phaselll, Part 1
comprised 7 ATR cycles (232 EFPD) run between October 9, 1999 and July 22, 2000.

Phase 111, Part 2 comprised 113 EFPD over three ATR cycles devoted to increasing the burnups of lag
Capsules 5, 6, and 12. Capsules 4 and 13 rested in the ATR canal throughout the approximately five
months of the Part 2 irradiation.

Capsules 4 and 13 were moved back to the test assembly front middle positions for their fina irradiation
Phase IV, Part 1. Herethey accumulated 289 EFPD over 10 ATR cycles, increasing their burnups from
29t0 40 GWA/MT. Thermal flux wasincreased for the last two ATR cycles (105 EFPD) of Phase 1V,
Part 1 by shifting the test assembly from the Northwest to the Southwest I-holein the ATR reflector. The
effect of this upon fuel centerline temperature in Capsule 4 may be seen in Figures 5.2 and 5.3.

6.3.2 PIE Resultsat 40 GWdA/MT

Because the 40 GWdA/MT withdrawals experienced the highest LHGRs and fuel temperatures, the
findings for these PIES are of particular interest. The Observations and Implications of the 40 GWd/MT
postirradiation examinations were issued as References 31 and 32, respectively. The following
subsections summarize the more important of these results.



6.3.21 Metrology

Following receipt from Idaho National Laboratory (INL), Capsules 4 and 13 underwent a hot cell
dimensional inspection that identified no unexpected irradiation effects. No signs of corrosion or physical
damage to the stainless steel containments were found. Gamma scans of the intact capsules reveaed no
axial gapsin the pellet stack and indicated qualitatively the capsule and fuel pin integrities and the burnup
profile along the fuel pellets. Figure 6.1 shows a representative 40 GWdJ/MT raster scan detailing the
capsule and fuel pininternal component representations with an overlying assembly schematic for
reference.

The capsule and fuel pin pressures were measured by the two-step process33 developed for this purpose at
ORNL. Firgt, the gasin the capsule plenum was released by drilling vertically downward into the top of
the capsule. The pressure was measured and the gas sampled for Kr85 activity. As expected, pressure
was slightly sub-atmospheric, and no krypton activity was detected, confirming that the fuel pin was leak
tight. Next, the drilling continued into the fuel pin plenum region (see Figure 3.2) where the pressure and
K85 activity were measured. Pressures were 115 psiafor Fuel Pin 7 and 135 psiafor Fuel Pin 16 (TIGR-
treated fuel). Based on Kr85 measurements, the fission gas releases were 8.4% for Pin 7 and 9.5% for

Pin 16. (Release values based on the gas pressure measurements are similar, but the need to estimate a
release fraction for the helium created by actinide decay gives this method higher uncertainty.)

Following the fission gas measurements, the capsules were opened and the fuel pins extracted. Results of
fuel pin dimensional inspections were as expected. A specially designed measuring apparatus34 allowed
precise tracing of the fuel pin outer diameter as a function of axial length with a precision of about

2.5 micron. These measurements revealed primary ridges caused by non-uniform pellet axial expansion
(hourglassing), by which the pellet ends contact and locally plagtically deform the cladding. These ridges
(approximately 8 micron high and one pellet length apart) are shown in Figure 6.2.

The Nominal Fuel Pin Schematic Has Been Shifted Within the
Capsule and the Fuel Stack and Spring Scaled to Model the Scan
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Figure6.1. Gamma scan of 40 GWd/MT capsule.



Fuel Pin 16 Average Diameter Measurement
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Figure6.2. Pin diameter asa function of length both before, with a pin pressure of 0.9 M Pa, and after
puncturing.

First use of the Fud Pin Volume Measuring Apparatus (FPVMA—Ref. 44) developed at ORNL was for
determination of free volume for Fuel Pin 7. Free volumeisfound by changing (piston and cylinder) the
combined volume of pin and apparatus and measuring the pressure both before and after this known
changein volume. The Pin 7 free volume was measured as 1.323 cm3, within 1% of the cal culated
estimate. (The upper end of Pin 16 was deformed when the pressure measurement was taken, so the
necessary tight seal could not be formed.)

The FPVMA was also applied to obtain the volume of a Pin 7 fuel/cladding segment, which was then
weighed precisely. Subtracting the cladding volume and weight (obtained by measurements on an
unirradiated tube section) produced fuel volume and weight, which corresponded to a density of
10.22 g/lcm3. Thisdensity at 40 GWd/MT burnup may be compared with the initial unirradiated fuel
density of 10.4 g/cm3.

6.3.2.2 Metallography

Fuel behavior as determined by examination of metallographic mounts was found to be in accordance
with expectations based on the European experience with MOX fuel. The fud exhibited the normal
cracking typical of LWR fuel; no indications of significant fuel matrix restructuring, fuel-cladding
interactions, or abnorma swelling were noted. Asin previous PIEs, large plutonium-rich agglomerates
were visible in the mid- and outer regions of the fuel cross-sections, where the temperature had been
sufficiently low during irradiation to permit formation of the high-burnup structure. High-burnup
structures beginning to form within agglomerates at the central region periphery in the 40 GWd/MT
mounts indicate that temperatures here remained below 1000°C during the last several ATR irradiation
cycles.

Figure 6.3 shows a metallographic mount taken from Fuel Pin 7; mounts from the TIGR-treated fuel in
Fuel Pin 16 have asimilar appearance. Agglomerates are clearly visiblein the mid- and outer-regions of
thefuel. The crackingistypical of LWR fuel. No interactions are apparent between fuel and cladding.
The small gap at the pellet-clad interface shows that the pellet is not in hard contact with the cladding.
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MXR83142 6218 500um

as polished

Figure6.3. Crosssection of 40 GWd/MT fuel pin. Note the
rectangular island in the center formed by circumferential
cracks (versusradial crackstoward the pellet periphery)
and the large agglomerates with surrounding halos.

A transverse metallographic mount prepared from three contiguous pellets of Fuel Pin 7 isshownin
Figure 6.4. Thisarrangement is convenient to show details of two pellet-to-pellet interfaces, including
chamfer and dishing. Any abnormal fuel swelling would tend to distort these features, which in

Figure 6.4 are distinctly in their normal placement. The pellet-clad gap is visible, with the cladding inner
surface appearing in pristine condition.

6.3.2.3 SEM/microprobe analyses

Scanning el ectron microscope/microprobe (SEM) mounts were prepared for wavelength dispersive x-ray
analysis. Samples were prepared by epoxy mounting fuel pin cross-sections, then reducing the dose level
by grinding to athickness of about 250 microns. The mounts were then polished to a smooth finish.

Figure 6.5 shows the elemental mapping in the vicinity of an agglomerate at the surface of apin 7 fuel
pellet. The agglomerate with its high-burnup structure appears in the center of the secondary electron
scan image. The other images show the relative uranium, plutonium, zirconium, and ruthenium
populations, clearly indicating the concentration gradients between the agglomerate and the surrounding
matrix of depleted uranium. For example, the plutonium x-ray scan confirms higher levels within the
agglomerate, while the uranium x-ray scan shows the reduced uranium density there.



Chamfer Pellet Interface

Potting MXR82971 / 6221 \ — s
Flaw Clod

Labeled 6221.jpg
Figure6.4. Axial fuel cross section. Note that the pellet dish and chamfer can be seen.

Agglomerates can be seen throughout the section with halos. The black regions are
pullout.
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The agglomerates and the nearby matrix regions were aso analyzed for selected fission products.
Ruthenium (Ru) and palladium (Pd) were noted to form small clusters within the agglomerate, while the
neodymium distribution was more diffuse. In all cases, solid fission products were localized within the
agglomerate, where they were created. The nature of the agglomerates was the same in both the TIGR-
treated and untreated fuels.

The pellet-clad interface regions were examined to determine the nature of any interactions. Where an
agglomerate was at or very near the pellet surface (Figure 6.5), there was minor fuel intrusion into a
narrow oxide layer on the inner surface of the cladding. 1n agglomerate-free interface regions

(Figure 6.6), the oxide layer was thinner, with no indications of embedded fuel. Otherwise, no reactions
or material transfers were noted between pellet and cladding. Zirconium was found only within the
cladding, and no gallium signal was seen.

Apparent in Figure 6.3 are halos surrounding the agglomerates. These regions of microstructure differ
visually from both the porous agglomerate and the general fuel matrix. Element scans showed that xenon
had diffused out of the agglomerate and into the surrounding depleted uranium matrix. The presence of
xenon in the immediate outer surroundings of the agglomerate isillustrated in Figure 6.7.

The xenon within the agglomerate itself does not image well because of its collection within macro-
bubbles. When gases (including xenon) are contained within bubble diameters larger than 20 angstroms,
the emitted x-ray intensity is reduced in proportion to bubble size.35 In general, the bubble size within
agglomerate high-burnup structure is such that the weakened signal precludes a determination of local
density or concentration gradient.

6.3.24 Gallium analyses

Cladding segments from Fuel Pins 7 and 16 were analyzed for gallium content to determine if gallium
had migrated from the fuel to the cladding, a major investigative objective of thisMOX test irradiation.
Resolution of gallium in unirradiated cladding is not difficult, and archived unirradiated cladding
specimens analyzed previously establish a baseline of about 0.5 ppm for the Zircal oy-4 cladding
employed in thistest. Resolution of the gallium concentration in irradiated cladding is more difficult
because the fission product barium can become doubly ionized in a mass spectrometer and mimic
gallium. With the small amounts of gallium present in these specimens, this complicates quantifying the
measurement. Chemical separation steps were required to obtain reliable mass spectrometer signals.

Within the analytic uncertainties (about 30%), comparison of measured gallium concentrationsin
unirradiated (baseline) and irradiated cladding reveal no indications of gallium transfer from fuel. Any
migration of gallium from fuel to cladding isinsignificant and presents no threat to cladding integrity.

6.3.25 Burnup determinations

Fuel burnup was determined by Neodymium analysis of pellets drawn from the top, middle, and bottom
regions of the 40 GWd/MT fuel pins. Fuel pin average burnups were 38.9 GWd/MT for Pin 7 and

39.4 GWJ/MT for Pin 16, in good agreement with the 39.0 GWdJ/MT predicted by the MCNP code
calculationsat INL. Results also confirmed the predicted extent of pellet stack end-peaking.
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Xenon diffuses out of
| agglomerate into surrounding
matrix.

Clad

No xenon in
clad (dark).

Xenon in agglomerate does
not image well because it is
in macro sized bubbles.

Fuel/Clad interface
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Figure 6.7. Qualitative SEM/Microprobe Xe scan in thevicinity of an agglomer ate.

6.3.2.6 Conclusonsof the40 GWd/MT PIE

Metallographic examinations revealed good fuel performance; nothing unexpected was noted. Some of
the observed plutonium-rich agglomerates are larger than is expected for mission fuel, but these have not
proved troublesome. Pellet cracking is considered normal. Cladding inner surface thin oxide layers are
evident in areas of pellet-clad contact, particularly where an agglomerate lies at or very near the pellet
surface. The extent of fuel swelling, as inferred from polished cross-sections, isin accordance with
expectations based on reviews of the applicable literature.

SEM/microprobe examinations of the fuel and cladding revealed no abnormal behavior. The
microstructures of the two fuel types appear similar, athough dightly higher fission gas release was
determined for the TIGR-treated fuel. Elemental mapping confirmed that the fission products Ru and Pd
were localized to the plutonium-rich agglomerates. Xenon diffusion wasidentified as the driver for the
halos evident in the depleted uranium matrix surrounding the agglomerates.

Analyses of both unirradiated archive and irradiated specimens indicate no uptake of gallium by the
cladding within the measurement uncertainty. Any migration of gallium from fuel to cladding is
negligible.

Overdll, the capsules and fuel pins accumulated 40 GWd//MT burnup without incident. After completion

of the PIE, the remaining cladding segments were defueled by soaking in nitric acid and stored for later
ductility testing. These cladding ductility tests are discussed in Chapter 9.
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6.4 50GWdA/MT PIESDOCUMENTED SEPARATELY

Three test capsules with approximately 50 GWdJ/MT burnup were withdrawn at the completion of
irradiation Phase IV, Parts 2 and 3in April 2004." These were Capsules 6 and 12, consistently irradiated
in symmetric test assembly positions, and Capsule 5, which was irradiated as an individual capsule.

Although Capsules 5, 6, and 12 were withdrawn with similar burnups, the irradiation histories are quite
different. Firstirradiated in Phasell, Capsules 6 and 12 accumulated 1307 EFPD as a symmetrically
placed pair in relatively high power locations within the test assembly. Asshownin Figure 5.3, fuel
centerline temperatures were greater than 1000°C through 38.4 GWd/MT burnup and exceeded the
Halden threshold during portions of the Phase IV irradiation.

Capsule 5, on the other hand, was irradiated from the beginning of Phase | and had accumulated

1462 EFPD at 50 GWdJ/MT. Located in relatively low power test assembly positions, fuel centerline
temperature remained below 1000°C after 18.6 GWdJ/MT. Because the pre-PIE calculations indicated
that the Halden threshold was never exceeded, fission gas rel ease was expected to be lessthan 1%. An
extended period of low temperature at the fuel center means that high-burnup structure should be visible
within the agglomerates there.

Inview of itsuniqueirradiation and fuel temperature histories, the PIE observations for Capsule 5 also
differ. To facilitate discussion and explanation, Section 6.5 describes the irradiation history and PIE
results for Capsules 6 and 12, while the corresponding information for Capsule 5is discussed in
Section 6.6.

6.5 CAPSULE PAIRWITHDRAWN AT 50 GWd/MT

Capsule 6 containing Fuel Pin 9 and Capsule 12 with Fuel Pin 15 were withdrawn for PIE at the end of
irradiation Phase IV, Part 3, each with a calculated burnup of about 50.1 GWd/MT. Fuel Pin 15 carried
the TIGR-treated fuel. The observations of the 50 GWd/MT postirradiation examinations for Capsules 6
and 12 wereissued as Reference 66.

6.5.1 Irradiation History for Fuel Pins9 and 15

Asindicated in Figure 5.1, Capsules 6 and 12 werefirst introduced in irradiation Phase |1, occupying the
symmetric upper- and lower-back test assembly positions during irradiation Phases |1 and 111, Part 1.
Total exposurein this position was 460 EFPD, accumulated over 15 ATR cycles run between

November 9, 1998 and July 22, 2000.

Phase I11, Part 2 comprised 113 EFPD devoted to increasing the burnups of lag Capsules 5, 6, and 12.
Thisirradiation extended over three ATR cycles from August 20, 2000 through January 14, 2001. As
shown in Figure 5.1, Capsules 6 and 12 occupied the left- and right-front middle positions, with
Capsule 5 at the back middle. To complete the test assembly loading, the three MOX capsules were
augmented by six solid stainless steel dummy capsules, which occupied all the top and bottom positions.

Capsules 6 and 12 were shifted to the | eft- and right-front upper test assembly positions for Phase 1V,
Part 1. Here they accumulated 289 EFPD, over ten ATR cycles. Thermal flux was increased near the end

It was originally intended that the MOX test capsules would be repositioned between Phase 1V, Parts 2 and 3. Subsequent
calculations indicated, however, that Capsules 5, 6, and 12 would all achieve substantially the same burnup without such
adjustment of capsule placement within the test assembly. Accordingly, Parts 2 and 3, for practical purposes, constitute asingle
set of irradiations.
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of Phase 1V, Part 1 when the test assembly was shifted from the Northwest to the Southwest I-holein the
ATR reflector.

Finally, Capsules 6 and 12 completed the irradiation (Phase IV, Parts 2 and 3) in the |eft- and right-front
middle positions, as shown in Figure 5.1. Here they accumulated 444 EFPD over 12 ATR cycles.

The burnup-averaged LHGRs for Fuel Pins 9 and 15 are listed in Table 6.3. These values demonstrate the
close similarity between the powers generated within symmetrically placed fuel pins.

Table6.3. Averagelinear heat generation ratesfor Fuel Pins9 and 15

Capsule 6 (Fud Pin 9) Capsule 12 (Fuel Pin 15)

Irradiation Phase Capsulelocations average LHGR average LHGR
(KW/ft) (KW/ft)

I Upper and lower back 7.61 7.71

I, Part 1 5.79 5.86

1, Part 2 Left and right front 6.34 6.47
middle

IV, Part 1 Left and right front 5.42 5.47
upper

IV, Part 2 Left and right front 5.80 5.87

IV, Part 3 middle 4.19 4.30

Capsules 6 and 12, by virtue of being first inserted at the beginning of Phase 11, had the same (aluminum)
neutron shield throughout their irradiation. These are the only test capsules for which the highest LHGRs
were experienced during their earliest irradiation cycles. Subsequent temporary boosts occurred when
these capsules were shifted to front middle positions for Phase |11, Part 2 and near the end of Phase 1V,
Part 1, when the test assembly was shifted from the Northwest to the Southwest I-hole. The
corresponding fuel centerline temperatures calculated for Capsule 6 are plotted against ATR EFPD in
Figure 5.2.

The highest LHGR for Fuel Pin 9 was 8.65 kW/ft when irradiation was initiated at the beginning of
PhaseIl. The calculated fuel centerline temperatures are plotted against burnup in Figure 5.3. As
indicated, the Capsule 6 (Pin 9) fuel temperature exceeded the Halden Criterion for 1% gas release at
intervals between 33 and 38 GWdA/MT burnup. Maximum fuel centerline temperature was about 1283°C
at 4.8 GWdA/MT.

6.5.2 PIE Resultsfor Capsule Pair at 50 GWd/MT
6.5.21 Metrology

Hot cell inspection of Capsules 6 and 12 identified no signs of corrosion or physical damage to these
stainless steel containments. Gamma scans indicated qualitatively the capsule and fuel pin integrities and
the burnup profiles along the fuel pellets. Capsule drilling revealed the expected slightly sub-atmospheric
pressure and absence of fission gas activity. Fuel pin pressures were then measured as 148 psiafor Pin 9
and 178 psiafor Pin 15. Based on Kr85 activity measurements, the fission gas rel eases were 7.2% and
8.6%, respectively.

A new capability implemented for the 50 GWdJ/MT PIE was use of a mass spectrometer system to
determine the nature of the gases collected from the fuel pin free volumes. Two sets of readings were
obtained for each pin. Thefirst identifies the mass spectrums for the fission gas (krypton and xenon)
isotopes, whereas the second produces the mol e fractions of the constituent gases xenon, krypton, and
helium. These resultsfor Fuel Pins9 and 15 are discussed in the following paragraphs.
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I sotope distributions for krypton and xenon created by fission differ markedly from those found in the
naturally occurring gases. Fission xenon comprises mostly (70%) Xel36 and Xel34, whereas about 86%
of fission krypton is Kr86 and Kr84. The mass fractions measured for the xenon and krypton isotopes
collected from Fuel Pins9 and 15 arelisted in Tables 6.4 and 6.5. Asindicated, these measured values
agree well* with the distributions predicted for these pins by the MOCUP (MCNP with ORIGEN) code®4
calculationsat INL.

With significant quantities of helium present, great care must be taken in the measuring of gas mole
fractions. Itisin general difficult to accurately measure helium as a mixed gas constituent. In the case of
present interest, the differences in molecular weights between He#, Kr85, and Xel34 are large, tending to
delay mixing and to promote fractionation of throttled flows from sample bottles.

Table 6.6 provides the mole fractions as determined for Fuel Pins 9 and 15, with the associated
xenon/krypton ratios. The latter values may be compared with the predicted ratio of 17.20, per the
neutronics calculations at INL.

