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ABSTRACT

This report contains papers presented at the 2002 Nuclear Safety Research Conference at the Marriott
Hotel at Metro Center in Washington, DC, October 28-30, 2002. The papers were presented in each of the
conference's seven breakout sessions over the course of the three days. They describe progress and results
of programs in nuclear safety research conducted in this country and abroad. International participation in
the meeting included papers presented by researchers from France, Japan, Norway and Russia.

The titles of the papers and the names of the authors have been updated and may differ from those that
appeared in the final program of the meeting.
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SUMMARY OF USNRC'S RESEARCH TO ADDRESS PRESSURE BOUNDARY
DEGRADATION ISSUES

William H. Cullen, Jr., Sr. Materials Engineer
Materials Engineering Branch, Office of Research

US Nuclear Regulatory Commission
Washington, DC 20555 USA

(301) -415- 6754
whc~nrc.gov

ABSTRACT

The NRC Office of Research has funded materials testing programs to address issues of
pressure boundary degradation for over 30 years. The aspects. of the work that address the
effects of the reactor coolant environment specifically are being carried out principally at
Argonne National Laboratory. Two aspects of the ongoing program there center on
determination of (a) the effects of reactor environments on fatigue life, and (b) stress corrosion
crack growth rates in nickel-base alloys, such as Alloy 600 and Alloy 182, principally to define
better the variables that affect cracking of vessel head penetrations, and other attachments
fabricated from nickel-base alloys, or joined with mixed metal welds.

The largely unanticipated discovery of substantial wastage of the low-alloy steel pressure vessel
head at the Davis-Besse plant has resulted in a significant effort on the part of industry and the
NRC to understand the root cause of this incident, the corrosion processes involved, and the
margin of safety that existed at the time of discovery. NRC/RES immediately set about
determining the margin of safety that existed at the plant at the time of shutdown, and has
initiated two test and evaluation programs to (a) determine the corrosion processes that were
involved, and (b) to evaluate the integrity of the cavity and the cladding. This report summarizes
the observations made by the licensee, and details the response on the part of the NRC,
especially the Office of Research.

1. ENVIRONMENTALLY-ASSISTED CRACKING OF LIGHT WATER REACTOR
BOUNDARY COMPONENTS

Since 1986, the Materials Engineering Branch has funded a program at Argonne National
Laboratory (ANL) (and at the Naval Research Laboratory and Materials Engineering Associates,
Inc. before that) to address the irradiation sensitivity, thermal aging and environmental
degradation of pressure boundary components. The program currently being conducted at ANL
consists of elements to address (a) degradation of fatigue life of carbon, low-alloy and stainless
steels, (b) irradiation-assisted cracking of reactor internals, and (c) stress-corrosion cracking
studies of nickel-base alloys. All three elements include specifically the effects of both BWR
and PWR environments, as well as correlative studies of mechanisms and failure modes, and
their connection with materials and environmental chemistry, thermomechanical processing and
other important variables. The most recent annual report from this program is cited as
Reference 1, and the descriptions immediately below are taken from that report.

The program on fatigue life specifically addresses the effects of strain rate and environment on
the three classes of materials that dominate pressure boundary structures: carbon steels, low-

1



alloy steels and stainless steels. For carbon and low-alloy steels, environmental effects on
fatigue life are significant in high-DO water (>0.04 ppm DO) and only moderate (less than a
factor of 2 decrease in life) in low-DO water. The reduction in fatigue life of carbon and low-
alloy steels in LWR environments has been explained by the slip oxidation/dissolution
mechanism for crack advance (Ref. 2). The requirements for the model are that a strain
increment occur to rupture the protective surface oxide film and thereby expose the underlying
matrix to the environment; once the passive oxide film is ruptured, crack extension is controlled
by dissolution of freshly exposed surfaces and their oxidation characteristics. Unlike the case of
carbon and low-alloy steels, environmental effects on the fatigue lives of austenitic SSs are
significant in low-DO (i.e., <0.01 ppm DO) water (Fig. 1); in high-DO water, environmental
effects appear to be either comparable (Refs 3, 4) or, in some cases, smaller (Ref. 5) than those
in low-DO water. These results are difficult to reconcile in terms of the slip oxidation/dissolution
model.
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Figure 1. This shows the dependence of fatigue life of austenitic stainless steel on strain rate,
for various strain amplitudes in deaerated, PWR-like environments. There does appear to be a
saturation effect at low strain rates, corresponding to about one cycle each hour (Data from
Reference 1).

