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ABSTRACT

The post irradiation examination (PIE) of the
Advanced Test Reactor (ATR) MOX capsules
containing MOX fuel fabricated from weapons-
derived plutonium irradiated to 30 GWd/MT has
shown excellent fuel performance.  Two test
capsule types were examined; one contained
fuel that underwent a special thermal gallium
removal process (TIGR) and the other contained
fuel that did not undergo any special processing.
Initial gamma scanning revealed normal capsule
and fuel pin behavior.  Fission gas
measurements of the capsules and fuel pins
demonstrated the integrity of the fuel pins and
showed the fission gas release to be between
1.5 and 2.3%, within the expected range.
Metallographic mounts were prepared from the
fuel pins and fuel behavior was found to be in
accordance with expectations, with no
indications of significant fuel restructuring or
abnormal swelling. As was expected from earlier
PIE work, large plutonium agglomerates were
present.  Some were as large as 600 microns,
several times that expected in contemporary
commercial MOX fuel.  No irradiation difficulties
were noted with these agglomerates.  The grain
structure of the pellet was observed to change
over the radius of the pellet, with larger grains in
the pellet center.  This effect was more
pronounced in the TIGR treated material that
also appeared to have a greater fission gas
release.  A SEM/Microprobe examination of the
fuel and clad showed no adverse interactions
and confirmed that the pellet grain structure of
the TIGR treated material is behaving somewhat
differently.  Elemental mapping confirmed that
the agglomerates were rich in plutonium and
that fission products were localized in the
agglomerates.  Radiochemical analysis of the

fuel confirmed the expected burnup values and
showed no indications of significant migration of
gallium to the clad.

INTRODUCTION

The MOX test capsules are irradiated in the
Advanced Test Reactor (ATR)
at Idaho National Engineering and
Environmental Laboratory (INEEL) and are
being withdrawn for PIE in five phases denoted
early, intermediate, 30 GWd/MT, 40 GWd/MT,
and final. The 11 capsules irradiated in this
program are simple, uninstrumented, drop-in
capsules with local flux monitor wires. Capsules
are being withdrawn at approximately 10
GWd/MT intervals, their integrity noted, and the
fuel pins removed and examined.  The purpose
of these examinations is to monitor the progress
of the irradiation so that it can be determined if
the fuel is behaving in accordance with the
performance models utilized in the pretest safety
analyses and to determine if any materials
interactions are taking place between the fuel,
which contains trace amounts of gallium, and
the fuel cladding.  The two capsules that
underwent the 30 GWd/MT PIE are Capsule 3,
which provided containment during the
irradiation for Fuel Pin 6, and Capsule 10, which
served as containment for Fuel Pin 13.  The
MOX fuel within Fuel Pin 13 was created from
PuO2 that was treated by a Thermally-Induced
Gallium Removal (TIGR) process before being
blended with UO2 and pressed into pellets [1].
The MOX within Fuel Pin 6 was untreated.   The
treated fuel contained approximately 1.3 ppm
(mass) gallium and the untreated fuel contained
approximately 3 ppm (mass) gallium.



The fuel and clad have performed without
problems and within expectations for the PIEs
performed to date.  Details of the program goals,
capsule and fuel pin designs, the fuel types, and
irradiation history will be presented in other
papers at this conference [2,3].

RESULTS OF THE PIE

After being received at the hot cell, the capsules
underwent a dimensional inspection that
showed, in all cases to date, that no abnormal
dimensional changes were taking place.  No
observations of corrosion or physical damage
were found.  Gamma scans conducted prior to
opening a capsule and removing a fuel pin
provided qualitative indications of the burnup
along the fuel pin pellet stack, showed that no
axial gaps are developing within the fuel stack,
and that the capsule and fuel pin integrity is
excellent.  Figure 1 shows a representative 30

GWd/MT capsule raster scan detailing the
capsule and fuel pin internal components along
with an assembly schematic for reference.  Line
scans along the axial center line of the capsule
produced sufficient detail to show periodic signal
reductions corresponding to the pellet dishing,
offering further evidence that the pellets and
overall fuel stack were intact [4,5,6].