Table 6.4. Comparison of measured and calculated krypton and xenon isotope
compositionsfor Capsule 6, Fuel Pin 9

MOCUP predictions RMAL .
. Mass Mass fraction
Capsule 6 isotope c M ass M ass fraction delta
Gram-atoms x 10 (grams) fraction (measured) (%)
X136 221.84 0.30170 0.4455 0.4282 -3.88
X 134 129.23 0.17317 0.2557 0.2592 +1.37
X el32 109.55 0.14461 0.2135 0.2306 +8.01
xel31l 41.59 0.05448 0.0805 0.0766 -4.84
X 130 2.23 0.00290 0.0043 0.0049 +13.95
xel28 0.27 0.00035 0.0005 0.0004 —20.00
Total xenon 504.70 0.6772 1.000 1.000
Mole Wit. 134.18 134.13 -0.04
K r86 13.954 0.012000 0.4816 0.4805 -0.23
K84 11.059 0.009290 0.3728 0.3891 +4.37
K83 2.575 0.002137 0.08577 0.0697 -18.74
K85 1.680 0.001428 0.05731 0.0583 +1.73
K82 0.076 0.000062 0.00248 0.0024 -3.23
Total krypton 29.34 0.024918 1.0000 1.0000
Mole Wt. 84.90 84.95 +0.05

*For the major contributors, agreement is excellent (within 4% for Xel36 and Xel34, and within 6% for Kr86 and Kr8%) for both
pins. Itistruly impressive that neutronics tracking calculations performed over four years of irradiation with changing
proportions of fissioning actinides can predict fission gas isotope distributions that so closely match those measured by mass
spectrometry of the gases released from drilled fuel pins.
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Table 6.5. Comparison of measured and calculated krypton and xenon isotope
compositionsfor Capsule 12, Fuel Pin 15

Capsule 12 isotope c M ass M ass frgc:isf)n delta
Gram-atoms x 10™ (grams) fraction (measur ed) (%)
Xel36 222.76 0.30295 0.4455 0.4356 —2.22
X el34 129.76 0.17388 0.2557 0.2541 -0.63
Xel32 110.00 0.14520 0.2135 0.2286 +7.07
xel3l 41.76 0.05471 0.0805 0.0766 —4.84
X el30 224 0.00291 0.0043 0.0048 +11.63
xel28 0.27 0.00035 0.0005 0.0003 —40.00
Total xenon 506.78 0.6800 1.000 1.000
Mole Wt. 134.18 134.16 -0.01
K r86 14.012 0.012050 0.4816 0.4787 -0.60
K84 11.105 0.009328 0.3728 0.3938 +5.63
K83 2.586 0.002146 0.08577 0.0682 —20.49
K85 1.687 0.001434 0.05731 0.0585 +2.08
K82 0.076 0.000062 0.00248 0.0008 —67.74
Total krypton 29.47 0.025021 1.0000 1.0000
Mole Wt. 84.90 84.95 +0.05
Table 6.6. Constituent mole fractionsfor Fuel Pins9 and 15
Fuel Pin 9
G Fuel Pin Inleakage Adjusted for
as .
15 As-measured helium xenon/krypton
subtracted ratio
Xenon 0.8196 0.0874 0.754 0.754
Krypton 0.0459 0.0043 0.037 0.042
Helium 0.1345 0.9083 0.209 0.204
Xenon/krypton ratio | 17.86 204 20.4 17.86

For Fuel Pin 9, the gas constituent mole fraction measurement was complicated by helium inleakage.
Although the sample bottle was closed at a pressure of 24.4 torr, the bottle pressure was about 202 torr
(3.91 psia) when received at the Radioactive Materials Analysis Laboratory (RMAL). Gas constituent
analysis showed the additional pressure to be entirely due to helium. It isevident that the sample bottle
closure valve leaked while the cold trap system was being purged with helium.

Review of information recorded at the time the sample bottle was connected to the mass spectrometer
inlet indicates that 55.99 E-5 moles were received, of which 6.49 E-5 moles were xenon, krypton, and
helium loaded from the fuel pin while the remaining 49.50 E-5 moles derived from helium in-leakage.

The as-measured mole fractions are listed in Table 6.6. With the sample bottle flooded with helium, the

krypton mole fraction was driven so low that its absolute value (about 0.004) is on the order of the
accuracy range for the mass spectrometer.
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Correcting by subtracting the in-leakage helium produces the values listed in the center column under
Fuel Pin9in Table 6.6. The associated xenon/krypton ratio of 20.4 is much higher than both the
calculated value of 17.2 and the 17.9 obtained from the fuel pin 15 mole fraction measurements. This
reinforces the suspicion that the krypton value istoo low.

Various means might be employed to adjust the mole fractions obtained for Fuel Pin 9 to more accurate
values. The method adopted here isto assign the 17.9 xenon/krypton ratio obtained for Pin 15 to the

Pin 9 fission gases by keeping the xenon mole fraction unchanged while adjusting the krypton mole
fraction upward to 0.042. To sum to unity, the helium mole fraction is lowered dightly to 0.204, aslisted
in the right column of Table 6.6. In view of the magnitude of the corrections invoked, these adjusted

mole fractions rank only as estimates.

It should be noted that the mass spectrometry analyses included a search for gases other than xenon,
krypton, and helium. None were found. The helium release fractions derived from the mole fraction
estimates are discussed in Section 7.4.3.

Following the fission gas measurements, the capsul es were opened and the fuel pins extracted.
Profilometry measurements reveal ed the expected primary ridges, similar to those illustrated in

Figure 6.2. Fuel pin free volumes were measured by gas backfill using the apparatus described in
Reference 44, which provides moderate (1-1/2%) accuracy employing asimple gas compression
technique with a precision pressure gauge. Measured free volumes were 1.202 cm3 for Fuel Pin 9 and
1.198 cm3 for Fuel Pin 15.

The FPVMA was also applied to find adensity of 10.07 + 0.11 g/cm3 for afuel sample taken from Pin 9.
A value less than the 10.22 g/cm3 measured during the previous (40 GWd/MT) PIE was expected, since
fuel swelling continues with additional burnup.

6.5.2.2 Destructive PIE truncated for TIGR-treated fuel (Capsule 12)

Of the three MOX test capsules withdrawn at 50 GWdAd/MT burnup, only Capsule 12 (Fudl Pin 15)
contains TIGR-treated fuel. All of the non-destructive steps were completed for Fuel Pin 15, including
cladding profilometry and determination of the fission gas release fraction. Destructive PIE proceeded
through pin segmentation and preparation of fuel cross-section metallographic (MET) mounts as shown in
Figures 6.8 and 6.9. Following visual and photo-examination of these MET mounts to confirm normal
fuel performance, the PIE for Fuel Pin 15 was terminated.

The PIE for this TIGR-treated fuel was truncated as a measure to avoid unnecessary costs. The mission
fuel isuntreated, and ample information concerning the behavior of TIGR-treated fuel was obtained in the
previous (9-, 21-, 30-, and 40-GWd/MT) PIEs. (With the exception of dlightly higher fission gas release,
it behaves similarly to untreated fuel, including no detectable movement of gallium during irradiation.)

6.5.2.3 Metallography for Fuel Pin 9

MET mount examinations confirmed fuel behavior in accordance with expectations based on European
MOX fuel experience. Fuel cracking was normal, and there was no evidence of abnormal swelling or
fuel-cladding interactions.

The half/pellet-pellet-hal f/pellet axial mount for Fuel Pin 9 extends from the upper half of Pellet 11
through the lower half of Pellet 13. The fuel appearsin excellent condition, with dish and chamfer
regions clearly discernable and undistorted. Asin the previous (40 GWd/MT) PIE, thin oxide regions are
visible intermittently along the cladding inner surface, particularly in the vicinity of agglomerates at or
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Figure6.8. Fuel pin 15 fuel cross-section at 50 GWd/MT. Fuel cracking isless than
seen at lower burnup (Figure 6.3), and agglomerate outlines are emergent in
the central region—both signs of lower temperatures during irradiation.
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Figure6.9. Pdlet-cladding interfaceregion for Fuel Pin 15. The claddingisin pristine
condition with thin oxide layersin the vicinity of fuel surface agglomerates.

near the fuel surface. Other than these normal corrosion patterns, the cladding inner wall isin pristine
condition.

One very large agglomerate (about 550 um) located adjacent to the cladding in the Pellet 15 top half
mount cross-section affords close inspection of the effects of abounding local fuel-cladding interaction
spanning normal operation to 50 GWd/MT burnup. The only visible effect of the agglomerate presence
on the cladding is athin oxide layer on the inner surface.

6.5.2.4 Gallium analyses

Fuel and cladding segments from Fuel Pin 9 were analyzed for gallium content for comparison with pre-
irradiation values to determine if the extent of any migration from fuel to cladding. Within the analytical
uncertainties, there were no indications of gallium transfer from fuel. Any migration of gallium was
insignificant and did not threaten the integrity of the cladding.

Specificaly, the mass spectrometer analyses for cladding gallium content found concentrations between
0.65 and 1.24 ppm at three locations adjacent to the pellet stack, with an estimated accuracy of £10%.
The small differences between these concentrations and the average gallium content of 0.59 ppm
measured for the unirradiated cladding are attributed to the gallium carried with the fuel particles
adhering to the inner surface of the cladding samples when they were dissolved. (Evidence for thisinner
surface fuel adherence is provided by the cladding samples set aside for ductility testing, for which both
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bottle-brushing and ultrasonic cleaning have been necessary to reduce the spread of contamination when
the test specimens were sawed.)

6.5.25 Burnup determinations

Fuel burnup was determined by Neodymium analyses of samples taken from the top, middle, and bottom
of the fuel pin 9 pellet stack. Fuel Pin 6 axial burnups, as calculated (at ORNL) by the Frapcon-3 fuel
performance code (based on rod LHGRs and axial peaking factors predicted by MCNP code cal culations
at INL), arein excellent agreement with RMAL results, as shown in Figure 6.10. The fud stack average
burnup is 50.0 GWd/MT, as predicted by MCNP calculations at INL. Results also confirm the predicted
extent of pellet stack end-peaking.

6.6 INDIVIDUAL CAPSULE WITHDRAWN AT 50 GWd/MT

Capsule 5 containing Fuel Pin 8 was withdrawn for PIE at the end of irradiation Phase 1V, Part 3, with a
calculated burnup of 49.5 GWd/MT. Carrying untreated (non-TIGR) fuel, Capsule 5 was irradiated
individually, i.e., not paired with a symmetrically-placed TIGR-treated counterpart. In addition,
Capsule 5istheonly test capsule that participated in every irradiation phase and ATR cycle. Occupying
alow flux test assembly position during most of itsirradiation, LHGRs and fuel temperatures were low
compared to those of other MOX test capsules. Becauseit wasirradiated at arelatively slow rate,
Capsule 5 attained the highest accumulated exposure (1462 EFPD) of any test capsule. The observations
of the 50 GWd/MT postirradiation examination for Capsule 5 were issued as Reference 67.

6.6.1 Irradiation History for Fuel Pin 8

Asindicated in Figure 5.1, Capsule 5 occupied the back middle test assembly position during irradiation
Phases |, II, I1l, and 1V, Part 1. Thethermal flux within the test assembly was increased after Phase | by
replacing the Model 1 Inconel shield basket assembly with the Model 2 auminum shield basket

assembly. (See Figure 3.5 for basket assembly and neutron shield configuration.) Thermal flux was
increased again near the end of Phase IV, Part 1 when the test assembly was shifted from the Northwest to
the Southwest I-hole. Total exposure in the back middle position was 1017 EFPD, accumul ated over

33 ATR cyclesrun between February 5, 1998 and March 9, 2002.

For itsfinal irradiation cycles (Phases |V, Parts 2 and 3), Capsule 5 was relocated to the front top |eft test
assembly position as shown in Figure 5.1. Total exposurein this position was 444 EFPD, accumulated
over 12 ATR cycles run between March 22, 2002 and April 18, 2004.

The burnup-averaged LHGRs for Fuel Pin 8 varied during theirradiation aslisted in Table 6.7.

Table6.7. Averagelinear heat generation ratesfor Fuel Pin 8

Capsule 5 (Fud Pin 8)
Irradiation Phase Capsulelocation average LHGR
(KW/Ft)
I 6.08
1 : 7.05
Middle
I, Part 1 back 5.44
I, Part 2 4.05
IV, Part 1 414
IV, Part 2 Left front 5.05
IV, Part 3 upper 3.86
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The highest LHGR for Fuel Pin 8 was 7.99 kW/ft, which occurred during the first ATR cycle of Phasell.
The calculated fuel centerline temperatures are plotted against burnup in Figure 5.3. As shown, the
Capsule 5 (Pin 8) fuel temperature was not predicted to exceed the Halden threshold. Maximum fuel
centerline temperature was 1245°C at a burnup of about 7.8 GWd/MT.

6.6.2 PIE Resultsfor Individual Capsuleat 50 GWd/MT

The PIE results for Capsule 5 containing Fuel Pin 8 have specia significancein that the irradiation
history for thisfuel involved the lowest temperatures of all MOX test fuels. Assuch, the temperature
trace for this test fuel pin most closely approximates that expected for the mission fuels.

6.6.21 Metrology

Hot cell inspection of Capsule 5 identified no signs of corrosion or physical damage. Gamma scans
indicated qualitatively the capsule and fuel pin integrities and the burnup profile along the fuel pellets.
Capsule drilling reveaed the expected dightly sub-atmospheric pressure and absence of fission gas
activity. Fuel pin pressure was then measured as 70.3 psia. Based on K85 activity measurement, the
fission gasrelease was 3.1%. Thisislessthan half of the release observed for the other two pins reaching
50 GWdA/MT burnup.

The new mass spectrometer system at the RMAL was employed to identify the mass spectrums for the
fission gas isotopes and to determine the mole fractions of the constituent gases. The mass fractions
measured for the xenon and krypton isotopes collected from Fuel Pin 8 arelisted in Table 6.8. As

Table 6.8. Comparison of measured and calculated krypton and xenon isotope
compositionsfor Capsule5 Fuel Pin 8

MOCUP calculation predictions RMAL mass | Massfraction
Capsule5 .
isotope s . 105 M ass M ass fraction delta
ram-atoms x (grams) fraction (measured) (%)

X136 214.96 0.29234 0.4430 0.4300 -2.93
xel34 126.51 0.16952 0.2569 0.2609 +1.56
X el32 106.72 0.14088 0.2135 0.2247 +5.25
xel31l 41.47 0.05415 0.0821 0.0798 —2.80
X130 2.08 0.00270 0.0041 0.0043 +4.88
xel28 0.26 0.00033 0.0005 0.0004 —20.00
Total xenon 492.00 0.6599 1.000 1.000
Mole Wt. 134.17 134.17 0.00
K r86 13.687 0.011771 0.4823 0.4760 -1.31
K84 10.757 0.009036 0.3702 0.3856 +4.16
K83 2.618 0.002173 0.08903 0.0808 -9.24
K85 1.610 0.001369 0.05609 0.0566 +0.91
K82 0.073 0.000060 0.00246 0.0010 -59.3
Total krypton 28.745 0.024408 1.0000 1.0000
Mole Wt. 84.91 84.93 +0.02

indicated, these measured values agree well with the distributions predicted for these pins by the
MCNP/MOCUP/ORIGEN code calculations at INL. In particular, agreement is excellent for the major
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contributors, confirming that neutronics tracking cal cul ations performed over four years of irradiation
with changing proportions of fissioning isotopes can predict fission gas isotope distributions that closely
match those measured.

Gas analyzer accuracy improvesif the manifold pressure can be maintained stable during the time that the
readings are taken. With the original inlet (gas sample bottle to the gas analyzer manifold), the manifold
pressure decreased slowly over the course of the analysis, because the flow path (tube internal diameter)
was sightly too large. In recognition of the special significance of Fuel Pin 8 and the genera difficulties
associated with helium as amixed gas constituent, the inlet to the gas analyzer manifold was reconfigured
to maintain a more stable flow during the measurement periods.

Following installation of the new smaller-diameter inlet tube, a statistical basis for the equipment
accuracy was established based on a set of five certified mixtures assembled for this purpose. Thisgas
calibration set comprises two previoudy existing certified mixtures (helium mole fractions 0.03 and 0.46)
plus three certified cylinders (He mole fractions 0.79, 0.67, 0.20) purchased from Matheson Tri-Gas.
This array spansthe range of interest (helium mole fractions between 0.03 and 0.80) for developing a
correction curve for adjusting mole fraction measurements of unknown samples.

A five-day series of gas anayzer runs on the array of certified mixtures provided data from which
calibration curves were developed to relate the corrected mole fraction to the measured value for each
constituent (xenon, krypton, and helium). These curves are applicable to mass spectrometer analyses
performed with the final inlet configuration, which was used for the gas collected from Fuel Pin 8. The
corrections are small, decreasing the measured values dightly for mole fractions lower than 0.50, with
dlight increases at higher mole fractions. In general, asmall helium mole fraction will be accompanied by
ahigh fission gas mole fraction, so the corrected values are slightly lower for helium and higher for the
fission gas.

Table 6.9 provides both the as-measured and corrected-value mole fractions for Fuel Pin 8. The corrected
helium mole fraction is about 1% less than the measured value. This small correction hasa
correspondingly small effect on the fission gas rel ease fractions derived from the mole fractions as
described in Chapter 7.

Table 6.9. Constituent mole fractionsfor Fuel Pin 8

Gas As-measured Corrected value
Xenon 0.716 0.726
Krypton 0.040 0.038
Helium 0.244 0.236
Xenon/krypton ratio 17.90 19.11

The xenon/krypton ratios listed in Table 6.9 may be compared with the predicted ratio of 17.12, per the
neutronics calculations at INL.

A mass spectrometer search for gases other than xenon, krypton, and helium found none. The helium
release fractions derived from the mole fraction readings are discussed in Section 7.4.3.

Following the fission gas measurements, Capsule 5 was opened and Fuel Pin 8 extracted. Profilometry

measurements reveal ed the expected primary ridges. Fuel pin free volume as measured by gas backfill
was 1.216 cm3 with an estimated 1% accuracy. Fuel density was found to be 10.05 + 0.11 g/cm3.
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6.6.2.2 Metallography

MET mount examinations confirmed fuel behavior in accordance with expectations based on European
MOX fuel experience. Fuel cracking was normal, and there was no evidence of abnormal swelling or
fuel-cladding interactions.

The Fuel Pin 8 mount cross-sections show the fuel and cladding to be in excellent condition. This pin
reached approximately the same burnup as did Pin 9, but was irradiated at |lower temperatures.
Correspondingly, more agglomerates are visible in the central regions of the fuel cross-sections.
(Agglomerates with high-burnup structure are outlined against the surrounding background of depleted
UO,—temperatures greater than 1000°C preclude formation of the high-burnup structure that makes the
agglomeratesvisible.)

6.6.2.3 Gallium analyses

Fuel and cladding segments from Fuel Pin 8 were analyzed for gallium content for comparison with pre-
irradiation values to determine if the extent of any migration from fuel to cladding. Within the analytical
uncertainties, there were no indications of gallium transfer from fuel. Any migration of gallium migration
was insignificant and did not threaten the integrity of the cladding.

The gallium concentrations as determined for cladding segments from Fuel Pin 8 arelisted in Table 6.10.
The plenum region is the gas storage volume at the top of the fud pin that encloses the stainless steel
spring (see Fig. 3.2). Accuracies are estimated as +10%.

Table6.10. Gallium concentrations as measur ed for Fuel Pin 8

Cladding location Gallium concentration
(ppm)

Plenum region 0.629

Upper-half Pellet 1 1.02

Upper-half Pellet 11 0.835

Bottom-half Pellet 15 0.944

An average gallium content of 0.589 ppm was measured for the unirradiated cladding. The higher values
for theirradiated cladding segments adjacent to fuel as opposed to the plenum region measurement are
attributed to the small amount of fuel adhering to the cladding when it was dissolved. If al of the gallium
initially in the fuel were to relocate radially outward, the cladding concentrations would reach 9 ppm.
Clearly, any gallium transfer (as opposed to being carried along with fuel particles) for Fuel Pin 8 was
insignificant.