Stress-corrosion cracking of Alloy 600 steam generator tubing has been investigated since the
1970s. The work of Conou (Ref. 6), showed that Alloy 600 was susceptible also to stress
corrosion cracking in pure water. However, the issue did not attract much attention until late-
1980s with domestic and international discoveries of leaks in several Alloy 600 instrument
nozzles, and the 1991 discovery of a small flaw in the control rod drive mechanism (CRDM)
housing at Bugey 3, located in east-central France, near Lyon. Reference 7 is an excellent
summary of the situation through 1993. At this point, the tendency of Alloy 600 vessel head
penetrations and the associated welds to crack throughout a range of time and temperature
conditions has resulted in decisions to replace the vessel heads throughout France, and at
many plants in the US.

At Argonne, fracture mechanics crack growth rate (CGR) tests are being conducted on compact
specimens of Alloys 600 and 690 in either oxygenated high-purity water or deaerated water that
contains B, Li, and low concentrations of dissolved H at 289-320'C. Because environmental
degradation of the alloys in many cases is very sensitive to processing, the effects of various

2



thermomechanical treatments are also being evaluated. The fatigue CGRs of Alloy 600 are
enhanced in high-DO water; the environmental enhancement of growth rates does not appear
to depend on either the C content or heat treatment of the material. Also, in high-DO water, the
CGRs at 3200C are comparable to those at 2890C. In contrast to the behavior in high-DO water,
environmental enhancement of CGRs of Alloy 600 in low-DO water seems to depend on
material conditions such as yield strength and grain boundary coverage of carbides. Materials
with high yield strength and/or low grain boundary coverage of carbides exhibit enhanced
CGRs. Correlations have been developed for estimating the enhancement of CGRs of Alloy 600
in LWR environments relative to the CGRs in air under the same loading conditions.
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Figure 2. Crack growth rate data under cyclic loading for MA and MA plus 30% cold worked
Alloy 600 in high-purity water at 290'C with - 300 ppb DO and at 3200C with <5 ppb DO (Data
from Reference 1).

During repair work of a CRDM nozzle at the Davis-Besse plant, located on the shores of Lake
Erie, a large cavity emanating from an axial crack was discovered in the low alloy steel vessel
head. While there have been other much smaller and less potentially damaging incidents of
boric acid corrosion of carbon and low-alloy steels, the magnitude of the wastage in this case
has resulted in considerable alarm throughout the NRC, other licensees, and the international,
reactor safety community.

II. BACKGROUND OF THE DAVIS-BESSE INCIDENT

In early March, 2002, inspectors at the Davis-Besse plant, located on the shore of Lake Erie
near Toledo, Ohio, USA, discovered a large cavity in the reactor head created by boric acid
wastage resulting from leaks in CRDM Nozzle #3. Just prior to that finding, the licensee had
completed a 100% volumetric inspection of the 69 Control Rod Drive Modules (CRDMs) in the
head, and had found five nozzles with cracks that required repair before restarting. In the
process of machining out the cracks in Nozzle #3 preparatory to repair, the nozzle came
completely loose, boring was stopped, and that area of the head, which had been covered with
boric acid residue, was cleaned enough to discover and view the cavity (Fig. 3).
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Figure 3. A view of the corrosion cavity near Nozzle #3. This photo was taken
after an 18-inch (-0.5m) diameter dropout had been cut from the head, and the
Alloy 600 CRDM nozzle had been removed. The 'downhill' direction is to the
left. The opening to the right is the former location of Nozzle #3.

The licensee informed the USNRC of this finding on March 8, 2002. Due to the unprecedented
extent of the corrosion that was found, the NRC began to mobilize a substantial fraction of
personnel and contractor resources to address the issue. Seven months later, several activities
related to this issue are in progress, and some will continue for many more months. This
presentation reviews several of those activities, particularly those that are managed by the
Materials Engineering Branch of the USNRC's Office of Research.

The Augmented Inspection Team

On March 12, the NRC assembled an on-site, five-person "Augmented Inspection Team" with
the responsibility of discovering the facts and circumstances related to the degradation of the
reactor head, and to identify any precursor indications of this condition. The AIT, consisting of
personnel from the Office of Nuclear Reactor Regulation (NRR), including Region IlIl which is
directly responsible for Davis-Besse oversight, and the Office of Research (RES), produced its
report (Ref. 8) and presented its findings at a public meeting on April 5.

The AIT report focused on a number of 'missed opportunities" that might have been better
interpreted as evidence of seriously leaking CRDMs, or serious corrosion of the vessel head
itself. The AIT found that both radiation element filters and the containment air cooler (CAC)
had experienced an increase in their respective rates of fouling beginning in November 1998
and March 1999 respectively. Examination of the products causing the fouling showed large
amounts of crystalline boric acid, together with black, brown and red iron oxide corrosion
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products. However, the source of the corrosion products was assumed by the licensee to be
from CRDM flanges that were known to be leaking, and not from corrosion of the vessel head.