A two-step process, developed at ORNL, was
followed for measuring the fission gas pressure
[7].  First, the gas in the capsule plenum was
released by drilling into the top of the capsule.
The pressure was measured and the gas was
sampled for 85Kr.  The pressure was slightly sub-
atmospheric as expected (in all cases) and no
85Kr was seen, confirming that the fuel pins were
gas tight.  Next, the drilling continued into the
fuel pin plenum region where the pressure was
measured and the gas sampled for 85Kr.  Based
on 85Kr measurements, the fission gas release

Figure 1.  Gamma scan of 30 GWd/MT fuel pin.



for the fuel was 1.5% for the untreated fuel and
2.3% for the treated fuel [6].  Similar release
values were also estimated from the measured
gas pressure, but the simultaneous release of
helium created within the fuel by the decaying
actinides gives this method higher uncertainty.

Following the fission gas measurement, the
capsules were opened and the fuel pins
extracted.  A specially developed measuring
apparatus allowed the examination of the fuel
pin diameter as a function of axial length within
an accuracy of approximately 0.0001” [8]. Fuel
pin dimensional inspections showed no
abnormalities and fuel pin clad radial
measurements as a function of length revealed
the existence of primary ridging due to the pellet
edges thermally expanding (“hourglassing”) and
distorting the clad (approx 0.0003” high ridges
one pellet length apart) as predicted by
mechanical modeling codes.  This observation is
shown in Figure 2.

No secondary hard pellet-clad mechanical
interactions took place, as predicted, indicating
no excessive pellet swelling.   The measured
diameters of all the irradiated claddings, in the

current PIE and the two previous PIEs, do
indicate a slight outward creep of the clad of
about 0.1% diametral at 30 GWd/MT.  The
reader should note that the pressure differential
in this experiment is inverted from the usual
LWR case.  The fuel pin is pressurized by the
fission gases, but shielded from the water
pressure by the capsule containment so the net
pressure pushes the clad outward rather than
inward.

Metallographic mounts were prepared from the
fuel pins and fuel behavior was found to be in
accordance with expectations.  The fuel
exhibited the normal cracking typical of LWR
fuel; no indications of significant fuel
restructuring, fuel clad interactions, or abnormal
swelling were noted.  In both the 21 and 30
GWd/MT PIEs, large plutonium-rich
agglomerates were noted in the mid and outer
regions of the fuel where the temperature is low
enough (less than approximately 1100ºC) to
prevent significant diffusion of the internal gases

from the agglomerates.  Some agglomerates
were as large as 600 microns, several times the
size of agglomerates present in contemporary
commercial MOX fuel.  No irradiation difficulties

Figure 2.  Results of a fuel clad diametral measurement at 30 GWd/MT (Fuel Pin 13).  Note the
alignment between the graph peaks and the pellet locations.  (Solid line is machine
measurement, points are manual check.)



have been experienced with these
agglomerates, but they do indicate less than
optimum secondary powder mixing for this
particular fuel.

Figure 3 shows an etched metallographic mount
made from Fuel Pin 13 (TIGR material); mounts
from the untreated fuel have a similar
appearance.  The agglomerates are clearly
visible as is the general structure of the fuel. The
cracking is typical of LWR fuel and is considered
normal.  No interactions between the clad and
the fuel are apparent.  Note the small gap at the
pellet clad interface showing that the pellet is not
in hard contact with the clad.

The grain structure of the pellet was observed to
change over the radius of the pellet with the
grain size being larger in the interior of the
pellet.  The grain size at the edge of the pellets

was roughly the same as that in unirradiated
fuel, with the grain growth occurring in the hotter
regions of the fuel.  This large grain size was
more pronounced in the TIGR-treated fuel
(roughly 1.5 to 2 times) than in the untreated
fuel.  The difference in grain sizes is suspected
to be due more to the different PuO2 source
powder processing (TIGR or not) rather than to
any gallium or irradiation effects, as source
powder preparation is known to be important to
pellet behavior.

A transverse metallographic mount prepared
from three contiguous pellets of Fuel Pin 13
(TIGR treated) is shown in Figure 4.  This

arrangement is of interest to show details of two
pellet-to-pellet interfaces, including chamfer and
dishing.  Any abnormal fuel behavior (such as
excessive swelling) would be expected to distort

Figure 3.  Cross section of 30 GWd/MT fuel pin.  Etching shows the
agglomerates.



these features.  However, Figure 4 clearly
indicates that these outlines are distinct and in
their normal placement.  Both the pellet chamfer
and dishing are visible as is the pellet-clad gap.