6.6.2.4 Burnup determinations

Fuel burnup was determined by Neodymium analyses of samples taken from the top, middle, and bottom
of the fuel pin 8 pellet stack. The fuel pin average burnup of 49.8 GWd/MT isin good agreement with
the 49.5 GWd/MT predicted by the MCNP code calculations at INL.
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7. PIE FINDINGS—FUEL SUMMARY

Postirradiation examination (PIE) observations have been accumulated at progressively higher burnups
for weapons-derived MOX test fuel irradiated in the Advanced Test Reactor (ATR). These observations
provide information pertaining to the behavior of fuel and cladding under irradiation. This chapter
provides detailed discussions of the PIE findings related to fuel behavior. Cladding behavior is discussed
in Chapter 8.

7.1 GALLIUM IN FUEL

Asdiscussed in Section 2.5.1, initial gallium levelsin the MOX test fuels were measured from 1.8 to
4.8 ppm in the untreated fuel and from 1.1 to 2.0 ppm for the TIGR-treated fuel. (These are more than
two orders of magnitude greater than the gallium concentrations expected for the mission fuel.) Gallium
measurements during the successive PIEs for irradiated pellets of both fuel types (untreated and TIGR)
indicated the expected pellet-to-pellet variations but no reduction in overal fuel gallium content.
Measurements for the irradiated cladding are discussed in Section 8.4.

7.2 FUEL DENSIFICATION AND SWELLING

Asdiscussed in Section 5.2, fuel behavior smulations for the MOX test irradiation have been performed
with the ORNL-devel oped experiment-specific CARTS cal culation models and with the NRC-sponsored
FRAPCON-3 code. CARTS and FRAPCON-3 both employ fuel densification and fuel swelling models
based on the available LEU and MOX experience database. Information derived from the postirradiation
examinations of theirradiated fuel pins provides evidence for ng the densification and swelling
behavior of thisMOX fuel prepared with weapons-derived plutonium.

For an assessment of the MOX test fuel performance, comparison of the cladding and pellet dimensions
as determined for successively higher burnups establishes the history of pellet swelling and cladding
creep as experienced at the pellet midplanes during irradiation. For each of the first four withdrawals (at
9-, 21-, 30-, and 40-GWd/MT burnups), the capsule and fuel pin metrologica results were combined with
measurements made directly from photographic enlargements of the metallographic mounts to determine
the cladding thickness and internal diameter, the pellet outer diameter, and the effective gap between
pellet and cladding (which accounts for all internal pellet cracks as part of the gap). CARTS calculations
representing minimum and maximum initial pellet-cladding gaps were then employed to facilitate
interpretation of the PIE observations.

Asshown in Figure 7.1, CARTS code predictions adequately reproduce the densification and swelling
history for thistest fuel. Densification is represented as 2 percent, complete by 10 GWdA/MT burnup.
Thisis quite similar to the densification generally experienced in commercial fuel, which ranges from
about 1 percent to 1.7 percent.

Given the cladding thermal boundary conditions as calculated by CARTS, FRAPCON-3 was executed for
the same capsuleirradiation histories. Results are overlaid on the CARTS predictions as indicated on
Figure 7.1. Given the appropriate fuel densification parameters (2 percent by 10 GWd/MT) derived by
means of PIE examinations, the FRAPCON fud models replicating the database also adequately describe
the densification and swelling of the weapons-derived MOX test fuel.

An adaptation of the Fuel Pin Volume Measuring Device described in Reference 44 was first applied to
determine a fuel density of 10.22 g/cm3 for Fuel Pin 7 during the 40 GWd/MT PIE. Thisislessthan the
initial unirradiated density of 10.4 g/cm3 and appropriately reflects the preponderance of fuel swelling
over densification during the irradiation. Figure 7.1 includes (green symbol in upper plot at 40 GWd/MT)
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apoint representing the pellet diameter corresponding to this measured density, which agrees very well
with the diameter trace derived from the mount measurements.

Fuel density measurements were also taken during the 50 GWd/MT PIE for Fuel Pins8 and 9. Values
were | ess than measured at 40 GWd/MT, very close to 10.06 g/cms3 for both pins. This reduced density
appropriately reflects the continued fuel swelling associated with additional fission product accumulation
during the additional 10 GWd/MT of burnup.

7.3 BEHAVIOR OF AGGLOMERATES

In mixed oxide fuel, agglomerates comprise the master-mix portions, where the fissile materia is
concentrated.

7.3.1 Background—Mixed Oxide Fued

Early MOX fuel was prepared by directly comilling the PuO, and UO, powders. The resulting fuel was
heterogeneous, with the PuO» particles everywhere completely distinct from the UO,. This “reference’

process was used until about 1985, when it was generally abandoned due to inadequate solubility in nitric
acid and the undesirable impact of this upon fuel reprocessing.

Several methods to improve MOX homogeneity have been developed in the last two decades, including
the Short Binderless Route (SBR) in England, the Optimized Co-Milling (OCOM) in Germany, and the
Micronized MASter blend (MIMAYS) process in Belgium and France. Asdescribed in Section 2.3, the
weapons-derived MOX fuel irradiated in the current test was prepared with a master-mix process similar
to that employed in the MIMAS fabrication process.

7.3.2 TheCurrent Test Fud

The MOX test fuel was fabricated during 1997 at Los Alamos National Laboratory (LANL). Thisfuel
comprises 5% PuO, and 95% depleted UO,, the | atter converted by the ammonium diuranate (ADU)
process. All of the PuO, was introduced as 31% of the master mix. Due to limited secondary blending
(dilution) as described in Section 2.4, relatively large residua clumps (agglomerates) of master mix are
present in the final fuel.

When evaluating the extent of irradiation for a mixed-oxide fuel prepared with a MIMA S-type fabrication
process, it isimportant to recognize that two additional burnups, besides the fuel-average burnup, are
appropriately defined. These are the burnup within the plutonium-rich agglomerates and the much
smaller burnup within the surrounding matrix of depleted uranium. For the current test fuel in the earliest
stages of irradiation, it is reasonable to make the approximation that all of the fissions occur within the
agglomerates and none within the surrounding depleted UO, matrix. About one-sixth of the total fuel
mass resides within the agglomerates. Since burnup (GWd/MT) isthe ratio of energy release to fuel
mass, the burnup rate within the agglomeratesisinitially about six times that of the fuel average. At

2 GWd/MT for the mixed oxide, the burnup within the agglomerates is approximately 12 GWd/MT.

The ratio of agglomerate burnup to fuel-average burnup is reduced as irradiation proceeds due to the
creation of fissionable isotopes (principally Pu239) within the depleted uranium matrix. Calculations
performed at INL (Reference 36) based on the current test fuel provide estimates of the agglomerate and
matrix burnups as functions of the local fuel average burnup. The agglomerates reach 60 GWdJ/MT when
the average burnup is about 18.3 GWd/MT. At apredicted fuel average burnup of 40 GWd/MT, the
associated burnups are 100 GWdA/MT for the agglomerates and 28.4 for the UOo matrix.



7.3.3 High-Burnup Structure

High burnup within the plutonium-rich agglomerates is accompanied by considerable local swelling
induced by the accumulated solid and gaseous fission products. Whereas the solid fission products stay
with an agglomerate throughout fuel life, the fate of the fission product gases depends upon the
temperature during irradiation of the region in which an agglomerateislocated. In thisconnection, it is
important to recognize that even the largest agglomerates are still sufficiently small that their internal
temperatures only dightly exceed that of the immediately surrounding UO, matrix.

Agglomerates become highly visible when they have transformed into a “high-burnup structure.” In
general, a high-burnup structure (small grains with afew large pores) evolves during irradiation when the
local temperatureisless than 1000°C (thereis restricted thermal diffusion of the fission gases) and the
local burnup exceeds about 60 GWdA/MT. Prior to transformation, most of the fission gasis stored in
nanometer-sized cavities within the approximately 10-micron fuel grains. Subsequent to transformation,
the grains are in the 0.5 to 1.0 micron range, in a structure interspersed with relatively large gas storage
pores. Much of the gas displaced from the very small intragranular cavitiesis collected (at high pressure)
in the facetted pores of the recrystallized microstructure.

In general, agglomerates in the centra fuel region do not become visible until the fuel-average burnup
exceeds about 40 GWd/M T—transformation of these structuresis delayed until power reductions
associated with plutonium depletion in this region have permitted local temperatures to fall below
1000°C.

7.3.4 Halos

Much of the fission gas generated within the agglomerates of the MOX test fuel transfersto and is
retained within the grains of the surrounding UO, matrix. This gastransit is explained in Reference 37,
which describes detailed electron probe microanalysis (EPMA) studies of the microstructure and
microchemistry of irradiated MOX fuel. These studies reveal the collection of an “encircling annulus of
intragranular bubbles’ of fission gas around the “Pu-rich spots’ (agglomerates). These surrounding
bubbles are contained within the very small irradiation-induced cavities formed in the UO, grains that
abut the outer surfaces of the agglomerates. For the polished MOX test fuel mounts, these fission gas
annuli produce an optical effect, taking the form of “halos’ visible around the agglomerates in the cross-
section photographs.

Agglomerates of widely varying sizes all display the halo, a clear region distinct from both the fuel matrix
and the high-burnup structure in the metallographic mounts. These regions are visible because athermal
(fission recail) diffusion of fission products such as xenon from the agglomerate has dtered the adjacent
matrix in a manner that responds differently to polishing. Each halo comprises a swarm of very small gas
bubbles within the adjoining UO, matrix grains. The presence of xenon in these regions has been
confirmed by EPMA measurementsin the current PIEs.

Halo thickness is on the order of afew fission fragment recoil distances (10-50 microns). The amount of
gas generated is proportional to agglomerate volume, rendering it reasonable that the halos are,
apparently, of nearly uniform thickness with volumes proportional to the agglomerate surface area. The
halos are in effect gas storage sites that collect the athermal diffusion from the agglomerates. The gas
within the halo regionsis eligible for eventual release to the pin free volume by absorption/ejection from
cavity to cavity until the process of random diffusion carries the individual atomsto a grain boundary and
into arelatively large intergranular bubble.



7.3.5 Absence of High-Burnup Structure at Pellet Rim

Pellet self-shielding (the “ Rim Effect”) leads to a higher production of Pu239 around the pellet rimin
commercial UO» fuel. The concomitant higher local fission rate and burnup are then reflected by the
appearance of high-burnup structure at the pellet rim beginning at fuel average burnups of about

25 GWd/MT. Itisof interest for the current MOX test fuel that no evidence of recrystallization (high-
burnup structure) isfound in the fuel matrix around the pellet circumference, even at 50 GWdJ/MT.
Although the rim area experienced low temperatures and local burnups higher than the average for the
depleted UO, matrix, rim area burnup obviously did not reach 60 GWd/MT.

The basic reason that high-burnup structure is not found at the pellet rim in the current test irradiation is
the softer flux spectrum in the ATR reflector. Asdiscussed in Section 4.1, a softer spectrum means that
the desired fission rate can be achieved at areduced thermal flux. The same burnup can be achieved with
less capture of neutrons by U238, Thus, for a given fuel average burnup achieved in the softer ATR
spectrum, the buildup of Pu23° at the pellet rim is significantly less.

74 HELIUM GENERATION AND RELEASE

Gas releases collected from the MOX test fuel pins include significant quantities of helium. This helium
derives from two primary sources, as discussed in the following subsections.

741 Heium—Initially L caded

Much of the helium found in the test fuel pinsistheinitia charge introduced (at atmospheric pressure)
when the upper end caps were welded closed at LANL. The pressure exerted by this helium fill gas
during capsule irradiation has been considered in the Safety Analyses for this test irradiation as discussed
in Reference 38. Applying the perfect gas law with the estimated LANL glove box atmosphere
conditions (11.1 psia; 80°F), approximately 4 E-5 moles helium was loaded into each fuel pin’sinitial
free volume of about 1.3 cm3. Table 7.1 provides exact values for the three capsules that achieved the
highest burnups.

Table7.1. Initial helium fillsfor capsules
withdrawn at 50 GWd/M T

. Initial free volumes Helium fill
Capsule Fuel Pin (cmd) (gram-mole)
5 8 1.318 4.047E-5
6 9 1.300 3.992E-5
12 15 1.326 4071E-5

7.4.2 Heium Created During and After Irradiation

The second primary source for the helium present when the fuel pin free volumes are opened is by
creation within the fuel during and after irradiation. Most of the helium created within the fuel derives
via apha decay of the higher mass-number elements formed by successive transmutation of plutonium.
Other sources, which include alpha particles formed by ternary fission and an (n, alpha) reaction between
0O-16 and fast neutrons, arerelatively small. The helium created within the fuel is subject to diffusion and
subsequent release from the fuel matrix. Information concerning the production and potential for release
of this created helium is available in References 39 through 42.



Curium-242 is the major (90%) contributor to helium production by alpha decay. Its prominence derives
from its half-life of 163 days, which is short relative to the half-lives of the competing transuranic
elements. Because the transmutation chain to Cm242 is shorter when plutonium is irradiated, the helium
production rate in MOX fudl is about four timesthe rate in UO, (Reference 41).

Asdiscussed in Section 6.1, the inventory of created helium increases exponentially with burnup. The
amount of helium in each fuel pin at the time of shutdown and 120 days thereafter islisted in Table 6.1.
Table 7.2 provides the amount of created helium in each fuel pin withdrawn at 50 GWd/MT at the time
the fud pin was opened.

Table7.2. Created helium inventories at time of opening for Capsules 5, 6, and 12

Time after .
Capslle | FudPin |Datedrilled shutdown Created helium
(gram-mole)
(days)
5 8 11/10/04 206 12.99E-5
6 9 10/27/04 192 12.27E-5
12 15 10/13/04 178 12.25E-5

7.4.3 Heium Reease From Fud

In general, release of the helium created within the fuel matrix is negligible in commercial PWR fuel due
to the high partial pressure [25 bar (360 psia) cold] exerted by theinitially charged helium in the fudl pin
free volume. On the contrary, it is more probable that some of theinitial fill gaswill be absorbed or taken
up within the PWR fuel matrix. Helium release is expected, however, for design conditions such as
employed for the current MOX irradiation test fuel pins, where the initial helium charge was inserted at
atmospheric pressure.

The amount of helium created is easily obtained from the ORIGEN calculations performed for this test
irradiation at INL; thisinformation islisted in Tables 6.1 and 7.2. The next step isto consider what
fraction of this created helium should be assumed to be released from the fuel matrix. The limited
information available in the literature on helium release from fuel is primarily from Japanese researchers
(References 41 and 42).

The mechanisms for helium release from fuel are discussed in Reference 41. Although helium diffuses
about 30 times faster than xenon, diffusion to the pin free volume is not the major factor in helium
release, primarily because of the long path lengthsinvolved. Rather than migrating directly to afree
volume boundary, it is more likely that the diffusing helium will intersect and coal esce with the existing
fission gas bubbles located within the matrix and along the internal grain boundaries. In general, faster-
moving helium atoms reach and reside within porosity originally occupied by the fission gases alone.
Most of the created helium becomes mixed with the fission gas in these bubbles and subsequently follows
the same release pathways. Thus, the release of helium to the pin free volume is observed to be
proportional to the fission gas release and to exhibit the same initiation threshold. For the experiments
cited in Reference 41, the helium rel ease (40%) from fuel was found to be five times greater than the
fission gas release (8%).

The helium mole fraction in the fuel pin free volume was measured for the capsul es withdrawn at
50 GWA/MT burnup in the MOX test irradiation. From these, the helium release fractions can easily be
calculated. Asan example, itisreported in Section 6.6.2 that the helium mole fraction in the gas sample
from Fuel Pin 8 was determined to be 0.236. Fuel pin pressure and free volume were 0.485 MPa



(70.3 psia) and 1.2163 cm3. Using the perfect gas law with agas temperature of 308.8 K (96°F), the total
fuel pin gasinventory was 22.96E-5 mole. Thus, the helium constituent is

0.236 x 22.96E-5 = 5.425E-5 mole .

Theinitid helium inventory for Fuel Pin 8 was 4.047E-5 mole (Table 7.1). The created helium
contribution is then

5.425E-5 - 4.047E-5 = 1.38E-5 mole .

With 12.99E-5 helium moles created as of the date the fuel pin was opened (Table 7.2), the helium
release fraction is

1.38/12.99 = 0.106 .
Thisis 3.4 times the fission gas release fraction for this fuel pin as measured by Kr85 activity.

7.5 FISSION GASRELEASE (FGR)

This Section addresses the fission gas release determinations for the MOX test fuel pins. The method
depends upon measurement of the Kr8 activity within the fuel pin free volume. To obtain this
measurement, each capsule was mounted vertically with the upper end cap trimmed to reduce the path
length into the capsule upper plenum. The vacuum-sealed drill press apparatus described in Reference 33
was then employed to drill downward through the capsule upper end cap. The capsule pressure and any
krypton activity were recorded to identify any |eakage that may have occurred from the fuel pin (none
was ever found). Subsequently, the drill was advanced through the fuel pin upper end cap to permit
measurement of the pressure and krypton activity in the pin upper plenum and connected free volume. As
described in Section 7.5.1, the fission gas release fraction is the Kr85 activity in the gas collected from the
fuel pin divided by the total activity of thisisotope within the pin. Section 7.5.2 describes how this
release fraction is checked by use of the pin pressure before puncture as derived from the pressure
measured (post-puncture) for the combined fuel pin and collection chamber. The implications of the
release fractions as determined for the various fuel pins are discussed in Section 7.5.3.

75.1 FGR Per Kr8 Activity Ratio

Krypton-85 isardliable fission gas release marker because it is created within the fuel only by fission and
has a half-life sufficiently long (about 10 years) to make quantitative measurements practical. The total
krypton-activity present in the fuel pin as afunction of time after shutdown is obtained via the ORIGEN
code runs conducted for each capsule withdrawal at INL. Thistotal (as of the time that the fuel pin was
opened) is then divided into the activity measured in the gas collected from the pin free volume. The
resulting gas release ratio for Kr85 isthen a good approximation43 to the overall fission gas release
fraction.

The fission gas release percentages as determined for the MOX test fuel pinsarelisted in Table 7.3.
These are considered accurate to within £8% of the listed values.



Table 7.3. Fission gasrelease percentagesfor the MOX test fuel pins
as derived from measured Kr85 activities

Par ameter 21 QWd/MT 30 GWd/MT 40 QWd/MT SQ GWdA/MT
withdrawal withdrawal withdrawal withdrawal

Capsule number 2 9 3 10 4 13 6 12 5
Fuel pin number 5 12 6 13 7 16 9 15 8
Kr85 activity (mCi)

Collected 3.78 5.37 5.65 9.01 39.61 | 44.78 404 | 48.6 16.5

Total created 287 286 385 391 473 471 559 564 534
Implied fission gas 1.32 1.88 1.47 2.30 8.37 9.51 7.23 8.61 3.09

release (%)

75.2 FGR Check Per Measured Fuel Pin Pressure

The free volume gasinventory is the sum of the helium initially loaded plus the released portions of the
fission gases (krypton and xenon) and of the helium created within the fuel during and after irradiation.
[Other gases may be present in trace (negligible) quantities.] Knowledge of the fuel pin free volume and
its gas content permits use of the perfect gas law to find the corresponding pin total pressure. This can
then be compared with the measured fuel pin pressure. An example follows for the 50 GWd/MT
withdrawal Fuel Pin 8.