During this same time period, and earlier (1996 - 2002), the licensee was unable to visually
inspect the head near the centermost nozzles because substantial deposits of non-removable
boric acid products prevented observation by the video cameras used in this type of inspection.
A photo of the boric acid residues and corrosion products that flowed down the head of the
reactor is shown in Figure 4. As with the filter deposits, the licensee alleged that these deposits
originated from the known, higher-up leakage from the CRDM flanges, rather than leakage from
cracks in the CRDM housing itself. The licensee asserted that visual inspection of the
centermost nozzles was not important, since the center nozzles were believed to have lower
levels of residual stresses, and therefore were less susceptible to initiation and growth of stress-
corrosion cracks. However, the NRC regulators, supported by RES contractors with expertise in
the inspection area, required the Davis-Besse plant to shut down on February 16, 2002 for a
100% volumetric inspection of the CRDM nozzles, in consideration of the fact that a 100% bare
head visual had, for the previous eight years or more, been impossible.

F-igure 4. Photograph taken at the 73" Refueling Outage (RFO 13) in 2000. The
head bolts are seen at the left, and the service structure, housing the CRDM
drive motors, the head insulation package and circulation fans, is shown at the
right. The corrosion products flowed from a series of "mouse holes"- the square
cutouts around the lower edge of the service structure skirt.
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In parallel with the AIT meetings, the NRC established a link on the public website on which was
posted notices of all the public meetings and available documents that pertained to the incident
(Ref. 9) On April 15, the licensee delivered the root cause report to the NRC (Ref. 10), and on
May 7, the NRC hosted a public meeting to allow the licensee to present their findings, and
respond to questions from NRC staff and the general public. RES personnel have been heavily
involved in the ongoing activities to evaluate the root cause report and recommend additional
tasks that will be necessary to satisfy any open issues that remain.

Description of the CRDM and Cavity Inspections

The volumetric inspection found four axial cracks in this nozzle, two of them throughwall (TW).
One TW crack, extending 1.1 inch (-28 mm) above the J-weld, was facing into the cavity, and
was presumably the source of the corroding environment. However, the second throughwall
crack (see Fig. 5), extending about 1.0 inch (-25 mm) above the J-weld, was directly opposite
the first, and faced directly into the smooth, and completely unattacked region showing in Fig. 3
as the darkened area to the right of the cavity.
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Figure 5. Interpretation of the ultrasonic inspection probe readings from
Nozzle #3. Four cracks are coded according to the legend along the
bottom of the figure. The parallel, wavy lines designate the upper and
lower surfaces of the structural J-weld. The #1 axial crack (close to 0°)
faced into the cavity, leaking the coolant that fed the corrosion. The #4
crack (close to 1800) faced the uphill direction, and no leak path was
found associated with this flaw.
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The licensee agreed to use a waterjet cutting procedure to remove a 18-inch (-0.5m) diameter
section from the head, including the areas around Nozzles #3 and #11, and including the entire
cavity. This section, together with Nozzles #3 and #11 were shipped to BWX Technologies
(BWXT) laboratory for further investigation, including metallography of the low-alloy steel and
cladding, fractographic studies of cracks in the cladding, J-welds and CRDM tubes,
microhardness measurements of the clad and underlying base metal, and tensile tests of the
clad.

As part of the investigative work at BWXT, silicon rubber castings were made of the cavity, in
order to determine its true size and shape, and to get an accurate measurement of the area of
the exposed clad. Figure 6 shows one such cast replica. From this replica, the exposed clad
surface area was measured to be 16.5 sq. inches (-0.011 M2 ); if the exposed J-weld is
included, the total is about 21 sq. inches (-0.014 M2). The casting shape also depicts the
general wastage that occurred on the top of the head beyond the limits of the cavity walls. This
corrosion was apparently resulted from the outflow of concentrated boric acid solutions fed by
the continued leakage from the CRDM cracks.

Figure G. A. cast, silicon rubber replica of the cavity and upper head surface
wastage near Nozzle #3. The casting is shown upside down, with the "footprint"
of the exposed clad at the top, and the molding of the general corrosion on the
top surface of the head at the bottom. The downhill direction is to the right. The
cavity portion of the green, rubber mold is covered with reddish-brown corrosion
products that were extracted, along with the replica itself.
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By mid-summer, the licensee had procured a replacement head from a cancelled reactor, had
begun activities to remove the old head from containment, and to modify very slightly and install
the replacement head. Concurrent with these activities, an Inspection Manual Chapter 0350
panel was convened to provide oversight to the restarting procedures planned by the licensee.
The panel, which is composed primarily of staff from Region l1l, provides a central focus for the
NRC for decision-making and prioritization of the activities that are essential for a safe restart of
the reactor. Currently, restart is scheduled for early January, 2003.