Two scanning electron microscope/microprobe
(SEM) mounts were prepared for more detailed
elemental study.   The activity of the samples
generated too much background noise for
energy dispersive X-ray analysis to be employed
so only wavelength dispersive X-ray analysis
was used on the specimens.  The samples were
prepared by epoxy mounting fuel pin sections,
as was done for the metallographic mounts, and
then grinding the mounts until the fuel pin
section was roughly 10 mils thick to reduce the
dose level.  The mounts were then polished as
was done for the metallographic mounts.

Figure 5 shows the uranium and plutonium
elemental mapping for a TIGR treated pellet
(Fuel Pin 13) in the vicinity of an agglomerate.
The agglomerate with its characteristic porous
structure appears in the upper left quadrant of

the secondary electron scan image of this figure.
The plot in the lower right hand corner shows
the relative (to their respective maximums)
plutonium and uranium signals along a line

crossing both the matrix material and the
agglomerate.   The plutonium X-Ray scan
clearly shows the higher plutonium levels in the
agglomerate and the uranium X-Ray scan
shows the reduction in uranium density in the
agglomerate.  A quantitative measure of the
plutonium-uranium ratio was not available due to
lack of suitable standards for comparisons.

The agglomerates and the nearby matrix regions
were analyzed for selected fission products as
well.  Ru and Pd were noted to form small
clusters within the agglomerate, while the Nd
distribution was more diffuse.  In both cases
there was localization of the fission products
within the agglomerate, as one would expect.

The nature of the agglomerates was the same in
both the treated and untreated fuel.  The most

Figure 4.  Transverse Cross section of 30 GWd/MT fuel pin.  Note the pellet details.



significant difference was the grain size in the
central regions of the pellet.  A high
magnification view of the fracture surfaces (in a
chipped region of the mount) of the TIGR treated
material showed wavy grooved surfaces that
were not seen in the untreated material,
supporting the supposition that the different
processing had an effect on grain behavior.
This behavior was not pursued further, but will
be monitored in the future PIEs.

The pellet-clad interface regions of the mounts
underwent SEM analysis as well to determine if
any interactions were occurring. There appeared
to be a thin oxide layer on the inner surface of
the clad; otherwise no reactions or material
transfer between the pellet and clad were noted
for either the treated or untreated fuel.
Zirconium was shown to be localized to the clad
and no gallium signal was seen.

In general, the SEM observations were as
expected from the literature on MOX fuel and

were consistent with the Pu being concentrated
in agglomerates.

Segments of the cladding from both fuel pins
were analyzed for gallium content to determine if
gallium was migrating from the fuel to the clad, a
major investigative objective of this experiment.
Archival unirradiated clad specimens were
analyzed for gallium to establish a baseline.
Originally it was believed that the untreated fuel
would contain many 10’s of ppm gallium;
however, normal fuel fabrication (thermal
release of gallium during pellet sintering)
appears to limit the maximum gallium content of
a pellet to a few ppm, resulting in an analytic
challenge to quantify the gallium concentration.

Resolution of gallium in unirradiated cladding
specimens was not difficult and concentrations
were roughly 0.5 ppm; however resolution of the
gallium concentration in irradiated clad was
more difficult because barium, a fission product,
can become doubly ionized in a mass

Figure 5.  Pu and U mapping of an agglomerate.



spectrometer and mimic gallium.  Normally, this
is not a major problem, but the very small
amounts of gallium present in these specimens
lead to difficulties quantifying the measurement.
Chemical separation steps were required to
obtain a reliable mass spectrometer signal.

Within the analytic uncertainties (roughly 30%),
the analysis of both unirradiated (baseline) and
irradiated clad material reveal no indications of
gallium transfer from the fuel to the clad.  The
conclusion at this point is that the trace gallium
in the fuel is not migrating out to the clad at a
significant rate and presents no credible threat
to the clad.  In fact, trace gallium appears to
have been present in LWR fuel system
components for decades.