7.5.2.1 Fission gasand helium in pin free volume

The amount of fission gas created istaken from the ORIGEN runs performed at INL. Multiplying by the
fission gas rel ease fraction then yields the fission gas inventory in the fuel pin free volume. For Fuel

Pin 8, the calculated fission gas generation (krypton plus xenon) at the time the pin was opened is
520.73E-5 mole. With afission gasrelease fraction of 0.031 (Table 7.3), the fission gasinventory in the
fuel pin free volumeis 16.14E-5 mole. Thisislisted asltem (c) in Table 7.4.

Table 7.4. Fuel Pin 8 pressure calculation based on fission gasrelease
fraction derived from K r8 activity measurement

Parameter Value Uncertainty or range

(a) Fission gasrelease fraction 0.031 —

(b) Fission gas created (x |0—5) 520.73 mole None assumed

(c) Fission gasin free volume (x 107°) 16.14 mole —

(d) Helium mole fraction in free volume 0.236 0.224-0.248

(e) Total free volume gas (x 10—5) 21.13 mole 20.81-21.47 mole

(f) Fuel pinfree volume 1.216 cm3 +2.29%

(g) Gastemperature 308.8K +1.60%

(h) Calculated pressure 0.4461 MPa 0.4225-0.4713 MPa
(64.7 psia) (61.3-68.4 psia)

(i) Measured pressure 0.4847 MPa 0.4604-0.5089 MPa
(70.3 psia) (66.8-73.8 psia)

Use of the mass spectrometer to determine the constituents of the gas collected from Fuel Pin 8is
discussed in Section 6.6.2. The helium mole fraction of 0.236 is entered as Item (d) in Table 7.4, with an
uncertainty range of +5%.



7.5.22 Measured and calculated fuel pin pressures

The fuel pin 8 free volume [Item () in Table 7.4] was measured by gas backfill as described in
Section 6.6.2. The measured volume of 1.216 cm3 agrees well with the volume calculated by use of the
CARTS and FRAPCON codes, and is considered accurate within 2.3%.

The effective temperature of the gas at the time Fuel Pin 8 was opened istaken from the CARTS
calculation as 96.1°F + 9°F, which corresponds to 308.8K with an uncertainty of 1.6%, entered as

Item (g) in Table 7.4. Thistemperature and the fuel pin free volume are utilized with the perfect gas law
to calculate the expected gas pressure corresponding to the free volume gas content (moles fission gas
plus helium).

Table 7.4, Items () through (Q), list the parameters for the perfect gas law calculation for Fuel Pin 8. The
result [Item (h)] is0.4461 MPa (64.7 psia). The uncertainty range associated with this value overlaps the
measured pressure and associated uncertainty listed as Item (i).

75.2.3 Assessment: FGR fraction determination and check

Gas release fractions were determined by measurement of Kr89 activity at the time when each fuel pin
was opened. A check was provided by simultaneous measurement of total gas pressure, which could then
be compared with the expected (cal culated) pressure based on the fission gas release fraction as derived
from Kr85 activity. For example, comparison of Items (h) and (i) in Table 7.4 provides a satisfactory
check. Use of thismethod provided an acceptable check for al of the fuel pins for which fission gas
release fractions were obtained (those listed in Table 7.3).

It should be noted, however, that direct measurement of the helium mole fraction was only employed for
the 50 GWdA/MT withdrawals. For the earlier PIES, the amount of created helium was much less (see
Table 6.1), and a satisfactory check could be obtained simply by making very broad assumptions for the
release range. For example, the helium release was assumed to lie in the range from 25% to 75% for the
40 GWdA/MT withdrawals. (Anindisputable range from zero to 100% release was used in the earlier
PIES.)

75.24 Independent calculation of FGR fraction

Since fuel pin pressureis proportional to the fission gas release fraction, it is easy to conclude from the
parameter values listed in Table 7.4 that the calcul ated pressure will match the pressure measured for Fuel
Pin 8 if the fission gas release fraction is 0.037. Thisillustrates the point that afission gas release fraction
completely independent of the Kr8 activity measurements can be obtained when the constituent mole
fractions are determined by mass spectrometer, as was done for the 50 GWd/MT withdrawals (only).

Specificaly, Table 7.4 [Items (i) measured pressure, (g) gas temperature, and (f) fuel pin free volume] can
be used with the perfect gas law to obtain the total number of gas moles. Multiplication by the fission gas
mole fraction yields the number of fission gas moles. Division by the fission gas moles created

[Table 7.4, Item (b)] then produces the release fraction. Table 7.5 lists the results for the 50 GWd/MT
fuel pins.

Comparison of the entriesin the last two rows of Table 7.5 indicates that the agreements between these
two independent methods of determining fission gas rel ease are quite good.



Table 7.5. Fission gasrelease fractionsfor 50 GWd/MT fuel pins as deter mined
by measured pressure/mole fractions and by K85 activity ratios

Fuel Pin

Parameter 8 9 5
(a) Measured pressure, psia 70.3 148.4 177.9
(b) Total gas moles (x 10‘4) 2.296 4.787 5.718
(c) Fission gas mole fraction 0.7637 0.7962 0.8655
(d) Molesfission gasin free volume (x 10‘4) 1.754 3.811 4,949
(e) Molesfission gas created (x 10‘4) 52.07 53.40 53.63
(f) Fission gas release fraction 0.0337 0.0717 0.0922
(g) Krypton-85 activity ratio 0.0309 0.0723 0.0861

7.5.3 Implications of the Fuel Pin FGR Fractions

Fission gas release fractions are estimated within a reasonabl e uncertainty (+8%) for the MOX test fuel
pins by measurement of the Kr85 activity in the gas collected from the fuel pin free volume. Thefission
gas release percentages determined for the MOX test fuel pins withdrawn at burnups of 21, 30, 40, and
50 GWdJ/MT arelisted in Table 7.3. The corresponding release fractions for the 21- and 30-GWd/MT
withdrawals range from 0.0132 to 0.0230. These four fuel pins occupied symmetric positions with
respect to the ATR core during the irradiation (see Figure 5.1) and have similar temperature histories
through the end of Phase Il. Hence, it is not surprising that the fission gas release fractions for these four
pins should fall within this narrow arange.

The fission gas release fractions for the two fuel pins withdrawn at 40 GWd/MT are four to five times
higher. Fuel Pins 7 and 16 occupied symmetric test assembly positions throughout the irradiation and
have release fractions of 0.084 and 0.095, respectively. These higher releases are attributed to the much
higher LHGRs (and fuel temperatures) that these pins encountered. Between the two, the fuel pin

16 LHGRs (aslisted in Table 6.2) were slightly higher than those for Pin 7. However, other factors
probably contribute to the difference between the Pin 16 and Pin 7 gas releases.

75.3.1 Higher gasreleasesfor TIGR-treated fuel

It should be noted from Table 7.3 that Fuel Pins 12, 13, 16, and 15 all have higher fission gas release
fractions than their symmetrically-placed counterparts 5, 6, 7, and 9. The PuO, powder for Fuel Pins 12,

13, 15, and 16 was subjected to the Thermally Induced Gallium Removal (TIGR) process?* such that most
of the gallium was removed before pellet sintering. The average gallium content of fuel in these pinsis
about 1.3 ppm. Fuel Pins5, 6, 7, and 9 were prepared with untreated PuO, powder, so most of the
gallium was driven off during pellet sintering, leaving an average MOX gallium content of about

3.0 ppm.

While carrying out its primary purpose of gallium removal, the TIGR process al so affects the powder
(and pellet) morphology. Asdiscussed in Reference 4, TIGR treatment at the temperatures (about
1200°C) for which it is effective tends to increase the particle size while greatly reducing the specific
powder surface area. Further, TIGR-created fuel is noticeably more friable at the higher burnups. Itis
certainly plausible that these pre-sintering changes in particle characteristics have contributed to the
observed differencesin fission gas rel eases between the TIGR-treated and the untreated MOX fuels.

7-10



7.5.3.2 Comparison tothe European experience

Figure 7.2, which is adapted from Reference 5, displays literature values for fission gas rel ease of
European commercial test fuels plotted against the corresponding average LHGRs during the second

ORNL 2003-06RC EFG
100 I I

-
>

£
|

Typical
Power Histories
|

> A"A
3 e A

L 1
B 40 GWA/MT
AA -.
'
B =  MOXTest
m Fuel Pins

2
10 Cycle

Ll

e IIn
m, .

gL N

. | i 30 GWd/MT
O

C

21 GWd/MT
A me= -

Fission Gas Release (%)

=
-

A MOX/OCOM
O MOX/AUPuUC
O U02 Fuel

T T T
o
>

A ® HOne-Cycle Rods |
A ® B Two-Cycle Rods -
A ® HThree-Cycle Rods

0.01 | | | | I
3.05 457 610 7.62 9.14 10.67 12.19

Average Power During Second Irradiation Cycle (kW/ft)

Figure7.2. TheMOX test fuel pinsexhibit gasrelease fractions
proportional totheir linear heat generation rate
experience. (Basic plot is taken from Reference 5.)

irradiation cycle. Thisfigure also presents, in the upper left-hand corner, a bar chart indicating the
relative axial powers (LHGRS) typically encountered during each of the threeirradiation cycles.

The blue portions of the bar chart illustrate the ranges within which LHGRs are typically experienced by
European commercial fuel during the first, second, and third irradiation cycles. In general, the LHGRS
increase somewhat in advancing from the first to the second cycle, and in all cases, decreasein
proceeding from the second to the third cycle. It isimportant to understand that the highest powers are
experienced during the second irradiation cycle. Thisiswhy the average LHGR during the second
irradiation cycle has been chosen as the abscissa parameter for the fission gas release plot of Figure 7.2.
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(The exception is those cases where the fuel was irradiated for just one cycle—for these, the fission gasis
plotted against the average LHGR during that single cycle.)

Since fuel temperatures are proportional to LHGRs, the points plotted in Figure 7.2 also represent the
linear relation (on alogarithmic scale) between the accumulated gas release at the end of the irradiation
and the temperatures experienced by the fuel during the second cycle of theirradiation. Thisindicates
that it is the highest temperature ever experienced by the fuel (which occurs during the second irradiation
cycle) that primarily determines the fission gas release fraction, not the extent of the accumulated burnup.
(The amount of gas available for release does, of course, increase directly in proportion to burnup.)

Superimposed on the plot of Figure 7.2 are theimplied fission gas release fractions (Table 7.3) as
obtained by the Kr85 activity measurements for the 21-, 30-, and 40-GWd/MT withdrawals of the current
MOX irradiation test. (The 50 GWd/MT withdrawals are discussed in the following section.) The
abscissa values for these release fractions are the average LHGRS experienced by the test fuels during
Phase Il of theirradiation. The ranges extend between the implied fission gas release fractions
determined for the TIGR-treated and untreated fuels.

Asdiscussed previoudy, al four of the 21 GWdJ/MT and 30 GWdJd/MT “MOX Test Fuel Pins’ represented
on Figure 7.2 were symmetrically loaded within the test assembly and had similar irradiation histories.
Fuel pin-average LHGRs increased from 7.98 kW/ft for Phase | to 8.21 kW/ft for Phase |1 and then

(30 GWA/MT pins only) fell to 5.48 kW/ft for Phase Ill. The highest LHGR for these pins was 9.7 kW/ft
at the beginning of Phasell. Although burnup increased by nearly half for the 30-GWd/MT withdrawals,
the fission gas release fractions were very nearly the same as for the 21-GWd/MT pins.

The fuel pinswithdrawn at 40 GWd/MT experienced higher LHGRS (and temperatures) during their
irradiation and hence exhibit much higher fission gas release fractions as shown on Figure 7.2. These two
pins, with similar irradiation histories due to their symmetrical test assembly loadings, achieved average
LHGRs during Phase |1 of about 9.1 kW/ft, with a maximum of about 10.7 kW/ft. These were the highest
LHGRs experienced by any of the MOX test capsules.

Although greater than one percent in all cases, the fission gas releases for the weapons-derived MOX test
fuel pinsrepresented in Figure 7.2 are low in comparison to the European experience for mixed-oxide
fuel with smilar irradiation histories. Until about ten years ago, it was common practice to plot measured
fission gas rel ease percentages against the final burnups of the associated fuels. In general, this approach
is characterized by wide scatter in the plotted points. Since about 1993 (with publication of Reference 5),
it has become generally recognized that the fission gas release fraction has a much stronger dependence
on the maximum temperature experienced by the fuel than on the accumulated burnup.

When fission gas release percentages are plotted against the highest LHGR experienced by the fudl, a
linear relation is displayed, asin Figure 7.2. This means that the same fuel can be expected to have a
lower fission gas release fraction at higher burnup, if the higher burnup is achieved with alower
maximum LHGR. Thisisindeed the case for the 50 GWd/MT withdrawals, as discussed in the following
Section.

7533 FGR for 50 GWd/MT fud pins

Figure 7.3 isareplication of Figure 7.2, with the addition of fission gas release percentages for each of
the three fuel pinsirradiated to 50 GWdA/MT burnup. These are Fuel Pins9 and 15, irradiated in
symmetric test assembly positions, and Fuel Pin 8, irradiated without a TIGR-treated counterpart. The
plotted ranges extend between the fission gas rel ease percentages as found by the two independent means
employed for the 50 GWd/MT PIE—Kr85 activity ratio and measured pressure/mole fractions. For
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Figure7.3. Fission gasreleaserangesfor Fuel Pins8, 9, and 15
irradiated to 50 GWd/MT.

example, the range shown for Fuel Pin 15 extends from 9.22% to 8.61%, Items (f) and (g) of Table 7.5,
respectively.

Similar to the earlier withdrawal s, the abscissa values for the 50 GWd/MT fuel pin representations are the
average LHGRs experienced by the test fuels during Phase |1 of theirradiation. Asindicated in Table 6.3,
however, Phase || wasthefirst irradiation Phase for Fuel Pins9 and 15. Reference to Phasell is
appropriate neverthel ess because the highest LHGRs were encountered here. Maximum LHGRs for

Pins 9 and 15 were about 8.7 kW/ft at the beginning of the irradiation, with Phase Il averages of about

7.7 KWIft.

Fuel Pin 15 contained the TIGR-treated fuel which, as usual, exhibits (Figure 7.3) a higher fission gas
rel ease percentage than its untreated symmetrically-loaded counterpart. Of more interest isthe
observation that the fission gas release percentage is lower for Fuel Pin 9 at 50 GWd/MT than for
Fuel Pin 7 (also containing untreated fuel) at 40 GWd/MT.
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Fuel Pin 8 had the lowest average LHGR during Phase |1 and hence appears farthest to the left of all
MOX test fuel pinson Figure 7.3. It isimportant to note that at 50 GWdA/MT, its range (3.09-3.37) is
much lower than the fission gas release percentage (8.37) for Fuel Pin 7. Thismuch lower gasreleaseis
directly attributed to its lower fuel temperatures during theirradiation. For ease of comparison,

Figure 7.4 repeats the plot of Figure 5.2 showing only the traces for Fuel Pins 7, 8, and 9.

The point is sufficiently important to bear repeating. Both Fuel Pins8 and 9, irradiated to 50 GWd/MT,
exhibit lower fission gas release percentages than does Fuel Pin 7, irradiated to 40 GWdA/MT. Figure 7.4
illustrates the lower fuel temperature traces associated with the two 50 GWdA/MT pins. Of these, Fuel
Pin 8 experienced lower fuel temperatures than Pin 9, and has a correspondingly lower gas release
percentage. Thus, the effect of fuel temperature history in determining the fission gas release is amply
demonstrated.

Finally, given that the fission gas releases exceed one percent for all MOX test fuel pins, it is of interest to
compare the fuel temperatures with the Halden criterion to check if thisis an expected result. The Halden
Threshold, dating from 1979 and recently modified (lowered) for burnups greater than 22 GWdJ/MT, isan
experimentally-derived curve of pellet centerline temperature versus burnup. If a superimposed trace of
predicted pellet centerline temperatures rises above this curve, then fission gas release fractions greater
than one percent are to be expected. Asshown in Figure 5.3, the only MOX test fuel that did not exceed
the Halden criterion was that contained in Capsule 5 (Fuel Pin 8). Although Figure 7.3 illustrates that the
gas release percentage for Fuel Pin 8isin line with the European experience for smilar LHGRS, the fact
remains that the gas rel ease exceeded one percent for atemperature trace that did not exceed the Halden
Threshold. The lesson learned with respect to the efficacy of the Halden criterion is discussed in

Chapter 10.
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8. PIE FINDINGS—CLADDING SUMMARY

Postirradiation examination (PIE) observations of both fuel and cladding have been obtained at
progressively higher burnups for weapons-derived MOX test fuel irradiated in the Advanced Test Reactor
(ATR). Fuel behavior isdiscussed in Chapter 7. This chapter describes the cladding response to
irradiation, including the dimensional changes associated with primary ridging and outward creep, the
extent of inner surface oxidation, and the measurements of gallium content.

81 PRIMARY RIDGING

The Fuel Pin Measuring Apparatus (Reference 34) developed at ORNL for thisMOX test irradiation
provides a precise means for measurement of the axial profiles of theirradiated fuel pin outer diameters.
At al five burnup levels (9, 21, 30, 40, and 50 GWd/MT), the cladding profiles exhibit loca ridges
[average radia height about 3.6 micron (0.14 mil)] over the pellet-to-pellet interfaces. Figure 8.1 shows
the ridging measured for Fuel Pin 8 during the 50 GWdAd/MT PIE—an example for a40 GWdJ/MT pinis
shown in Figure 6.2.

Thistype of local cladding deformation (denoted “ primary ridging”) is commonly observed in
commercialy irradiated PWR fuel. The cause is differential axial thermal expansion within the fuel—the
pellet centerlines are much hotter than the outer cylindrical surfaces and expand axially to a greater
extent. The pellets crack into pie-shaped segments, and the differential expansion in the axial direction
causes these segments to warp so that each cracked pellet assumes an hourglass or wheat-sheaf shape.

The formation of ridgesin the MOX test fuel pin claddingsis somewhat different than in commercial
fuel. The high coolant pressurein commercial PWRs induces inward creep of the cladding, which
eventually comesinto hard contact with the fuel over the pellet interfaces, where the hourglassing
produces the largest (deformed) pellet diameters. The cladding primary ridges are therefore artifacts of
the hourglass (or saddle) shape of the underlying pellets.

For the MOX test fuel pins, the pressure differential is outward across the cladding, which creeps
outward, not inward. Localized contact between pellet and cladding still occurs, however, because the
fuel pinswere designed to haveinitial pellet-clad radial gaps [25 microns (1 mil)] much smaller than the
76-102 microns (3—4 mil) found in commercia fuel. With such small design gaps, the pellet differential
thermal expansion is sufficient to cause hourglass-enhanced local contact with the cladding at initial
heatup. This hard contact over the pellet-to-pellet interfaces occurs in advance of any fuel
densification/swelling or cladding irradiation hardening or creep.

ABAQUS code®® finite-element cal culations performed for the zero-burnup initial heatup with as-built
dimensions for the pellet, fuel pin, and capsule, and with the actual initial LHGRs clearly predict?® pellet
hourglassing with cladding contact at the pellet ends. The applied stressis sufficient to induce local
yielding. Thisexplainsthe small local cladding deformations (primary ridges) measured for all irradiated
MOX test fuel pinsinthe PIEs.