Ill. REDIRECTION OF RESEARCH EFFORTS

The assessment of the remaining margin of safety was among the activities of the Office of
Research staff. The Office of Research redirected the efforts of staff at the Oak Ridge National
Laboratory (ORNL) to produce a finite element model of the Davis-Besse head, including the
details of the cavity, and to calculate the pressure to develop a rupture, leading to a LOCA. A
second calculation was completed assessing the maximum dimensions of the cavity and the
associated exposed clad that could sustain normal operating pressure of the reactor. Based in
part on these results, a probabilistic risk assessment was developed. Office of Research
personnel have been instrumental in developing the boundary conditions, determining the
relevant data requirements including materials properties and corrosion rates, and coordinating
the derivation of these models and their results.

IV. ASSESSMENT OF REMAINING MARGINS

The initial ORNL assessment of the remaining pressure margin of the as-found cavity was
completed with the best set of measurements and materials properties that were available early
in the discovery process. Among other errors and unknowns, the exposed cladding
measurements provided to the NRC were too high by almost 50%. In spite of the uncertainties
at that time, and the conservative assumptions that were used in lieu, the calculations showed
that more than 5000 psi (>34 MPa), would be required to burst through the exposed clad.

During the last few months, better-established details of the cavity size and shape, and more
accurate stress-strain representations of 308 stainless cladding were provided to an improved
model. The current representation of the finite element submodel of the sector of the Davis-
Besse head, including the cavity and the neighboring nozzles, is shown in Figure 7.

Some of the values required as input to the model are known accurately, some are known with
some uncertainty, some need to be modeled conservatively, and some considerations are not
yet known. The head design and the internal pressure are known. The dimensions of the
irregularly shaped cavity were known (at the time) only approximately. A conservative
approximation was used, assuming the walls were straight and placed at the outer limits of the
cavity. This produced a value of the exposed cladding of 35.4 sq. inches (0.023 M2 ). - much
greater than the actually measured value of about 21 sq. inches (-0.014 m; including the area
of the exposed J-weld). Similarly, the thickness of the exposed clad is variable, ranging from
0.24 to 0.35 inches (6.1 to 8.9 mm), so a conservative value of 0.24 inches was used in the
calculation. [Later work showed that the minimum thickness of the clad was just over
0.20 inches (5 mm)]. The integrity of the J-groove weld was not assured, so its geometry was
not included in the model. For the purposes of the calculation, the area of the J-weld was
represented as if only clad of nominal thickness was in its place. By adapting the stress-strain
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curve for 304SS to conservative values of the yield and ultimate strengths and the work-
hardening coefficient for 308SS found in the literature, a surrogate stress-strain curve for 308SS
was developed, along with a normal distribution matching that for 304SS. Not included in the
calculation at all were considerations such as the thermal gradient across the cladding (a
constant temperature of 600*F (3150C) was assumed), and the presence of any residual
stresses anywhere in the model.

Submodel of Wastage Area

16,935 elements _ f
52,887 nodes a

Nozzles 3, 11,
15, and 16

Cladding
SS308 Weld

(0.24 in. thick) Base Material
refined cladding with Wastage Area
model to resolve
through-thickness F 5=2
strain gradients

Figure 7. A submodel of the Davis-Besse head, corrosion cavity and nearby
nozzles. A model of the complete head was used to determine boundary
values at the edges of the submodel. Burst pressures under various
configurations of the cavity, both as-found and with postulated, additional
growth, were calculated from the submodel response.

The failure criterion was established by calibrating the model against literature-based burst test
data for 304 stainless steel (304SS) disks of a similar diameter [6.0 inches (150 mm)] (Ref. 11).
Using stress strain data for 304SS, the ORNL model "predicted" disk burst pressures that were
about 10% below the actual measured burst pressures. The model was "pressurized" in the
numerical sense until net section failure occurred, and the predicted burst pressure was
established to be that number, less 10%. Based on these assumptions, the mean failure
pressure with cladding thickness of 0.24 in. (6.1mm) would be substantially higher than the
operating pressure of the reactor system. Coupled with the fact that the assumptions detailed
above are either accurate or conservative support the conclusion that failure of the clad
membrane in the condition that existed at Davis Besse at shutdown was an exceedingly unlikely
event.
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The other approach to the safety assessment issue is to compute how much longer the Davis-
Besse reactor could have operated under a scenario of continued corrosion and increasing
dimensions of the cavity. As required input to that computation, MEB personnel have recently
completed a review of the available data on corrosion of stainless and low-alloy steels in
concentrated boric acid solutions. Based on an industry document (Ref. 12) that contains a
conclusion that the temperature of the concentrated boric acid solution in the cavity at the time
of reactor shutdown was about the boiling point of the solution [-215° - 220'F, (-102° - 104'C)
depending on the concentration of boric acid], a conclusion was reached that the wastage rate
of low-alloy steel could have been as high as 5 inches per year (-4 x 10-9 m/s).