Other unirradiated fuel system components were
analyzed for gallium.  The depleted uranium
used to fabricate the pellets contained 13 ppb,
samples of commercial LWR fuel pellets were
found to contain about 10 ppb, Zircaloy fuel clad
and bar stock also contained trace gallium with
most samples in the 120 to 600 ppb range, and
the stainless steel springs were found to contain
much higher levels of gallium, approximately 30
to 40 ppm.  Thus, the LWR fuel system probably
has been exposed to trace gallium for many
years; before this experiment one simply had no
reason to look for it [5,9].

Fuel burnup is determined by Nd analysis.  For
the 30 GWd/MT withdrawal, Pellet 10 of both
fuel pins was used as a reference point for
comparison with the neutronics code
calculations.  Fuel Pin 6 (untreated) had a
burnup of 27.6 GWd/MT and Fuel Pin 13 had a
burnup of 27.8 GWd/MT.  These values are
within the uncertainties of the calculations and
the radiochemical analysis.  Both pins were
irradiated under identical conditions, so their
burnup values were expected to be the same.

During the course of the PIE, a method of
determining burnup by Pu isotope analysis (as
computed by the neutronic codes) was
developed by INEEL and this method, when
using the isotope breakdown produced by the
ORNL radiochemical work, produced the slightly
higher burnup values of 29.3 GWd/MT for Fuel
Pin 6 and 29.8 GWd/MT for Fuel Pin 13 [10].

Overall, the burnup methods produced
comparable results within their uncertainties and

the two different methods offered a consistency
check on the burnup radiochemistry task.  The
flux wire readings also were consistent with
these results.

After completion of the PIE work, the remaining
clad segments were defueled by soaking in nitric
acid, rinsed in water and stored for later ductility
testing.  A collection of clad segments has been
saved from the three PIE efforts to date and this
clad material will undergo testing in the future to
determine if the use of the weapons-derived Pu
has any impact on clad ductility.

SUMMARY OF MOX PIE WORK TO DATE

Fuel samples with three different burnups from 6
capsules have been examined to date, with a
fourth PIE in progress.  None of the PIEs have
noted any abnormal fuel or clad behavior and
the fuel behavior has been as expected from the
literature and as modeled by the available
computer codes.  Within the measurement
limits, no migration of gallium from the fuel to the
clad has been observed.  One surprise of this
PIE work was that gallium is normally present in
fuel clad materials at the sub ppm levels and
that the amount of gallium present in untreated
weapons-derived MOX fuel is only a few ppm.
Thus, gallium is not new to the LWR fuel system
and very little gallium survives the pellet
sintering process.

The thermal expansion at the end of the cracked
pellet segments has resulted in primary ridging
of the fuel pin clad.  All PIEs have seen the clad
creep slightly outward due to the effects of pellet
“hourglassing” and the internal (fission gas)
pressure in the fuel pin exceeding the pressure
on the outside of the pin.

The agglomerates in this test fuel are
considerably larger than are present in
contemporary commercial MOX fuel, but they
are causing no irradiation problems.  In some
respects this fuel is similar to the early MOX fuel
before an effort was made to reduce the size of
the agglomerates for better reprocessing
solubility.

A summary of the burnups and fission gas
release for the 6 fuel pins examined to date is
shown in Table 1.



One trend that may be developing is that the
TIGR treated material may be behaving
somewhat differently at the pellet grain level and
may have a higher fission gas release.  These
items will be monitored in future PIEs.  It should
be noted that the TIGR process is no longer
considered to be a candidate for fuel fabrication
and the behavior of the TIGR treated material is
now of general rather than practical program
interest.
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Table 1
Withdrawal Fuel

Pin
Pellet

Location
(from
top)

Treatment Calculated
Fuel Pin
Average
GWd/MT

(±7%)

Measured
GWd/MT

(±5%)

Fission
Gas

Release
[Percent]

(±6%)
Early 2 2 None 8.8 7.95 ------

5 2 None 21.2 23.3
5 15 None 21.0 22.0

1.44
Intermediate

12 15 TIGR 21.0 22.5 1.95
6 10 None 30.2 27.6 1.50

13 10 TIGR 30.4 27.830 GWd/MT
13 9 TIGR 30.4 26.9

2.26