To recap, the observed ridging asin Figure 8.1 is predicted to have occurred on initial heatup at zero
burnup. Primary ridging is expected for modern PWR fuel and does not congtitute a mechanism for
failure during normal operation. Thereis no indication for the current test fuel that such localized contact
had any detrimental effect on cladding integrity. The mission fuel will have larger initid gap widths and
lower LHGRs and hence will not experience cladding deformation due to hourglassing either as early or
to the extent observed in this test irradiation.
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82 OUTWARD CLADDING CREEP

The fuel pin cladding experienced an irradiation-assisted outward creep under the impetus of atensile
wall (hoop) stress that increased from zero as fuel pin internal pressure increased during the irradiation.
Table 8.1 lists the maximum (end-of-irradiation) hoop stresses, the effective full power days (EFPD)
irradiated, and the fast neutron fluences accumulated for the MOX test fuel pins.

Table8.1. Fuel pin cladding creep parameters

End of irradiation values
Burnup GWd/MT| Fuel Pin No. Hoop stress EFPD Fast fluence
(MPa) E >1MeV n/cm? x 10?1
2 0.22
9 n 022 155 0.27
5 0.66
21 B 0.85 383 0.68
6 1.01
30 3 140 615 0.98
7 6.26
40 15 - 31 904 1.40
9 7.21
50 15 579 1307 1.68
8 3.01 1462 1.71

The wall hoop stresses listed in Table 8.1 are small compared to those normally applied in cladding creep
experiments. Nevertheless, there is no doubt that significant outward creep occurred during the MOX test
irradiation.

8.21 Measured Diameter Changes

Asexplained in Section 8.1, outer diameter axial traces taken with the Fuel Pin Measuring Apparatus all
display profiles characteristic of a series of circumferential ridges centered over the pellet-to-pellet
interfaces. Each trace isasuccession of “peaks’ (high points directly over the pellet-to-pellet interfaces)
and “valleys’ corresponding to the low points over the pellet midplanes. Figure 8.2 shows the averages
of the measured peaks (diamond symbols) and the averages of the measured valleys (pyramid symbols)
for each fuel pin at each burnup level. Also shown (square symbols) for each pin is the mean of the peak
average and valley average. That the ridge height (from valley to peak) is approximately the same at al
burnups indicates that the imprint was made early in the irradiation, at the initial fuel heatup. In the
absence of irradiation hardening, the cladding is sufficiently ductile that the small outward movements
over the pellet ends are local effects. The cladding over the pellet midplanesis not in contact with the
fuel and does not move outward.

To illusgtrate the wall movements not induced by the effects of pellet hourglassing, Figure 8.3 includes
only the diameters measured at the pellet midplanes (the “valleys”) of each ridging profile. Each point
with its associated range represents the mean value with standard deviation of several valley diameters
taken along the central portion of one fuel pin. The succession of points demonstrates the increase with
burnup of theirradiated cladding outer diameters as measured in the hot cell during the sequential PIEs.

Also shown on Figure 8.3 isthe range (in blue) within which the cladding outer diameters would fall if
they were determined only by thermal expansion. Since the fuel pin is removed from the capsule when
these measurements are taken and decay heats are low, the cladding temperatures (about 40°C) are
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determined primarily by the hot cell ambient temperature, which is not a function of burnup. The average
cladding outer diameters (valley values with uncertainty ranges) for the fuel pins withdrawn with burnups
of 30-, 40-, and 50-GWd/MT clearly exceed the thermal expansion range.

8.2.2 Application of Traditional Creep Theory

Creepistraditionally modeled as comprising the two stagesillustrated in Figure 8.4; an initial period with
arapid (but declining) rate called primary creep followed by a period with alower (but constant) rate
called secondary creep.

e 4 .
Slope is g
= Secondary
| - creep
T Primary
11; creep

t

Figure8.4. lllustration of traditional creep theory with
processdivided into primary and secondary

creep regions.

For cladding that is exposed to a constant hoop stress, the inelastic creep strain € istypically expressed as
afunction of exposure timet by the equation

e=g ll-e®)+égt (8.1)
- ),

where gy isthetotal primary strain, € isthe constant secondary strain rate, and ais a decay constant.

Specia treatment is necessary for applying Equation (8.1) to the MOX test cladding measurements
because the fuel pininternal pressures and associated cladding hoop stresses are not constant, but increase
during irradiation. First, the CARTS code was used to calculate the cladding hoop stress S, as afunction
of exposure time for each fuel pin. Input parameters for these individual CARTS calculations were
selected such that the predicted results best match the fuel pin pressures measured in the hot cell during
the PIE.

The second step was to define the cumulative cladding stress times exposure product y as follows:
t
y= j , S (8.2)
The utility of this parameter y isillustrated by Figure 8.5, in which the measured cladding outer diameters

are plotted against this time-integrated hoop stress. It is evident that these points outline a curve with
shape similar to that shown in Figure 8.4.
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Thefinal step isto convert Equation (8.1) to aform that calculates strain as a function of the stress times
exposure product y in the form:

e=¢e ll—e Y )+cy (8.3)
oi-e™)

where b and c are similar to aand €4 in Equation (8.1), but have different units. The MOX test PIE

measurements are best fitted with €5 = 0.0018, b = -0.00181, and ¢ = 2.5 x 10~7. The outer cladding

diameter trace corresponding to the strains cal culated with these parameters matches the data well, as
shown in Figure 8.5.

8.2.3 Comparison with Creep Data Found in Literature

In general, datafor diametral cladding creep with tensile hoop stresses are limited, and those that are
available were obtained at internal pressures much higher than those experienced by the MOX test fuel
pins. Other factors with a significant impact upon diametra creep behavior are fast neutron fluence,
cladding temperature, and the type and heat treatment of the cladding. The Zircaloy-4 MOX test cladding
was annealed for 2 hours at 855 K, at the low end of the recrystallized range. During irradiation, the MOX
fuel pin cladding temperatures ranged from 200 to 400°C, while fast neutron flux (E > 1.0 MeV) was
about 2 x 1013 n/cm2-s.

Equation (8.3) has been incorporated into the CARTS code for determining the extent of outward
cladding creep in conjunction with thermal hydraulic calculations of fuel pin and capsule response to
irradiation. Accurate calculation of fuel temperatures by CARTS depends upon adequate tracking of the
size of the pellet-cladding gap.

The trace of cladding hoop strain versus the time-integrated hoop stress as predicted by CARTS is shown
in Figure 8.6. Hoop strains corresponding to measured diameters are shown with their one-sigma ranges
as either open (21 GWd/MT—40 GWd/MT) or closed (50 GWdA/MT) symbols.

Also shown on Figure 8.6 are the traces of six correlations obtained from three literature sources for
outward cladding creep under operating conditions similar to the MOX test irradiation. These are
Reference 47 for data from the Halden Reactor in Norway, Reference 48 for data measured by

Soniac et a. at the SILOE Test Reactor in France, and Reference 49 for the Limback and Andersson
correlation database. Details asto how the data available at these sources were evaluated for comparison
with the MOX test measurements are provided in Chapter 6 of Reference 32. The data deemed relevant
are plotted in Figure 8.6.

Figure 8.6 provides strong evidence that application of Equations (8.2) and (8.3) reasonably and
adequately represents the cladding outward creep that was experienced by the various fuel pins during the
MOX test irradiations. The MOX data points are located in both the primary and secondary creep
regions. The empirica correlation based upon Equation (8.3) that best fitsthe MOX datais:

£ =0.0018 (1— g 00018l y ) +25%x107"y | (8.4)

wherey isthe cumulative cladding stress times exposure product defined by Equation (8.2) with units of
MPa-day. The secondary strain rate of 2.5 x 10~/ was selected to best represent the slope of the test data
above 3000 M Pa-day.
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8.3 CLADDING INNER SURFACE OXIDATION

The nature of the corrosion layers intermittently located along the pellet-clad interfaceis of interest to the
evaluation of cladding performance. These layers exist along the portions of the cladding inner surface
where the fuel came into contact with the cladding during irradiation. Examples are shown in Figure 6.5
(vicinity of an agglomerate at the fuel-clad interface) and Figure 6.6 (for an interface region without
agglomerates).

The uneven and noncontiguous nature of the corrosion observed on the cladding inner surfacesis an
artifact of the manner in which the pellet segments came into contact with the cladding during
irradiation.#6 Inner surface oxidation requires that excess oxygen freed by the fission process be available
within the fuel and that the fuel bein contact with the cladding to provide a path for solid-state athermal
diffusion of the oxygen atoms. The thicker oxidation layersin regions where agglomerates are located at
or near the fuel surface follow directly from the locally narrow fuel-clad gaps combined with the high
local fission recoil source when these agglomerates are swollen during irradiation.

Oxide layersin the vicinity of agglomerates attain thicknesses of as much as 10 microns, with intrusions
of fuel, both plutonium and uranium. These finger-like fuel penetrations can be seen very clearly in the
secondary electron and back scatter electron images of Figure 6.5, as well asin the adjacent uranium and
plutonium maps. Thisis normal for mixed-oxide fuels, and the observed corrosion patternsarein
accordance with expectations based on European experience with MOX fuels.46

84 GALLIUM IN CLADDING

For each successive PIE, cladding segments from both the TIGR-treated and untreated fuel pinswere
analyzed for gallium content. The purpose was to determineif gallium was migrating from the fuel to the
cladding, a major investigative object of thisMOX test irradiation. The gallium contents of archived
unirradiated specimens of the identical cladding were measured to establish the baseline.

Resolution of galliumin unirradiated cladding is not difficult; concentrations were measured as
approximately 0.5 ppm. Gallium measurementsin irradiated cladding are more difficult because barium,
afission product, can become doubly ionized in the mass spectrometer and mimic gallium. Particularly
for the small amounts of gallium present in these MOX test specimens, this complicates quantifying the
measurement. Chemical separation steps were necessary to obtain a reliable mass spectrometer signal.
Analytic uncertainties are estimated as about 30%.

Comparisons of the measured gallium concentrations for irradiated cladding with those of the unirradiated
material indicate no significant change. It is concluded that any migration of gallium from fuel to
cladding isinsignificant and presents no credible threat to the cladding integrity.

Itisof interest to note results for other unirradiated fuel system components that were analyzed for
galium. The depleted uranium used to fabricate the pellets contained 0.013 ppm, while samples of
commercial LWR fuel pellets were found to contain about 0.010 ppm. Zircaloy cladding and bar stock
contained gallium in the range from 0.120 to 0.600 ppm, while the stainless steel springs used to hold
pellets in place had much higher levels, from 3040 ppm. Thus, gallium has been present in the LWR
fuel system for many years—before this weapons-derived MOX test irradiation, there simply was no
motivation to look for it.
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9. CLADDING DUCTILITY TESTS

This chapter describes the ductility tests performed at Oak Ridge Nationa Laboratory (ORNL) for the
Zircaloy-4 cladding samples taken from the mixed-oxide MOX test fuel irradiated in the Advanced Test
Reactor (ATR). Thistest fuel is of interest because it was fabricated with weapons-derived plutonium,
which introduced a small amount of gallium impurity. The tests were performed with the expanding plug
technique developed at ORNL to investigate any effects of gallium and to determine if the cladding
specimens retained at least 1 percent ductility.

9.1 CHARACTERISTICSOF THE UNIRRADIATED CLADDING

The cladding employed for the MOX test irradiation is Zircaloy-4 cladding purchased from the Sandvik
Special Metals Corporation in 1997. Table 9.1 provides the chemical composition.

Table9.1. MOX test cladding—ingot composition

Cladding Sn Fe Cr Si @) C
type wt % wt % wt % ppm ppm ppm
Zr-4 1.295 0.215 0.118 85 1267 141

Annealing for this cladding comprised two hours at 855 K (1080°F), near the low end of the recrystallized
(Rx) range. Thetensile properties and physical dimensions as reported by the manufacturer arelisted in
Table9.2.

Table9.2. Tensile propertiesand dimensionsfor MOX test cladding
(Rx—unirradiated)

720°F
Property Room temper ature
(655 K)
Yield strength [psi (MPa)] 83,000 48,500
(572.3) (334.4)
Ultimate strength [psi (MPa)] 111,500 62,500
(768.8) (430.9)
Total elongation, % 21 225
Outer diameter [in. (mm)] 0.381 + 0.002
(9.677 £ 0.051)
Inner diameter [in. (mm)] 0.329 + 0.0015
(8.357 £ 0.038)

It should be noted from Table 9.2 that unirradiated Zircaloy-4 is quite ductile, with atotal elongation
(axia strain at failure) of greater than 20 percent.

9.2 CLADDING IRRADIATION EFFECTS

Determination of the residual ductility of the irradiated claddingsis the fina step to the materia behavior
investigations for the MOX test fuel. Of interest isthe potential for synergistic effects between irradiation
and the unique constituents (gallium) of the weapons-derived MOX fuel. This potential can best be
assessed by comparing ductility measurements for the MOX test cladding with those available in the
literature for Zircaloy claddingsirradiated under similar conditions.



9.2.1 Outer Surface Protected During Irradiation

Asdiscussed in Section 3.1, each MOX test fud pin was contained within a stainless steel capsule during
irradiation. With the cladding surrounded by a dry helium atmosphere throughout its time in-reactor, the
outer cladding surface experienced neither corrosion nor the pickup of hydrides. This protection was
beneficial to the purposes of thisirradiation test by eliminating the potential for externally-induced
deterioration that might otherwise serve to mask the effects of interest—i.e., interactions with fuel at the
cladding inner surface.

9.2.2 Irradiation Embrittlement

Neutron irradiation significantly alters the mechanical behavior of Zircaloy. Fast neutronsinduce an
increasing concentration of point defects and dislocation loops, which tend to inhibit dislocation dlip
whileincreasing yield and ultimate strengths.50 These increasesin strength are accompanied by decreases
in ductility, manifested by reductions of both uniform and total elongations.”

As fast neutron fluence accumulates, the dislocation loop density increases such that the initial
microstructure no longer controls the deformation mechanisms. Additional irradiation leads to overlap of
absorption volumes for interstitials and vacancies, so that their levels remain constant on a time-averaged
basis. In effect, the level of irradiation damage becomes saturated so that the yield and ultimate strengths
no longer increase, but remain at their maximum attained values. Saturation of irradiation damageis
reached in commercial PWRs at afast neutron fluence (E > 1 MeV) of between 5 E20 and 1 E21 n/cm?
(Ref. 50).

Although the stainless steel capsule containments protected the MOX test cladding from hydride
embrittlement, irradiation damage was incurred in proportion to fuel burnup. Accordingly, relative to the
unirradiated values, the irradiated claddings are expected to exhibit higher yield and ultimate strengthsin
conjunction with decreased uniform and total elongations.

9.23 Burnupsand Fast Neutron Fluence

In commercial PWRs cladding fluence increases in accordance with the rule of thumb that each

5 GWd/MT increase in burnup adds 1.0 E21 n/cm? fast (E > 1 MeV) fluence.58 Thus, commercial PWR
fuel burned to 50 GWd/MT is expected to have an accumulated fast neutron fluence of about 1.0 E22.
The MOX test fuel was irradiated in the ATR reflector region where the flux spectrum is much softer.51
Table 9.3 shows the relation between fuel burnup and cladding fast fluence for the MOX test claddings.

Table 9.3. Burnup and fast neutron fluence for the MOX test claddings

Burnup Fast fluence (E > 1.0 MeV) Fuel bin indices
GWdMT n/cm? x 1021 P

9 0.27 2and 11
21 0.68 5and 12
30 0.98 6and 13
40 140 7 and 16
1.68 9and 15

50 171 8

*Uniform elongation occurs in conjunction with ultimate strength and is the strain achieved prior to the onset of necking. The
total elongation is the higher strain at which the specimen breaks.
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The ratios of fast fluence to burnup in Table 9.3 (where 1.0 E21 n/cm? fast fluence equates to about

30 GWd/MT burnup) are about 6 times lower than the commercial PWR rule of thumb. A lower fast
fluence at a given burnup for the MOX test follows both from the placement of the test assembly in the
ATR reflector and from the relatively isolated status of the fuel pins. Mot of the fast flux seen by the
MOX test cladding emanates directly from the fuel within.

9.3 DUCTILITY TEST METHODOLOGY

This Section describes the simple procedure devel oped2 at ORNL to determine the residual ductility by
mechanical loading of the MOX test cladding specimensin a manner that replicates the effects of fuel
swelling and affords direct measurement of the cladding hoop strain.

9.3.1 Expanding Plug

The loading concept for the irradiated cladding is shown in Figure 9.1. An expanding polyurethane plug
is compressed axially, causing radia swelling into the surrounding Zircaloy ring specimen. Both plug
and test specimen are mounted remotely using manipulators. The dowel at the lower end of the plug
maintains alignment during setup and later during loading.

Theram load is applied with aMaterials Test Systems (MTS) Alliance RT/50 screw driven test machine.
Screw-drive was selected over servo-hydraulic alternatives to minimize the potential for release of
chemical contaminantsinto the hot cell. The machineis controlled viaa Dell Optiplex computer running
MTS TestWorks4 software, which records all data.
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Figure9.1. Schematic of expanding plug test setup developed for cladding
ductility testing at ORNL.



9.3.2 Proximity Probes

When compressed by the ram, the plug expands radially into the test specimen. Subsequently, the plug
and specimen expand together. Non-contacting Capacitec proximity transducers are positioned as shown
in Figure 9.2 to continuously monitor the specimen diameter.

The continuously recorded increase in specimen diameter is used to directly calculate the circumferential
strain asit increases during the test. Two diametrically opposed transducers are sufficient since post-test
measurements of deformed specimens have demonstrated that radial expansion is uniform aslong asthe
specimen remains intact.

ORNL 2002-205AC EFG

l PP Load Ram
[ Plug

Figure9.2. Circumferential strain isrecorded continuously via proximity
probesthat do not touch the specimen.

9.3.3 Load—Extension Behavior

The basic measurements are of total force applied (load), ram movement (extension), and specimen
diameter increase (directly convertible to circumferential strain). Not all of the load is transmitted to the
specimen via expansion of the plug. The plug itsdlf has stiffhess, which can be correlated with ram
extension simply by compressing afree plug (without surrounding specimen). For specimen tests, the
plug load and ring load can then be separated as shown in Figure 9.3. Specimen tensile properties derived
from consideration of ring load versus circumferential strain are independent of plug characteristics.

Itis of interest to note that the tensile stress applied circumferentially across the specimen cross-section is
directly proportiona to thering load. Although not necessary for the determination of residual ductility,
use of the proportionality factor permits presentation of the test results astypical stress-strain curves.
Appendix B of Reference 53 describes how the proportionality factor is obtained. Basically, ascae
parameter is defined to relate yield stress as measured for an isotropic material in a standard tensile test to
load at yield (0.2% plastic) strain for the same material in an expanding plug test. The scale factor is



Measured Extension (in)
0 0.01 0.02 0.03 0.04

10 ¢ 1 7 " T T T T T T T T T ]
i Total Load j‘ 2000
s
Ring Load 1
_ 11500 ~
Z S
é 6 L N
= 3
3 000 =
1 —
T 4 ’ 3
P P
i 1 500
2 Plug Load
0 0

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Measured Extension (mm)

Figure9.3. Load-extension response showing separate plug and ring load
contributions.

made dimensionless and applicable to different specimen sizes by incorporating the load-carrying cross-
sectional area of the ring:

G yied
r=—7

il (9.1)
Pyield

where

r scale parameter,
Oyiegd = mMateria yield strength as measured in ASTM typetensile test,
Pyieg = specimen load at 0.2 percent plastic strain measured in expanded-plug loading test,
t ring specimen wall thickness, and
I ring specimen length.

It isimportant to recognize that this scale parameter relates load to stress for a particular expanding plug
test equipment setup. It does not depend upon the material being tested, but is afunction of the geometric
arrangement of the technique. Assuch, itisvalid for test data obtained for other materials with the same
setup.