The evolution of the dimensions of the cavity, should it have continued to corrode, are complete
speculation. For the purposes of calculation, two assumptions were made: (a) that the cavity
continued to growth self-similarly (i.e., with the same shape, achieved computationally by
"growing' the walls normal to the centroid of the cavity), or (b) that the cavity morphed into an
ellipsoidal shape, which would have been dictated more by the draw of gravity on the cavity
contents. This latter assumption is supported in part by the shape of the silicon rubber mold of
the top surface of the vessel head (See Figure 6). For either of these assumptions, the area of
exposed clad would have to have increased substantially before rupture would have occurred.

A short time before this report was completed, small cracks, or crazing, were discovered on the
surface of the exposed clad (i.e., at the (former) interface of the clad with the low-alloy steel.
Figure 8 shows an optical micrograph of the exposed clad surface, and the flaws. These cracks
appear to follow obvious metallographic features such as weld interpass boundaries, and other
topological features of the exposed clad surface.

Figure B. A photograph of the exposed clad surface, showing the small cracks
which are most open where the deflection of the clad is a maximum.
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These cracks will be characterized much more completely in the future, but their presence
compromises the calculations of the remaining margins that were described in the preceding
paragraphs. Plans are in place to suitably adjust these calculations once the sizing and
distribution of these cracks has been completed. At that time also, a decision will have to be
made concerning the failure mode, which might change to a ductile tearing mode, rather than
the net section failure criterion that has been used.

V. INITIATIVES FOR FUTURE RESEARCH

Driven by what was not known at the time of discovery of the corrosion cavity, several newly
conceived research programs have been put in place, or will start in the near future. Other NRC
activities with a more long term focus on the inspection, leakage and corrosion damage issues
include a variety of research programs that have been initiated or refocused recently. As an
example, the Program at Pacific Northwest National Laboratory (PNNL) will become more
focused on refinement of UT and eddy current techniques for CRDM and J-weld inspection.

A new corrosion program, awarded to Argonne National Laboratory, will establish corrosion
characteristics of low-alloy steel, stainless cladding steel and Alloy 600 in concentrated boric
acid solutions. This same program also contains a task to develop a probabilistically-based,
integrated crack growth rate and inspection frequency determination model. This program
consists of several tasks, summarized below:

(a) Crack Initiation and Growth Rates of Alloys 600 and 182 Removed from Davis-
Besse Nozzles and J-weld: The objective of this task is to conduct stress-
corrosion crack initiation and crack growth rate tests in simulated PWR coolant of
CRDM and J-weld alloys removed from the head of the Davis-Besse plant. The
initiation tests will show whether cracks could have formed with little or no
incubation period, and give some information about the shape of the cracks,
given the particular material characteristics of superficial work hardening,
residual stress and grain size. The crack growth rate tests will demonstrate how
the materials used in the construction of the original Davis-Besse head compare
with the existing SCC data base.

(b) Development of an Integrated Crack Growth Rate and Inspection Frequency
Determination Model: The objective of this task is to invoke a probabilistic
approach to the development of a calculational model -leading to prediction of
appropriate inspection intervals for vessel penetrations. The probabilistic model
will incorporate uncertainties in factors, such as: (a) sizing of cracks as
determined through non-destructive inspections; (b) probability of detection; (c)
variation in crack growth rates, due to microstructural and environmental
conditions; (d) variations in stress intensity factor, due principally to residual
stresses; (e) variations in leakage rates; and (f) structural integrity evaluations.

(c) Corrosion of Reactor Steels in Concentrated Boric Acid Solutions: The objective
of this task is to measure the wastage rates of A533B pressure vessel steel and
308SS cladding steel in flowing and quiescent boric acid solutions of varying
concentrations and at various temperatures. Additionally, corrosion tests will be
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conducted in molten boric acid and boric oxide mixtures at two temperatures, to
be determined, and under pressure and humidity conditions that provide
chemical compound stability for the molten species.

(d) Measurement of Electrochemical Potential (Corrosion Potential) of Alloy 600,
Alloy 182 and A533B in Concentrated Boric Acid Solutions: The objective of this
task is to measure the electrochemical corrosion potential of the materials found
in the head and nozzles of the Davis Besse reactor, under the same set of
temperature, solution concentration and flow/no flow conditions as will be
explored in (b), above.

With the discovery of the small cracks in the cladding, the safety assessment took a new turn,
departing from a rather straightforward analysis of a stressed membrane, with a complex shape,
to an evaluation of whether such a membrane would fail by net section collapse, or by a ductile
tearing of a flaw. This phase of work, undertaken by ORNL, consists of several aspects, both
analytical and experimental.