The overal approach for converting ram load to stress has been verified by application to severa well-
characterized steel materials. Since plug material tends to harden under cyclic loading, each plug is used
only once. Constancy of the scale factor can be assumed for specimen strains up to about 8 percent—
beyond this, although strain measurements remain valid, specimen distortion may cause stress predictions
to become increasingly inaccurate.



9.34 Advantage Over Ring Stretch M ethods ORNL 2004-376AC EFG

A common method for determining the ductility of irradiated
cladding isthering stretch test illustrated in Figure 9.4. The
specimen is machined so that failure will occur in the narrowed
region. Bending stresses are introduced in thisregion asthe
load is applied. The effects of bending can be somewhat
aleviated by use of a*“dogbone” insert as shown in Figure 9.5.
Assembly becomes difficult, however, especialy under hot cell
conditions.

The expanding plug technique is much simpler, expandingthe ~ Machined \
cladding in the same manner as would pellet swelling under Specimen
accident conditions. Artificial bending stresses are not

introduced. No specia machining isrequired for the irradiated

test specimens (cladding rings). The hoop strain is directly

proportional to the increasein ring diameter and is easily

obtained directly from the proximity probe readouts. Aswill be

demonstrated, the reproducibility of resultsis outstanding.

94 CLADDING TEST RESULTS

This Section describes results obtained for the MOX test
cladding with the expanding plug test method.

941 Load Tests _ : ,
Figure9.4. Schematic of ring stretch test

The load tests performed for cladding specimens taken from test for irradiated cladding.
fuelsirradiated to 9, 21, 30, and 40 GWd/MT are described in

Reference 53. The purpose was to investigate any effects of galium and specifically, to determine if
these cladding specimens, irradiated to fast (E > 1 MeV) fluences between 0.27 and 1.40 x 1021 n/cm?2,
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Figure9.5. Bending effects can be mitigated to some degree by use of a
“dogbone” insert with very close tolerances.



retained at least 1 percent uniform elongation (circumferential strain without necking). All of these tests
were intentionally terminated soon after ultimate strength was passed, so no fractures were observed.

Figure 9.6 displays the curves of ring load versus circumferential strain for one representative irradiated
MOX test cladding from each burnup level and fuel treatment type (TIGR or untreated). Resultsfor the
unirradiated state are included as abaseline. Thereis excellent reproducibility of results for identical
claddings irradiated to the same burnup level. The higher yield strengths corresponding to higher fluence
levels clearly reflect the expected irradiation hardening. Furthermore, as evidenced by the decreasing
slopes of the plastic portions of the curves, the measured yield and ultimate strengths tend to converge as
fast fluence levelsincrease.

The measured yield and ultimate strengths are plotted against the fast neutron fluence in Figure 9.7.
These curves confirm that the increases in strength per unit increase in fast fluence diminish as fast
fluenceincreases. Stated another way, the effects of irradiation hardening are approaching saturation—
a state where the concentration of |attice defects remains constant, as discussed in Section 9.2.2.

Figure 9.8 compares the yield strengths measured in the current tests with literature results® 55 obtained
for other Zircaloy claddings also irradiated in the absence of hydrides. The literature results, which
represent both stressrelief annealed (SRA) and recrystallized (Rx) claddings, reflect saturation attained at
afast fluence of about 5 x 1020 n/cm2. The MOX test cladding is clearly stronger, with expected
saturation yield strength of about 1000 M Pa as opposed to about 780 MPafor the examples from the
literature. It should be noted that the yield strength for the unirradiated MOX test cladding (about

660 MPa) is also higher than for the literature values (about 380 MPafor Rx material—Figure 9.8).
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Figure9.6. Theload-strain resultsreflect irradiation hardening consistent with
expectationsfor Zircaloy cladding in the absence of hydrides.
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Theincreasesin yield strength associated with irradiation hardening are accompanied by loss of ductility,
reflected by reductions of both the uniform elongation and the total elongation.50 The reductionsin
uniform elongation as measured for the MOX test claddings are illustrated in Figure 9.9. Uniform
elongation remains greater than 1 percent in every case. Thisfigure also shows that amost al of the
reduction occurs in the plastic component of the strain.
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Figure 9.9. Reduction in uniform elongation for the M OX test cladding.
9.4.2 FractureTests

Thetensile properties of irradiated Zircaoy are characterized by the yield strength, the ultimate strength,
the uniform elongation, and the total elongation. Of these, the first three were products of the MOX test
cladding load tests discussed in the previous Section. Thetotd e ongation, which is the circumferential
strain at the time the specimen breaks, was subsequently investigated by reloading two selected
specimens and continuing their tests past ultimate strength to fracture.

Stressed cladding tubes deform in amanner related to their irradiation-induced microstructures.

Irradiated Zircaloy deformsin avery inhomogeneous manner, with coarse slip bands separated by regions
of undeformed material. The available literature for Zircaloy cladding irradiated in the absence of
hydrides includes fracture tests conducted from room temperature to 616 K which show># that cladding
tubes stretched in uniaxial tension will exhibit spird type (as opposed to necking) failure for fast fluences
of 3 E20 n/cm? or greater. (Necking was observed only for very low fluences, very low strain rates, or
very high temperatures.) Other authors®6 report total elongationsin the range from 3% to 5%, with
exposed break surfaces always appearing astypical ductile fractures with dimples.

The fracture characteristics described in the literature were replicated by the two MOX test cladding
specimens that were intentionally loaded to failure. These had been irradiated to 0.68 E21 n/cm?2 and
were selected from the three fuel pin 12 cladding specimens that were stretched in the demonstration |oad
tests.®” Figure 9.10 shows the shear band typical of aspiral type failure visible on one of these specimens
at the completion of the load test. This specimen reached 3.9% circumferential strain and was well into
plastic instability. The other two specimens reached similar strains, but did not exhibit shear bands.
These two were subsequently reloaded for the demonstration fracture tests.
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Figure9.10. Shear band induced at 3.9% circumferential strain for M OX test cladding specimen irradiated
to 0.68 E21 n/cm?.

The rel oaded specimens both devel oped shear bands and broke at circumferentia strainsin the 8-10%
range. Post-fracture photographs are shown in Figure 9.11. Thefirst specimen incurred a spiral type
failure aong a shear band with the break inclined at an angle of about 40° to the axis. The second
specimen began to break along its shear band, but then deviated for unknown reasons to a fault line about
10° to the specimen axis. Since both specimens reached total elongationsin excess of 8% circumferential
strain and clearly exhibit a tendency toward spiral type failure, the angle of the actual break is of
somewhat academic interest.

ORNL 2004-393AC EFG

Figure9.11. Fracturesat 8-10% circumferential strain for M OX test cladding specimensirradiated
to 0.68 E21 n/cm?.

Scanning electron microscope (SEM) viewstaken at a particular spot on the first fracture shown in
Figure 9.11 reveal the nature of the fracture surface. These views at increasing levels of magnification
are shown in Figure 9.12. Thisisclearly aductile fracture with dimples, in accordance with expectations
based on the literature for Zircaloy irradiated in the absence of hydrides.
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Figure9.12. TheMOX test cladding fracture surfaces exhibit ductile fracture with dimples—typical of
Zircaloy irradiated in the absence of hydrides.

9.4.3 Discussion of Test Results

Itisof interest to compare the yield stress listed by the MOX test cladding manufacturer with that
obtained by the load tests discussed in Section 9.4.1. For the load test setup, the scale parameter defined
by Equation (9.1) hasthe value 0.5333. With a specimen length of 0.281 in. and thickness of 0.026 in.,
the circumferential stress (psi) is 73.0 timesthe ring load (Ibs). From Figure 9.6, the yield (0.2% plagtic
strain) point for the unirradiated specimens correspondsto aring load of about 1320 Ibs, corresponding to
an applied stress of 96.4 ksi. Thisis some 16% above the 83 ks reported by the manufacturer aslisted in
Table9.2. Thisdifferenceis expected, however, since the manufacturer performed an axia tension test
whereas the ORNL expanding plug test gives tube circumferential properties. All tubular products, dueto
the methods applied in manufacturing, display anisotropy in the plane of the tube wall with greater tensile
strength in the circumferential direction than in the axial direction.

Thetotal elongations (8-10%) achieved by the two intentionally fractured MOX test claddings are greater
than the 3-5% range documented for irradiated Zircal oy-4 tubes (without hydrides) in the literature. In
general, total elongation is the tensile property whose measurement is most affected by the testing
method. Total e ongations obtained with the expanding plug method for unirradiated Zircaloy are aso
greater than values obtained with methods by which artificial bending stresses are introduced.

Since the specimens broken in the fracture tests had been strained past the yield point during the load
tests, it isfair to ask if this might have affected the fracture characteristics. Stated another way, the plastic
deformation previously experienced by these specimens introduced some degree of fresh cold work and
an attendant degree of strain hardening. Might this have significantly affected the total elongation or
other fracture results? This question was addressed by a dedicated set of expanding plug tests.
Unirradiated tool steel and Zircaloy ring specimens were stretched to 5% circumferential strain using
either continuous runs or a path comprising three load-unload cycles. The stress-strain curves were
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virtualy identical for the two loading sequences, indicating that the cold work additions attendant to the
load-unload cycles are insignificant.

No evidence of any effects of gallium is suggested by the results of the ductility testing. Since benchmark
comparisons of identical cladding irradiated in the absence of gallium and tested on the same equipment
are not available, any synergistic effects of gallium and irradiation must be inferred. However, the
ductility test results confirm behavior as expected of Zircaloy irradiated in the absence of hydrides and
without any influence of gallium. Specifically, Figures 9.6 and 9.7 illustrate the increase in strength
(irradiation hardening) expected with increasing fast fluence. Comparison with data from the literature as
presented in Figure 9.8 shows the MOX test cladding to be somewhat stronger than the literature
examples. Although the ductility characterized by uniform elongation does decrease as fast fluence
accumulates (Figure 9.9), thisis expected, and the total strain at maximum load exceeds 1.5%. For the
two specimens intentionally broken, fracture occurred at strains in the range of 8-10%.

In summary, the irradiated MOX test cladding specimens have exhibited normal behavior for their

fluence levels under ductility testing. Any effects of their having been irradiated in the presence of
gallium-containing fuel are insignificant.
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10. LESSONSLEARNED AND COMPARISON WITH DISPOSITION
MISSION IRRADIATIONS

The mixed-oxide test irradiation was carried out under conditions more severe than will be encountered
by the mission fuel in the U.S. commercial reactors participating in the Fissile Materials Disposition
Program (FMDP). Individual capsule linear hear generation rates (LHGRS) and fuel temperatures
depended upon the location of the capsul e within the test assembly during irradiation but in general were
higher than those expected for mission fuel. All of the post-irradiation examinations (PIES) were
conducted in the hot cells at either the Irradiated Fuels Examination Laboratory or the Radioactive
Materials Analysis Laboratory at Oak Ridge. The following discussions provide an overview of the more
significant PIE observations. Differences between the MOX test and mission fuels are discussed in
Section 10.8.

10.1 SYNOPSISOF MOX TEST FUEL PERFORMANCE

The weapons-derived MOX test fuel prepared at Los Alamos has been found to perform well, and in
accordance with expectations based on the documented European experience with MOX fuel prepared
with reactor-grade plutonium using state-of-the-art methods. The presence of afew very large
agglomerates has not adversely affected fission gasrelease. Thistest MOX fuel has exhibited normal fuel
swelling, densification, and fission gas release. Metallographic cross-sections of the irradiated fuel and
cladding indicate normal, expected behavior (with respect to cracking, gaps, dishes, chamfers, etc.). The
cladding and fuel behavior has been as expected from the literature and is well predicted by available fuel
modeling codes. No abnormal behavior has been observed.

The term “abnormal behavior” with respect to the MOX test fuel is defined as any deviation from
expectations based on the documented MOX fuel experience in Europe that cannot be explained solely by
differencesin fuel preparation or test conditions. Asan example, the cladding creeps outward in this test
as opposed to inward in the commercial MOX experience, but this difference isreadily explained by the
absence of external coolant pressure on the MOX test fuel pins.

In addition to demonstrating the applicability of the European MOX database, these PIEs of similar MOX
fuels at five burnup intervals offer unique opportunities to study the effects of burnup and irradiation
history on MOX fuel performance characteristics.

10.2 LOCAL BURNUPS
10.2.1 Agglomerates Versus Depleted UO> Matrix

Burnup istheratio of energy release to fuel mass. When examining fuel microstructure on an irradiated
MOX fuel cross-section, it is necessary to consider the local burnup. Since the fissionable material is
concentrated in the agglomerates, most of the energy release occurs within this relatively small mass, and
the burnup within the agglomeratesis higher than the fuel-average burnup. On the other hand, the burnup
within the depleted UO, matrix isrelatively low. For the current test fuel, a fuel-average burnup of

50 GWd/MT correspondsto 110 GWd/MT in the agglomerates and 38 GWd/MT in the UO, matrix.36

This explains why much more radiation-enhanced adjustment of fuel microstructure is observed within
the agglomerates than in the surrounding matrix.
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10.2.2 Burnup Differences Within UO> Matrix

Burnup accumulates within the depleted uranium matrix at an increasing rate as irradiation proceeds
because of the fissionable isotopes being created locally (principally Pu23® produced by neutron capture
in U238), Because of self-shielding effects, the Pu239 creation rate is greatest around the pellet rim, and
toward the end of fuel life, adistinction might be made between burnupsin the UO, matrix—higher at the
pellet rim, and lower for the remainder. In commercid UO, fuel, this higher pellet rim burnup causes a
noticeable end-of-life “rim effect” in the form of differences between the fuel microstructure at the rim
and elsewhere within the pellet.

10.2.3 Rim Effect Subdued for MOX Test Fud

The flux spectrum experienced by the MOX test fuel in the ATR reflector was softer than that
encountered by fud in acommerciad PWR. The softer spectrum served to increase the effective fission
cross section by afactor of about four, meaning that fuel irradiated in the ATR reflector could sustain the
same linear power with about one-fourth the thermal flux that would be necessary in acommercial
PWR.36 The U238 capture cross-section is, however, only dightly increased in the softer spectrum. With
one-fourth the thermal flux, the buildup of Pu23° at the pellet rim is much slower in the ATR reflector
than for fuel at the same axial power level in acommercia PWR. With lesslocal buildup of fissile
material, the rim burnup will be closer to the UO> matrix average. This explains the absence of a

significant rim effect in the MOX test fuel.
10.3 BEHAVIOR OF LARGE AGGLOMERATES

For the MOX test fuel, all of the PuO, was introduced as 31% of the master-mix. After dilution into the
remainder of the UO», the residual master-mix particles (agglomerates) exhibited equivalent diameters
ranging from very small to 400 microns or more. The presence of afew large agglomerates confirms that
the secondary blending (dilution) process was incompletein thistest fuel. However, fuel performance
has not been inhibited, and the large agglomerates provide opportunity for insights as to the effects of
agglomerate size to be gleaned from the post-irradiation analyses.

Sections of fuel and surrounding cladding have been examined by both scanning electron microscope
(SEM) and electron probe microanalysis (EPMA). Areas of particular interest include the nature of the
large agglomerates and their immediate surroundings.

10.3.1 High-Burnup Structure

High burnup within the plutonium-rich agglomerates is accompanied by considerable local swelling
induced by the accumulated solid and gaseous fission products. Whereas the solid fission products stay
with their agglomerates throughout fuel life, the fate of the fission product gases depends upon the
temperature during irradiation of the region in which the agglomerate islocated. (Even the largest of the
agglomeratesis still sufficiently small that itsinternal temperature only slightly exceeds that of the
immediately surrounding UO, matrix.63)

Agglomerates become highly visible when they have transformed into a “ high-burnup structure.” In
general, a high-burnup structure (small grains with afew large pores) evolves under irradiation when the
local temperatureisless than 1000°C and the local burnup exceeds about 60 GWd/MT.5® Agglomerate
high-burnup structures were observed in the outer regions of the MOX test fuel mounts for fuel-average
burnups of 21 GWd/MT and higher. For the central fuel mount regions, faint agglomerate outlines were
first discerned inthe 40 GWdA/MT PIE. These were the beginnings of the transformation to high-burnup
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structure, which was delayed in the central region because local temperatures remained greater than
1000°C during the early phases of the irradiation. The MOX test fuel ran at lower LHGRs and lower
temperatures during the later irradiation phases, and the central region agglomerates were more
prominently outlined at 50 GWd/MT.

As expected, no evidence of recrystalization has been found in the UO, matrix around the pellet

circumference. Although the rim area experienced low temperatures and local burnups higher than the
average for the depleted UO, matrix, rim area burnup obviously did not reach 60 GWd/MT.

10.3.2 Fission Gas Retention

Irradiation of UO» produces alarge population of small nanometer-size cavities that quickly attain their
final density and size, largely independent of burnup. A steady-state morphology developsin which
cavities growing by the capture of gas atoms are balanced by cavities destroyed by fission fragments that
return the gases to solution.3”

Most of the fission gas generated during the MOX test irradiations was created by fissions occurring
within the agglomerates. Much of thisfission gasis initially stored in the nanometer-size cavities within
the approximately 10-micron fuel grains. Transformation to high-burnup structure reduces the grains to
the 0.5 to 1.0 micron range, with an interspersion of relatively large gas storage pores. Much of the gas
displaced from the very small intergranular cavitiesis collected (at high pressure) in the facetted poresin
the recrystallized microstructure.

Across the fuel pellet, local temperatures drive local gas releases. In the cooler outer regions of the pellet,
much of the fission gasis retained in pores (large intragranular bubbles) within the high-burnup structures
of the transformed agglomerates. In the pellet central region, where many agglomerates have not
recrystallized, the higher temperatures cause most of the fission gas to exit the agglomerates via diffusion.
In both regions, the exiting fission gas transfers to the matrix grains surrounding the agglomerate, taking
the form of very small intergranular bubbles occupying the nanometer-size cavitiesin the UO, matrix.
Since the fission fragments that disrupt these cavities chiefly originate within the agglomerates, they tend
to establish adirected radial migration of the affected gas atoms farther into the surrounding grains of the
UOo matrix.

10.3.3 Surrounding Halos

Asfission gas accumulatesin the UO, grains abutting the agglomerates, an optical effect in the form of
hal os becomes visible in the fuel cross-section photographs. Each halo comprises a swarm of very small
gas bubbles within the UO, matrix grains. Agglomerates of widely varying sizes all display the halo, a
clear region distinct from both the UO, matrix and the high-burnup structure. First prominent in the
40-GWdJ/MT PIE, these regions are visible because the athermal (concentration gradient and fission
recail) diffusion of fission gas from the agglomerate has atered the adjacent matrix to aform that
responds differently to polishing. The presence of xenon within the halos was confirmed by EPMA
measurements in both the 40- and 50-GWd/MT PIEs.

Halo thickness is on the order of afew fission fragment recoil distances (10-50 microns). Since the
amount of gas generated is proportional to agglomerate volume, it follows that the hal os are of nearly
uniform thickness with volumes proportional to the agglomerate surface area.

Thus, the halos are explained as gas storage sites that collect the athermal diffusion from the
agglomerates. The gas within the halo regionsis eligible for eventual release to the pin free volume by
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absorption/gjection from cavity to cavity until the process of random diffusion carries the individual
atomsto agrain boundary and into arelatively large intergranular bubble.

104 HELIUM RELEASE

For the MOX test irradiation, the gas collected from the fuel pins contained more helium than had been
initially charged when the fuel pin was sealed. Thisis contrary to the experience with commercial PWR
fuel, whereit is common to find that some of theinitially charged helium has been lost. Helium is created
(primarily by decay of Cm?242) within both the MOX and commercia fuels. Because the transmutation
chain to Cm?242 js shorter when plutonium is irradiated, the helium production ratein MOX is about four
timestheratein UOo.

In commercial PWR fuel, release of the helium created within the fuel matrix is negligible due to the high
partial pressure [25 bar (360 psia cold)] exerted by the helium initially charged to the fuel rod free
volume. The apparent loss of some of the initial helium is due to absorption into the fuel matrix. For the
MOX test irradiation, the escape of some of the created helium from the fuel matrix to the fuel pin free
volumeis explained simply by the low (atmospheric) pressure at which these fuel pins were sealed.

10.5 HALDEN CRITERION FOR FGR PREDICTIONS

The Halden empirical threshold for exceeding one percent fission gas release has generally been found
applicable to MOX fuel aswell asto the UO, fuel for which this criterion was originally devel oped.80. 61
The Halden threshold is the burnup BU (GWd/MT) curve defined by the relations

BU = 0.00567e%800/Tc  for burnups <20 GWd/MT
and

BU =0.120818 (1365.3 — Tc) for burnups > 20 GWd/MT

where Tc isthe pellet centerline temperature in degrees C. As an example, for burnups of

10.65 GWA/MT (or greater), fission gasrelease in excess of one percent is expected if pellet centerline
temperature exceeds 1300°C. The Halden curve expressed as fuel centerline temperature versus burnup is
shown on Figure 5.3.

The importance of fuel temperature in determining the fission gas release fraction has been clearly
demonstrated by the MOX test irradiation. Asdiscussed in Section 7.5.3, fuel pinsirradiated to

50 GWA/MT but at lower LHGRs have lower fission gas release fractions than pins irradiated to

40 GWd/MT. Furthermore, of the two non-TIGR fuel pinsirradiated to 50 GWd/MT, one (Pin 8) had
less than half the fission gas release fraction of the other (Pin 9), which, as shown in Figure 7.4, was
irradiated at higher fuel temperatures.

CARTS calculations were performed in advance of every PIE to predict the MOX test fuel temperature
traces. Asshown in Figure 5.3, only the Capsule 5 (Fuel Pin 8) temperature trace was predicted not to
cross the Halden threshold. Given that thisimplies that gas release will be less than 1%, the CARTS
calculation was performed with this assumption. However, the fission gas release fractions determined
during the PIE were 3.1% by Kr85 activity ratio and 3.4% by measured pressure and gas mole fractions.
The lessons learned pertain to the care that must be taken in applying the Halden criterion, in view of the
feedback effect of fission gas release on temperature, particularly when the CARTS-cal culated
temperatures lie close to the Halden curve.
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First, in comparing cal culated temperatures against the Halden curve, it isimportant to recognize that the
fuel pin gas release fractions are effective averages based on the total gas release for the 15 pellets held
within each pin. Eachinitial pellet-to-clad gap can lie anywhere within the range afforded by the pellet
and cladding fabrication tolerances. Since the gap width affects the effective thermal conductance
between pellet and cladding, it is expected that the individual pellets have, for the same LHGR, different
traces of centerline temperatures.

Second, whereas the CARTS calculations follow afuel-pin-average LHGR, the axia power profile along
the pellet stack is end-peaked. (The end-pellet powers are higher than average because of the additional
thermal flux entering the cross-sections exposed at the upper end of Pellet 1 and the lower end of

Pellet 15.) Thus, centerline temperatures experienced by individual pellets with maximum initial gaps
will be particularly elevated if these pellets are located at the ends of the pellet stack.

Under normal circumstances, the temperature differences between individual fuel stack pellets are not
significant when considering the fuel irradiation history. These differences become significant, however,
in cases where they have the effect that some pellets cross the Halden threshold while others do not. The
significance derives from the increased pellet-clad gap inventories of krypton and xenon that follow

accel erated gas release from the hottest pellets. Recent experimental work at Halden has demonstrated the
fission gas release bursts that occur within fuel that closely approaches or crosses the Halden threshold.62
The low thermal conductivities of these gases reduce the effective gap thermal conductance. This
increases the temperatures of the remaining pellets, tending to raise them a so over the Halden threshold.

The effect that fission gas entering the pellet-clad gap has on the fuel centerline temperature trace for Fuel
Pin 8 isdemonstrated in Figure 10.1. For simplicity, only the traces corresponding to the hottest pellets—
those with the maximum initial gap—are included. The pre-PIE cal culations were done with an assumed
fission gasrelease of 1%. The post-PIE calculation is based on the measured 3.1% gasrelease. As
shown, the latter curve clearly crosses the Halden threshold twice, at about 11 GWdA/MT burnup and for a
full ATR cycle between 35 and 40 GWdA/MT.

10.6 STABILITY OF GALLIUM

Unirradiated MOX test fuel components subjected to metallographic and chemical analyses showed
gallium concentrations in the range from 1-5 ppm in the fuel and from 0.3 to 0.5 ppm in the cladding. If
all of the gallium in the fuel were transferred radially outward, the cladding concentration would increase
to about 9 ppm. As part of each PIE, samples of irradiated fuel and cladding were sent to the Radioactive
Materials Analysis Laboratory at ORNL for determination of the gallium contents. None of the cladding
sampl es has shown any increase over the preirradiation gallium concentration. Correspondingly, there
has been no evidence of any attack of theinner cladding surface. Finally, each fuel sample hasindicated,
within the limits of analytical accuracy, that the gallium initially present has been retained.

10.7 CLADDING PERFORMANCE

The MOX test irradiation was not intended as a cladding test—the properties of irradiated Zircaloy-4 are
well known, and, at any rate, the FMDP mission will employ a different cladding type. Rather, the
technical issue addressed with respect to cladding was whether the small amount of gallium present in the
finished fuel would adversdly affect the cladding integrity. To this end, the focus of the irradiated
cladding examinations was at the fuel-cladding interface.

There has been no evidence of any movement of gallium from fuel to cladding. The cladding inner

surface is pristine with the exception of intermittent thin oxide layers, primarily in the vicinity of
agglomerates at or near the fuel surface. When at high temperature and swollen during irradiation, these
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agglomerates serve as a bridge to the cladding for the solid state athermal transfer of oxygen atoms freed
within the fuel by the fission process. Oxide layers not in the vicinity of agglomerates bear testament that
the fud pdllet surface here contacted the cladding during irradiation. These corrosion patterns conform to
the published European experience with MOX fuel.

10.8 COMPARISON WITH IRRADIATION CONDITIONSFOR THE DISPOSITION MISSION

The mixed-oxide test irradiation was carried out under conditions more severe than will be encountered
by the mission fuel in the U.S. commercial reactors participating in the Fissile Materials Disposition
Program. Furthermore, the mission fuel will be improved relative to the weapons-derived mixed oxide
fuel discussed in this report.

The characteristics of the MOX test irradiation fuel and mission fuels are compared in Table 10.1. In
general, where differences occur, they favor the mission fuel.

Use of modern fuel fabrication techniques will increase the PuO> homogeni zation within the mission fuel
and reduce agglomerate size. Design and operational provisions will tend to reduce fission gas release
fractions. Theimproved heat transfer afforded by cladding creep down (instead of outward cladding
movement) will serve to reduce the pellet temperatures at comparable LHGRs. The CARTS-predicted
operating envelope (LHGRs, fudl temperatures) for the MOX test irradiation is prototypic of commercial
PWRs with fuel of similar dimensions (the PWR envel ope was determined at the peak axial location for
the average core position, NUREG/CR-3950, 1994). In general, the average LHGR operating range for
commercia PWRsis5-7 kW/ft. The expected average LHGR for the MOX mission fuel is
approximately 5.6 kW/ft. Ten of the MOX test capsules operated at conservatively higher LHGRSs than
the expected mission conditions. Capsule 5 which wasincluded in all ATR irradiation phases

(~1462 EFPDs) most closely matches the mission fuels expected LHGR history; except for a Phase 1
average of ~7 kW/ft, Capsule 5's LHGRs were | ess than the planned operating mission powers.

Table 10.1. Characteristicsof MOX test and mission fuels

Fuel characteristic MOX test irradiation Mission fuel—typical
values

Plutonium concentration (%) 5.0 4.4
Master-mix PuO» (%) 31.0 20.0
| sotope percentages

Pu239 93.8 92,5

py240 6.03 6.90

pu241 0.12 0.50

U242 0.02 0.05
Uranium matrix-fabrication Depleted-ADU Depleted-ADU
Fraction master-mix 0.1667 0.2250

UO» matrix 0.8333 0.7750
Agglomerate size (micron) Max = 500 Mean < 50

95% < 100

Pellet OD (in.) 0.327 0.3225
Pellet-clad diametral gap (mil) 2.0 6.5
Cladding type Zr-4 M5

ID (in.) 0.329 0.329

OD (in.) 0.381 0.374

Thickness (mil) 26 22,5
Cladding external coolant None 2250

pressure (psi)
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11. ACKNOWLEDGMENTS

The MOX fuel test irradiation project was executed as a cooperative endeavor of three
national laboratories extending over eight years, from 1997 to 2005. The test fuel was
fabricated at Los Alamos National Laboratory (LANL). Idaho National Laboratory (INL)
supplied the irradiation servicesin the Advanced Test Reactor (ATR) and performed all
neutronics calculations. Oak Ridge National Laboratory (ORNL) designed the test
assemblies and performed the safety analyses. The post-irradiation examinations were
conducted at the Irradiated Fuels Examination and Radioactive Materials Analysis
Laboratories at ORNL.

Figure 11.1 indicates the interrelation of project activities as performed by staff at LANL,
INL, and ORNL. The weapons-derived PuO, powder processed at LANL was received from
Lawrence Livermore National Laboratory.
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Appendix A
FISSILE MATERIALSDISPOSITION PROGRAM (FMDP) LIGHT WATER
REACTOR MIXED OXIDE FUEL IRRADIATION PROJECT

Project Internal Reports—Annotated Bibliography

Level 1 Document: Fissile Materials Disposition Program Light Water Reactor Mixed Oxide Fuel
Irradiation Test Project Plan (ORNL/MD/LTR-78)

Thisisthe top-level, controlled document that completely identifies and defines the Mixed Oxide Fuel
Irradiation Test Project. Included are the:

top-level purpose for and description of project,

test matrix in table format,

identification of participating organizations and their respective roles,
maj or milestones, and

cost estimates.

gprwdE

This document was prepared at ORNL and required the concurrence of the project leads at LANL and
INL. Itisapproved for issue by DOE-MD. Revision O wasissued July 23, 1997, followed by Revision 1
on February 11, 1998 to update the schedule (Table 3) for milestone achievements. Revision 2, which
authorizes extension of the planned fuel burnup to beyond 30 GWdJ/MT for some capsules, was issued on
May 9, 2000. Revision 3, issued in February 2004, updates both the cost estimates (Table 2) and the
project milestones (Table 3).

Level 2 Documents

A. Requirements and Specifications

1. Design, Functional, and Operational Requirements for the Advanced Test Reactor Mixed Oxide
Fuel Irradiation Experiment (ORNL/MD/LTR-76)—This fundamental document establishes the
bases for the design, manufacture, and operation for Phases|, 11, and 111 of the fuel irradiation
test conducted inthe ATR. (See A.5below for Phase 1V.) Requirements are specified for
mechanica design of the test assembly, structural materias, performance of the irradiation
(including limitations upon test conditions), quality assurance, and documentation. This report
does not address test fuel fabrication, which isthe purview of the pellet Technical Specification,
or the various test fuel types and their placements; for this, see the Capsule Loading and
Operation Schedule. Author: Ken Thoms. Revision 1 issued September 30, 1997.

2. Technical Specification: Mixed-Oxide Pelletsfor the Light-Water Reactor Irradiation
Demongtration Test (ORNL/M D/L TR-75)—specifies requirements for the mixed-oxide fuel
pellets to be fabricated at LANL. Among the items addressed are safety regul ations, mechanical
processes, chemical and isotopic compositions, dimensions and finish, fuel density, and
microstructure. Quality assurance and pellet storage, packaging, and shipping requirements are
also stated. Author: Brian Cowell. Revision O issued June, 1997.

3. Purchase Order: Mixed-Oxide Pellets and Fuel Pin Assemblies (ORNL/MD/LTR-77)—defines
the specific quantities and characteristics of the sealed fuel pin assemblies to be delivered by
LANL for the ATR test irradiation. Two batches of test fuel pelletsto be produced in
accordance with the pellet Technical Specification (previous entry) and fabricated in accordance
with the associated Fabrication, Inspection, and Test Plan (FITP) to be prepared by LANL and
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approved by ORNL (see B.1). Specifies the identification system to be used for pellets and fuel
pins, callsfor trangportation of the completed fuel pinsfrom LANL to INL, and sets the quality
assurance and other documentation requirements. Author: Brian Cowell. Revision 0 issued
August 28, 1997.

4. Purchase Order: Mixed Oxide Capsule Assemblies (ORNL/MD/LTR-90)—addressed to INL,
defines the stainless steel capsule assemblies to be fabricated there. INL receives sealed fuel pin
assemblies from LANL and open capsule assemblies from ORNL, then loads the fuel pinsinto
and seal weldsthe capsules. Specifiesthat the loading, welding, and inspection operations for
the capsules will be in accordance with the Requirements document (see A.1) and with the
appropriate FITP (see B.3). The fuel masses (uranium and plutonium) are listed, and the capsule
assembly numbering system is defined. Instructions are provided for transportation of two of the
thirteen prepared capsulesto ORNL (without irradiation) for archive purposes. Also provides
that the completed MOX capsule assemblies will be placed within the basket assembly provided
by ORNL and inserted into the ATR for irradiation. Finally, quality assurance and
documentation requirements are set. Author: Brian Cowell. Revision 0 issued August 12,

1997.

5. Design, Functional, and Operational Requirements for Phase IV of the Average-Power Mixed-
Oxide Irradiation Test (ORNL/MD/LTR-187)—pertains only to Phase IV of the irradiation.
Specifies requirements for mechanical design of the test assembly, structural materials,
performance of the irradiation (including limitations upon test conditions), quality assurance,
and documentation. Author: Ken Thoms. Revision 1issued July 31, 2000.

B. Procedures and Quality Control

1. Fabrication, Inspection, and Test Plan for ATR MOX Fuel Pellets (LANL Document NMT9-
AP-QA-007-R00)—Thisisin effect a partial response to the Purchase Order listed as A.3. This
FITP identifies the manufacturing procedures implemented at LANL during the pellet
fabrication process and the quality assurance steps followed. Does not address the fuel pin
loading and seal welding actions, which are described in the next entry. Author: Ken Chidester.
Revision 0 issued October 28, 1997.

2. Fabrication, Inspection, and Test Plan for MOX Fuel Pin Preparation (FITP) (LANL Document
NMT9-AP-QA-008-R00)—response to the portion of the A.3 Purchase Order that address the
sealed fuel pin assembliesto be delivered by LANL. Provides a description of the process flow
and identifies the procedures to be implemented and the documents to be prepared during the
fabrication and inspection of the fuel pins. The fabrication steps are described in the form of a
flow chart, and alist is provided of the Safe Operating Procedures (SOPs) needed to perform
activities within each process step. A separate Fuel Pin Weld Qualification Plan (NMTOF-
WQP-002-R00) is associated with and is referenced by thisFITP. Author: Marty Bowidowitz.
Revision 0 issued November 14, 1997; Weld Qualification Plan issued November 21, 1997.

3. Fabrication, Inspection, and Test Plan for the Advanced Test Reactor (ATR) Mixed-Oxide
(MOX) Fuel Irradiation Project (INEEL/EXT-97-01066)—response to the Purchase Order
identified by A.4, which addresses the seadled stainless steel capsules to be delivered by INEEL.
This FITP identifies the procedures and describes the sequence of operations for loading the fuel
pins provided by LANL into the capsules provided by ORNL, for seal welding the capsules, for
inspection and testing, for placing the completed capsules into the basket assembly, for inserting
the entire test assembly into the ATR, and for removal into the ATR canal. Author: Soli
Khericha. Revision 2 issued April, 2002.




Experiment Safety Assurance Package for Mixed Oxide Fuel Irradiation in an Average Power
Position (1-24) in the Advanced Test Reactor (INEEL/EXT-98-00099)—provides the safety
analyses to demonstrate that conduct of this experiment iswithin the constraints of the ATR
safety envelope and constitutes an acceptable reactor operating risk. Authors: S. T. Khericha,

R. C. Pedersen, R. C. Howard, and J. M. Ryskamp. Report dated September 1999 and issued by
R. C. Pedersen on November 2, 1999.

Experiment Safety Assurance Package for Mixed Oxide Fuel Irradiation in an Average Power
Position (1-24) in the Advanced Test Reactor (INEEL/EXT-2000-01043)—provides the safety
analyses to demonstrate that irradiation of the three lag capsules to more closely approach

30 GWdA/MT (Average Power Test, Phase 1, Part 2) iswithin the constraints of the ATR safety
envelope and constitutes an acceptable reactor operating risk. Authors: S. T. Kherichaand R. C.
Howard. Report dated May 2000 and issued by R. C. Pedersen on August 10, 2000.

Experiment Safety Assurance Package for the Extended Burnup Phase of Mixed-Oxide Fuel
Irradiation in Small 1-Hole Positions in the Advanced Test Reactor (INEEL/EXT-01-00190)—
describes the safety analyses performed for extension of the planned burnup from 30 to

50 GWd/MT for some capsules. Authors: S. T. Kherichaand R. C. Howard. Report dated
February 2001 and issued by R. C. Pedersen on February 21, 2001.

Experiment Safety Assurance Package for the 40- to 50-GWd/MT Burnup Phase of Mixed-
Oxide Fuel Irradiation in Small I-Hole Positions in the Advanced Test Reactor (INEEL/EXT-02-
00826)—describes the safety analyses performed for continuation of the planned burnup
extension from 40 to 50 GWd/MT for three capsules. Authors: S. T. Khericha. Report dated
June 2002 and issued by R. C. Pedersen on August 9, 2002.

Quality Assurance Plan for Post Irradiation Examination of FMDP MOX Fuel at Oak Ridge
National Laboratory (QAP-X-MC-FMDP-01)—Nuclear Materials and Science Technology
Group, Metals and Ceramics Division, Revision 2 issued May 2003.

C. Design and Safety Analyses

1.

Thermal/Hydraulic Calculations for the LWR MOX Irradiation Test Assembly at 12 kW/ft
(ORNL/MD/L TR-85)—documents the results of a set of conservative analyses performed to
establish upper bounding estimates for the fuel pellet temperature profiles and the fuel
pin/capsule gas plenum temperatures for the test specimensto beirradiated inthe ATR. [These
results are considered “conservative’ because they are obtained for aLHGR of 12 kW/ft
whereas the actual LHGRs during the test are limited (by A.1) to the range from 6 to 10 kW/ft.]
These analyses a so serve to demonstrate conclusively that the components of the test assembly
conform to the operationa design limits for the DNBR and for coolant approach to boiling as
established by the ATR Technical Specifications. Author: Larry Ott. Revision O issued
October 1, 1997.

Effects of Fission Gas Release and Pellet Swelling Within the LWR Mixed Oxide Irradiation
Test Assembly (ORNL/MD/L TR-83)—cal culations based upon the temperatures obtained by the
conservative analyses documented by C.1, and intended to fulfill three requirements. Firgt, to
estimate the magnitude of the maximum pressure increase associated with fission gas release
that might occur within the fuel pin assemblies during the planned ATR irradiations. Second, to
consider the possibility of fuel pin boundary failure, and to estimate the maximum pressure
increase due to fission gas accumulation that would then occur within the interconnected fuel pin
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and capsule volumes. Third, to conservatively estimate the effects of fuel pellet swelling and
show that these are acceptable. Author: Steve Hodge. Revision 1 issued November 11, 1997.