The analytical efforts consist of:

(a) estimations of the cladding residual strains at 6000F (3150C), using finite element
methodologies;

(b) estimations of the crack driving forces as functions of flaw size, and membrane
stress by performing elastic-plastic finite element analyses of sharp, surface-
breaking flaws; and

(c) estimation of the plastic collapse stress, as a function of flaw size, assuming the
flaws blunt. The flaws assumed will range over 5%, 25% and 50% of the thick-
ness of the clad, with lengths ranging from 0.375 in. through 2.0 in. (9.5 - 51 mm);

Each of these analytical experiments will be conducted first with a flat plate geometry, and then
with the geometry of the submodel shown in Figure 7.

The experimental efforts consist of:

(a) burst tests of flawed and unflawed exposed clad on low-alloy steel plates, with
cavity sizes similar to that found at Davis-Besse. The tests are intended to
simulate the loading, geometry, thermal and material characteristics of the Davis-
Besse reactor pressure vessel head

(b) Materials characterization tests, including tensile tests of 308SS cladding steel
removed from the Davis-Besse head; and

(c) Microstructural characterization of the stainless clad used in the actual
experiments to assure that its properties match credibly well with those known for
the Davis-Besse plant.
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In March, 2003, the Office of Research plans to hold a workshop to review and exchange
information on vessel head penetration inspection and repair procedures, including presentation
of recent, nickel-base alloy stress-corrosion cracking test results, corrosion mechanisms model
development, and leak-rate calculations.
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Parametric Studies of the Probability of Failure of CRDM Nozzles

William J. Shack
Argonne National Laboratory

Abstract

Preliminary studies have been conducted with an integrated model
for the probability of failure of control rod drive mechanism (CRDM)
nozzles by the growth of circumferential cracks leading to net section
failure. The model describes initiation through Weibull probability
distributions that are fit to plant data on the occurrence of leakage.
The model and data show that there is a significant plant-to-plant
variability in probabilities of failure or leakage even if different head
operating temperatures are taken into account. For many plants the
predicted probability of failure will be sensitive to the details of the
correlation between the susceptibility of the plant to leakage and the
expected crack growth rates in the nozzle material.

Introduction

The U.S. Nuclear Regulatory Commission (USNRC) Office of Nuclear Reactor Research is
sponsoring work to develop an integrated model for the degradation of CRDM nozzles and
reactor heads. Such models are also being developed by the Materials Reliability Program
(MRP). These models provide input to regulatory decisions on the degree of credit" for lower
head temperatures that can be given when inspection timing and appropriate intervals for
inspection are considered. This is work in progress. The current work is focused on CRDM
nozzle failure due to stress corrosion cracking (SCC): future studies would also consider the
possibilities for failure by wastage of the head. The goal of the parametric studies presented
here is to try to understand how model and data uncertainties can impact predictions of CRDM
nozzle failure due to SCC.

The overall approach to modeling is similar to that used by the MRP. The failure process
initiates with the development of a leak; the leak is associated with the formation of an initial
circumferential crack on the outer diameter (OD) of the nozzle. In reality, the formation of the
circumferential crack probably involves initiation of multiple surface cracks. These cracks grow
through the wall and circurrferentially to link and form a primary crack, which continues to
grow circumferentially and through the wall. At some stage, the circumferential growth of the
primary crack becomes dominant mode of crack progression rather than extension by linking
and joining of surface cracks; In the future, the modeling can be extended to consider the
extent over the circumference for which it is likely that surface cracks will initiate and the rate
that throughwall growth can occur. However, the approach at present is to assume that once
leakage to the crevice around the nozzle occurs, a circumferential crack instantaneously forms
over an extent that is large enough that further growth is dominated by the circumferential
growth of this crack rather than initiation, linkage, and throughwall growth of surface cracks

15



on the OD of the nozzle. In the MRP model, the initial circumferential crack is assumed to be a
half-throughwall 300 crack. In the model considered here, initial throughwail cracks are also
considered.

Initiation of primary water stress corrosion cracking (PWSCC) in Alloy 600

Despite extensive research on PWSCC of Alloy 600 primarily for steam generator tubing.
no consensus has formed on the mechanism of PWSCC initiation, although the phenomenology
has been fairly well characterized. 1 There is a strong influence of temperature with an
activation energy of 40-52 kcal/mol. Stresses near yield are needed for initiation, and the time
to initiation is sensitive to the stress level. The stress dependence of the time to initiation is
frequently modeled as a power law -a 4. Cold work has an important accelerating effect. In the
case of CRDM nozzles this suggests that fabrication processes such as machining could have
important consequences on susceptibility to cracking. Studies with steam generator tubing
have shown that carbide morphology plays an important role. Intergranular carbides improve
resistance to intergranular SCC. However, because no archival materials exist that could be
used to characterize the microstructures, and it is difficult to extract quantitative information
on the degree of cold work associated with the fabrication of particular nozzles, the current
ranking used by industry and the USNRC to prioritize inspection accounts only for the effect of
temperature with an activation energy of 50 kcal/mol.

Currently models for CRDM failure do not attempt to describe the initiation of leakage
phenomenologically in -terms of cracking in the nozzle or the Alloy 182 J weld and the
subsequent growth of the throughwall crack that permits leakage to the crevice between the
nozzle and wall of the pressure vessel. Instead, following the work of Gorman, Staelhe and
Stavropoulos 2 for steam generator tubes, they describe the process probabilistically using
Weibull probability distributions. The effect of temperature, however, is accounted for
explicitly through an activation energy that is assumed to be the same as that for initiation of a
crack.

The Weibull cumulative probability is

F(t) - 1- exp|[(.o )j| (1)

where 6 is the time at which the cumulative probability of a leak is 0.63, and b is the Weibull
slope. The Weibull slope b characterizes the rate at which the chance of failure is increasing
with time (b = 1 gives a constant failure rate). Ideally, b would be determined from the analysis
of failure fractions at different times. Because such data are very limited, the MRP has
suggested a value of 3. which is consistent with existing PWSCC initiation data (primarily
obtained in tests on steam generator tubing). The limited data for repeated inspections that
are currently available suggest that a higher value of b may be appropriate, and some analyses
have been performed with b = 6.
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Once a value of b is selected, 6 can be determined by fitting to the observed data for
leaks. The MRP analysis assumes a triangular distribution for 0 with values spanning 15 ± 6
years. Although other distributions can be considered for 0, these values are representative of
the observed range. The values of B determined by the analysis of early leaks are probably
somewhat conservative. Most heads will have nozzles from different heats, and not all welds
will have the same residual stresses. The early failures are presumably due to the worst heat
and the most severe weld geometries, but the analyses of the field data are not done by heat of
material and usually assume that all nozzles have the same probability of failure.

Because of the potential for boric-acid driven corrosion of the low-alloy steel head, it is
desirable to avoid not only structural failure of the nozzles but also leakage. The MRP
inspection program suggests that plants can be divided into regions of 'low,' "moderate," and
'high' risk of leakage. The boundaries of these regions are determined by examining the risk of
leakage for a plant with the average value of 0 (or median value since they.are the same for a
symmetric triangular distribution). A plant at a lower head temperature can operate for many
more effective full power years (EFPY) than a plant with the same susceptibility to cracking
operating at higher temperature. As shown in Fig. 1. however, when the expected variability in
susceptibility is taken into consideration, there will be plants with a 'high" risk of leakage at
about the same operating time that a 'median' plant has a "moderate' risk of leakage.
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Crack Growth Rates in Alloy 600 Nozzles

As noted previously. it is assumed that although circumferential cracks form by the
initiation, throughwall growth. and linking of cracks that initiate on the OD of the nozzle, the
final failure of the nozzle is governed by the circumferential growth of the crack. Crack growth
rates (CGRs) in Alloy 600 are strongly heat dependent. As in the case of crack initiation, this
has been associated with different microstructures, but quantitative correlation is difficult and
the relevant microstructural information is not available for heats in service.
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Data on the CGR of Alloy 600 materials relevant to CRDM nozzles (i.e. not SG tubes) have
been collected and analyzed in the report MRP-55.3 The data were fit by heat to a correlation
for the CGR a

a =A(K-9)1 .16  
(2)

developed by Scott4 where K the stress intensity is in MPam 1 12 and a is in m/s. The
correlation predicts a 'threshold" at K = 9 MPa-ml 1 2 , which implies that until a crack is large
enough that K is significantly larger than 9 MPaml/2 , the circumferential growth of a crack
may not dominate crack extension. A value of the parameter A in the Scott correlation has
been obtained for each of the 23 heats of Alloy 600 nozzle material for which CGR data are
available. The values of A in the population of heats in service are assumed to be represented
by a log-normal distribution fit to the available sample of 23 heats. The values of A for the 23
heats and the log-normal fit are shown in Fig. 2. The CGR data have been normalized to a
temperature of 3250C (6170 F) using an activation energy for crack growth of 130 kJ/mol (31.0
kcal/mol). The log-mean of the log-normal distribution is -27.34 and the log-standard
deviation is 1.02 (with the CGR in units of rn/s and K in MPa ml /2).

Because the infinite tails of the log-normal distribution are unrealistic, a log-trianglar
distribution has been used for the MRP integrated model and current studies. Except at the
tails of the distributions, the log-normal and log-triangle distributions are almost indistin-
guishable. as shown in Fig. 2.