Design Calculationsin Support of the Advanced Test Reactor Mixed Oxide (ATR-MOX) Fuel
Irradiation Experiment (ORNL/MD/L TR-92)—These cal culations, which are based upon the
temperature and fission gas/pellet swelling results provided by entries C.1 and C.2, constitute the
mechanical stress analyses for the fuel pin and capsule design. Authors: K. H. Luk and J. E.
Corum. Revision 0 issued November 6, 1997. Sections pertaining to the fuel pin endcaps, as
modified to accommodate a change in the weld location, were issued as Addendum 1 to

Revision 0. Authors: J. E. Corum and K. H. Luk. Addendum 1 issued January 13, 1998.

Capsule L oading and Operation Schedule (ORNL/MD/LTR-91)—long-term (three years)
loading plan for eleven capsules to be rotated among the nine positions within the test basket
assembly. (Two other capsules prepared at INEEL were shipped to ORNL as unirradiated
archives) Authors: Brian Cowell and Steve Hodge. Revision 4 issued November 19, 2001.

Flow Test of the MOX Test Basket Assembly (ORNL/MD/L TR-118)—promulgates flow test
results for the Model 1 (Inconel shield) basket assembly conducted at ORNL in December 1997.
The measured flows and | eakage rates serve to confirm the set of conservative thermal/hydraulic
analyses used as the basis for the fuel pellet, fuel pin, and capsule design and previously
distributed as C.1 above. Appendix B addresses the acceptability of the as-fabricated capsule
weld buildups and runouts. Author: Larry Ott. Revision 1 issued February 4, 1998.

Flow Test of the Model-2 MOX Test Basket Assembly (ORNL/MD/LTR-149)—promulgates
flow test results for the Model 2 (aluminum shield) basket assembly conducted at ORNL in
August 1998. The measured flows and leakage rates confirm the conservative thermal/hydraulic
analyses used as the basis for the fuel pellet, fuel pin, and capsule design documented as C.1
above. Author: Larry Ott. Revision O issued August 19, 1998.

Fission Gas Release and Pellet Swelling Within the Capsule Assembly During Phase IV of the
Average-Power Test (ORNL/MD/LTR-184)—As a supporting document to the overall safety
analysesfor the Phase-1V burnup extension, this White Paper addresses the maximum pressure
associated with fission gas release from the fuel, considers the possibility of fuel pin boundary
failure and the ensuing pressure within the capsule, and provides a conservative estimate of the
effects of pellet swelling. Author: Steve Hodge. Revision O issued July 21, 2000.

Thermal/Hydraulic Calculations for Phase IV of the LWR MOX Irradiation Average-Power Test
(ORNL/MD/LTR-191)—basic supporting document for the Phase-1V burnup extension safety
analyses. Provides the results of a set of conservative analyses performed to establish upper
bounding estimates for the fuel pellet temperature profiles and the fuel pin/capsule gas plenum
temperatures for the test specimens. These results are “conservative” in that they are obtained
for aLHGR of 9 kW/ft whereas the actual LHGRs during Phase IV are limited (by A.5) toliein
the range from 3 to 8 kW/ft. Author: Larry Ott. Revision 0 issued July 26, 2000.

Design-Calculations for Phase IV of the Advanced Test Reactor Average-Power Mixed Oxide
Fuel Irradiation Experiment (ORNL/MD/LTR-192)—also part of the support documentation for
the Phase-1V safety analyses. The approach isto demonstrate that the test capsules will not
exceed the ASME Code requirements for the design conditions of 500°F, 1200 psi, and 120
fatigue cycles. Authors: Claire Luttrell and Terry Yahr. Revision 0 issued August, 2000.




10.

11.

Overview of Safety Analysesfor MOX Irradiation Phase IV Extended Burnup
(ORNL/MD/LTR-194)—issued in advance of the MOX Irradiation Phase IV Extended Burnup
Design Review Meeting to facilitate understanding by the participants as to the interconnections
between the various portions of the safety analyses, including the role of the 30- and
40-GWd/MT PIEs. Author: Steve Hodge. Revision 0O issued June 14, 2000.

Addendum to Thermal/Hydraulic Calculations for Phase 1V of the LWR MOX Irradiation
Average Power Test: Extension to 52 GWd/MT Burnup (ORNL/MD/LTR-191-AD)—extends
the previous safety analysis (C.8) from 50 to 52 GWd/MT. These results are “ conservative” in
that they are obtained for aLHGR of 5 kW/ft whereas the actual LHGRs in the vicinity of
50 GWA/MT burnup are about 3.7 kW/ft. Author: Larry Ott. Revision O issued June 5, 2003.

. Transportation

1.

Fresh Test Fuel Shipment Plan for the LWR MOX Fuel Irradiation Test Project
(ORNL/MD/LTR-87)—describes the movement of the loaded (fresh fuel) pinsfrom LANL to
INEEL and the shipment of the two archive fuel pinsfrom LANL to ORNL. Author: Leonard
Dickerson and Mimi Welch. Revision 0 issued September 17, 1997.

Irradiated Test Fuel Shipment Plan for the LWR MOX Fuel Irradiation Test Project
(ORNL/MD/LTR-101)—Shipping Plan for movement of irradiated capsules from INEEL to
ORNL. Authors: L. B. Shappert, L. S. Dickerson, and S. B. Ludwig. Status: Revision O issued
October 16, 1998.

Post-irradiation Examinations (PIE)

1.

MOX Capsule Post-Irradiation Examination Vol. 1. Test Plan for Low Burnup Fuel
(ORNL/MD/LTR-93)—Thisfirst volume of the overall post-irradiation examination (PIE) plan
explains the limited examinations that will be made for the early and intermediate withdrawals
(at 8 and 20 GWd/MT) to ensure that no threatening trends are developing in fuel performance.
In particular, it will be determined that the fuel swelling being experienced is within the
expected range. Techniques employed include gamma scanning, ceramography, metallography,
and pellet and clad gallium analyses. Author: Bob Morris. Revision 0 issued August 20, 1997.

PIE Plan Volume Il (ORNL/MD/LTR-93)—Volumel of the overall PIE plan describesthe
more extensive examinations to be performed for the test specimensthat are irradiated to

30 GWdA/MT. Herethe disassembly and analytical effortswill be focused upon determining the
final status of the gallium that was interspersed within the test fuel asinitially prepared. Author:
Bob Morris. Revision 0 issued December 11, 1997.

MOX Average Power Early PIE: 8 GWd/MT Quick L ook (ORNL/MD/L TR-163)—summarizes
thefirst results of the post-irradiation examination of the two MOX capsules (1 and 8) that were
withdrawn in September 1998, at an accumulated burnup of 8.8 GWd/MT. The purpose of this
early examination is to monitor and document the progress of the irradiation, in particular to
detect any unexpected trends. Author: Bob Morris. Revision 1 issued February 23, 1999.

MOX Average Power Early PIE: 8 GWd/MT Final Report (ORNL/MD/LTR-172)—includes
detailed information concerning the post-irradiation examination of the two capsules withdrawn
at an accumulated burnup of 8.8 GWd/MT. Author: Bob Morris, C. A. Badwin, et al.
Revision 0 issued November 18, 1999.




10.

11.

12.

13.

14.

MOX Fission Gas Pressure Measuring Apparatus (ORNL/M D/L TR-176)—documents the
specia apparatus developed to perform the gas pressure measurements for the MOX irradiation
test capsules. Author: Bob Morris, C. A. Baldwin, et a. Revision 0 issued January 31, 2000.

MOX Average Power Test Fuel Pellet Initial Gallium Content (ORNL/MD/LTR-182)—
documents the MOX fuel pellet gallium analysisthat collected preirradiation gallium data from
archival test MOX fuel pellets supplied by LANL. Authors: Bob Morris, Joe Giaguinto, and
Steve Hodge. Revision 0 issued March 7, 2000.

MOX Average Power Intermediate PIE: 21 GWd/MT Quick Look (ORNL/MD/LTR-185)—
preliminary results of the post-irradiation examination of the two MOX capsules (2 and 9)
withdrawn in September 1999, at an accumulated burnup of 20.9 GWd/MT. Author: Bob
Morris, C. A. Baldwin, S. A. Hodge, C. M. Mdone, and N. H. Packan. Revision O issued
March 21, 2000.

Post-Irradiation Examination Plan For ATR MOX Capsules Withdrawn at 30 GWdJ/MT and
Higher (ORNL/MD/LTR-195)—detailed plan for PIE of capsules withdrawn at higher burnups,
when residual pellet-clad contact is expected. Author: Bob Morris. Revision O issued
September 18, 2000.

MOX Average Power Intermediate PIE: 21 GWdJ/MT Final Report (ORNL/MD/LTR-199)—
describes the post-irradiation examination of the two capsules withdrawn from irradiation at an
accumulated burnup of 20.9 GWd/MT. Author: Bob Morris, C. A. Baldwin, et al. Revision 0
issued November 10, 2000.

Implications of the PIE Results for the I ntermediate-Withdrawal (21 GWd/MT) MOX Capsules

(ORNL/MD/LTR-203)—offers adiscussion of the implications of the observations of the post-
irradiation examination performed for the two intermediate-withdrawa MOX test capsules.
Author: Steve Hodge and Larry Ott. Revision 0 issued December 1, 2000.

MOX Average Power Test 30 GWd/MT PIE: Quick Look (ORNL/MD/LTR-208)—provides
the preliminary results for the post-irradiation examination of Capsules 3 and 10, which were
withdrawn at an accumulated burnup of 29.6 GWdA/MT. Authors. Bob Morris, C. A. Baldwin,
et a. Revison O issued February 8, 2001.

MOX Fuel Pin Measuring A pparatus (ORNL/M D/L TR-209)—documents the specia apparatus
developed to measure the outer cladding diameters for the MOX irradiation test fuel pins.
Authors: Bob Morris, C. A. Baldwin, et al. Revision 0 issued March 14, 2001.

MOX Average Power 30 GWd/MT PIE: Final Report (ORNL/MD/LTR-212, Volume 1)—
describes the post-irradiation examination of the two capsules withdrawn at an accumul ated
burnup of 29.6 GWd/MT. Author: Bob Morris, C. A. Baldwin, et al. Revision 0 issued
November 15, 2001.

Implications of the PIE Results for the 30 GWd/MT Withdrawal MOX Capsules
(ORNL/MD/LTR-212, Volume 2)—The implications of the observations of the post-irradiation
examination performed for the two MOX test capsules withdrawn in July 2001 are discussed.
Author: Steve Hodge, Larry Ott, Fred Griffin, and Claire Luttrell. Revision 1 issued

February 28, 2002.




15.

16.

17.

18.

10.

20.

21.

22

23.

24,

MOX Fuel Pin Volume Measuring Apparatus (ORNL/MD/L TR-232)—documents the specia
apparatus devel oped to measure the fuel pin free volume and the volume of selected fuel
fragments for the 40- and 50-GWd/M T withdrawal s of the MOX irradiation test.

Authors: Bob Morrisand D. W. Heatherly. Revision O issued September 9, 2002.

MOX Average Power Test 40 GWA/MT PIE: Quick Look (ORNL/MD/LTR-236)—provides
the preliminary results for the post-irradiation examination of Capsules 4 and 13, which were
withdrawn from the MOX test irradiation at an accumulated burnup of 39.9 GWd/MT.
Authors: Bob Morris, C. A. Baldwin, et a. Revision 0 issued November 18, 2002.

CCCTEF Trap Table Calibration Curve for Krypton-85 Activity Determination (ORNL/MD/

L TR-246)—describes the use of nine purchased qualified sources to develop an updated
calibration curve for the trap table and detector system used to measure the Krypton-85 activity
within the gas released from the MOX test fuel pins. Author: Bob Morris, C. A. Baldwin, et al.
Revision 0 issued June 27, 2003.

MOX Test Fuel 40 GWd/MT PIE: Final Report (ORNL/MD/LTR-241, Volume 1)—describes
the post-irradiation examination of the two capsules withdrawn from the MOX test irradiation at
an accumulated burnup of 39.8 GWd/MT. Author: Bob Morris, C. A. Baldwin, et al.

Revision 0 issued August 4, 2003.

Implications of the PIE Results for the 40-GWd/MT-Withdrawal MOX Capsules
(ORNL/MD/LTR-241, Volume 2)—The implications of the observations of the post-irradiation
examination performed for the two MOX test capsules withdrawn in March 2002 are discussed.
Author: Steve Hodge, Larry Ott, Fred Griffin. Revision O issued September 12, 2003.

MOX Average Power Test 50 GWd/MT PIE: Capsules 6 and 12 Quick L ook (ORNL/MD/
LTR-271)—provides the preliminary results for the post-irradiation examination of Capsules 6
and 12, which were withdrawn from the MOX test irradiation at an accumulated burnup of
50.1 GWd/MT. Authors: Bob Morris, C. A. Baldwin, and N. H. Packan. Revision O issued
January 14, 2005.

MOX Average Power Test 50 GWA/MT PIE: Capsule 5 Quick Look (ORNL/MD/LTR-272)—
preliminary results for the post-irradiation examination of Capsule 5, which was withdrawn from
the MOX test irradiation at an accumulated burnup of 49.5 GWd/MT. Authors. Bob Morris,

C. A. Baldwin, and N. H. Packan. Revision 0 issued January 28, 2005.

MOX Test Fuel 50 GWdJ/MT PIE: Capsules 6 and 12 Final Report (ORNL/MD/LTR-279,
Volume 1)—describes the post-irradiation examination of Capsules 6 and 12 withdrawn from
the MOX test irradiation at an accumulated burnup of 50 GWd/MT. Authors. Bob Morris, C. A.
Baldwin, et al. Revision 0 issued September 2005.

MOX Test Fuel 50 GWdJ/MT PIE: Capsule 5 Final Report (ORNL/MD/LTR-280, Volume 1)—
describes the post-irradiation examination of Capsule 5 withdrawn from the MOX test
irradiation at an accumulated burnup of 49.5 GWdJ/MT. Authors: Bob Morris, C. A. Baldwin,
et . Revision 0 issued September 2005.

Monte-Carlo Code (MCNP) Modeling of the Advanced Test Reactor Applicable to the Mixed
Oxide (MOX) Test Irradiation (INL/EXT-05-00599)—describes MCNP models of the ATR
small I-irradiation test position and the MOX test assembly and capsules. Authors: G. S. Chang
and R. C. Pedersen. Issued July 2005.




25.

M ethodology for the Weapons-Grade MOX Fuel Burnup Analysisin the Advanced Test Reactor
(INT/EXT-05-00598)—describes the methodol ogy to cal culate the MOX fuel burnup using a
combination of MCNP (Monte Carlo transport code) and ORIGEN-2 (depletion and buildup
code). Author: G. S. Chang. Issued August 2005.

Cladding Ductility Testing

1.

A Simple Method for Measuring Ductility of Irradiated Fuel Cladding—Design of Apparatus
and Proof of Principle (ORNL/MD/L TR-201)—describes the compressed-plug test apparatus for
use with irradiated cladding ring specimens. Authors: Bill Hendrich, Terry Y ahr, and Claire
Luttrell. Revision 0 issued January 19, 2001.

Post-Irradiation Cladding Ductility Test Plan for ATR MOX Fuel Cladding (ORNL/MD/

L TR-210)—provides cost and schedule estimates for the irradiated cladding ductility tests to be
conducted during fiscal years 2002 through 2005. Authors: Bill Hendrich, and Wally McAfee.
Revision 2 issued November 18, 2002.

Post-1rradiation Cladding Ductility Test Program Semiannual Progress Report: October 2001—
March 2002 (ORNL/M D/L TR-228)—reports accomplishments for the first half of fiscal year
2002. Authors: Wally McAfee, Bill Hendrich, and Claire Luttrell. Issued April 2, 2002.

Post-1rradiation Cladding Ductility Test Program Semiannual Progress Report: April—September
2002 (ORNL/MD/LTR-237)—reports accomplishments for the second six-months. Authors:
Wally McAfee, Bill Hendrich, and Claire Luttrell. 1ssued October 30, 2002.

Post-Irradiation Cladding Ductility Test Program Semiannual Progress Report: October 2002—
March 2003 (ORNL/M D/L TR-243)—reports accomplishments for the third six-months.
Authors: Wally McAfee, Bill Hendrich, and Claire Luttrell. 1ssued April 4, 2003.

MOX Program Irradiated Clad Ductility Test Specimen Cutting and Handling (MET-EM P-
SOG82)—Standard Operating Procedure (SOP) for operation of the Buehler 5000 cutting
machine with remote control. Last Update December 2003.

Postirradiation Ductility Demonstration Tests of Weapons-Derived MOX Fuel Cladding
(ORNL/MD/LTR-254)—describes theirradiated cladding ductility tests (3 specimens from

21 GWdA/MT, Fuel Pin 12) conducted in the CCCTF hot cell in early October 2003. Includesa
discussion of the background relevant to these test and the post-test examinations of the
stretched specimens. Authors: Wally McAfee, Bill Hendrich, Tim McGreevy, Charles Baldwin,
and Nick Packan. Issued December 16, 2003.

Integrated Fast Neutron Flux at the End of Phase |, Phase Il, Phase |11, and Phase IV-1B of the
MOX ZR-Cladding Tubes (INEEL/EXT-04-01709)—provides the fast neutron fluence (E >
1.0 MeV) for the fuel pin claddingsin test capsules withdrawn at 9, 21, 30, and 40 GWd/MT.
Author: G. S. Chang. Issued March, 2004.

Integrated Fast Neutron Flux at the End of Phase-1V Part-2 (50 GWd/t) of the MOX Zr-Cladding
Tubes (INEEL/EXT-04-02447)—provides the fast neutron fluence (E > 1.0 MeV) for the fuel
pin claddings in test capsules withdrawn at 50 GWd/MT. Author: G. S. Chang. Issued
November 4, 2004.




10.

11.

Postirradiation Ductility M easurements of Weapons-Derived MOX Test Fuel Cladding Over the
Range 0.27-1.40 x 1021 n/cm?2 (E > 1 MeV) (ORNL/MD/L TR-268)—provides results for the
expanding plug ductility tests performed for MOX test claddings from fuel pins withdrawn at
burnups between 9 and 40 GWd/MT. Authors: W. J. McAfee, W. R. Hendrich, and N. H.
Packan. Issued January 4, 2005.

WG-MOX Fud Zr-tube Neutron Spectrum Comparisonin ATR and PWR (INL/EXT-05-
00025)—compares cladding neutron spectrumsin the ATR small I-hole and in a commercial
PWR and demonstrates the ATR spectrum to be softer. Author: G. S. Chang, Issued
February 2005.

. Minutes of Project Meetings

1.

Light Water Reactor (LWR) Mixed Oxide Fuel Kickoff Meeting October 8-9, 1996
(ORNL/MD/LTR-59—Author: Brian Cowell. Letter report issued November 26, 1996.

Capsule Design Issues Mesting Task 7.2 LWR In-Pile Testing March 12, 1997
(ORNL/MDI/LTR-72)—Author: Steve Hodge. Letter report issued March 18, 1997.

Capsule Design Review Meeting Task 7.2 LWR In-Pile Testing May 28, 1997
(ORNL/MDI/LTR-86)—Author: Steve Hodge. Letter report issued June 9, 1997.

Phase |11 Extension for Burnup Equalization and Safety Analysesfor Phase |V Strategy and
Plans Meeting February 3, 2000 (ORNL/MD/LTR-181)—Author: Steve Hodge. Letter report
issued February 14, 2000.

Minutes for the MOX Test Irradiation Coordination Meeting; Oak Ridge National Laboratory;
February 2021, 2002—Author: Steve Hodge. Issued as an informal letter report February 28,
2002.
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