1 [, i | I I & I | 1
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Figure 2.
Distribution of the Scott parameter A for
Alloy 600 CRDM nozzle matenals. The

2 -data have been normalized to a
E 0.4 temperature of 325°C (617 0F) and the
oC. error bars shown the uncertainty in the

lognormal values of A for each of the experimental
0.2 l i -og-triangle heats.
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The value of A varies by about a factor of 100 for different heats. At 316'C (600'F) for a
typical K value of 27.5 MPaem 1/2 (25 ksi), a = 18 mm/y (0.7 in./y) for the worst heat.

The fit to the data in MRP-55 does not consider the effect of uncertainties in A values on
the resulting fits. However, Monte-Carlo analyses taking into account the effect of these
uncertainties show that the best estimate of the distribution is close to that presented in
MRP-55, and that fit has been employed for the analyses reported here.
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Stress intensity factor K distributions for circumferential growth of cracks

Calculations of the probability of failure of a CRDM nozzle require knowledge of the stress
intensity factor associated with the nozzle. Until a crack becomes large (> 180°), K is
dominated by the residual stresses due to welding, and the axial load on the nozzle due to the
pressure load is relatively unimportant. For larger cracks the pressure loads become more
important and dominate as the crack approaches failure (-330'). Because the residual
stresses due to welding vary with the yield stress of the material, K is also expected to vary
with yield stress.

Values of K for CRDM nozzles for use in the integrated model developed by the MRP have
been calculated by Structural Integrity Associates (SIA) using residual stresses calculated by
Dominion Engineering. The USNRC has contracted with Engineering Mechanics Corporation
of Columbus (EMC2 ). Ohio and the Oak Ridge National Laboratory to independently evaluate
the residual stresses and the associated values of the stress intensity factor K in CRDM nozzles
caused by welding. At this time, only values for the center nozzles are available from EMC2 .*

The results from EMC2 for the center nozzles are compared with those computed by SIA
in Fig. 3. The results depend on the value of yield stress. A base case and a high yield case
are shown for the EMC2 results. The SIA results are less sensitive to yield stress, and only the
results for a 50 ksi (344 MPa) yield are shown. The EMC2 curves are for throughwall cracks.
The SIA curve Is for a crack that starts as half throughwall and becomes fully throughwall at a
crack angle of 180°.

The times to failure from initiation of 30° and 600 cracks (throughwall for EMC2 , part
throughwall for SIA) are shown in Table 1. The EMC2 base solution gives a long life because at
30°, the K is just above threshold. This would suggest that in this case circumferential growth
could be dominated by initiation, throughwall growth, and linkage of surface cracks rather
than the circumferential growth of the primary crack.

Table 1 Time to Failure (years) at 31 60C (6000F) for imax

Initial Crack SIA EMC2 base EMC2 high
30° 7.8 14.5 5.4
600 6.8 8.1 4.5

Personal Communication, P. Riccardella, Structural Integrity Associates, to W. J. Shack,
Argonne National Laboratory, October 2, 2002. See also

http: / /www.nrc.gov/reactors /operatmg/ops-experience/vessel-head-degradation/vessel-hea
d-degradation-files /5-pfm-inspection-plan.pdf

Personal Communication, G. Wilkowski, Engineering Mechanics Corporation of Columbus, to
W. J. Shack, Argonne National Laboratory, July 1, 20002. Also included in the proceedings
of this conference in the paper 'Summary of Ongoing NRC Efforts to Define Circumferential
Crack-Driving Force Solutions for CRDM Nozzles," G. Wilkowski et al.
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Although both the Weibull initiation parameter 0 and the CGR A are statistically distrib-
uted. they are not independent variables. The metallurgical factors that make a heat of Alloy
600 susceptible to the initiation of cracking also appear to result in high CGRs once a crack
has initiated. One way to visualize the correlation is in terms of a 'window" that for a
particular value of the initiation parameter 8 defines the distribution of the CGR parameter A
that is associated with 0. Low values of 0 (short times, high susceptibility to initiation) are
correlated with high values of A (high CGRs). Some potential correlation 'windows" for a value
of 0 corresponding to the midpoint of a distribution for 0 are shown in Fig. 4. The most
realistic "window" probably resembles the Gaussian-like distribution shown schematically on
the left in Fig. 4b. Although it is clear that the values of 0 and A should be correlated. no data
are available on which to quantitatively base the correlation. and it appears necessary to use
engineering judgment to develop a correlation. For the present calculations, the two uniform
distributions shown on the right in Fig. 4b have been used. The "window' on the far right
appears to be clearly conservative. All the lower values are cut off, but all the high values are
included with uniform likelihood. The other uniform distribution cuts off the "tail" of the
distribution for A above 0.9 and is included for comparison.

Probability of Failure of CRDM Nozzles

The probability that a CRDM nozzle will fail at a time tf less than T. P(tf < T), can be
calculated from

T
P(tf < T) =f p(t)P, (tf < T - t)dt (3)

0

where p(t) is the probability that a crack will initiate at a time t, and PC(tf <T-t) is the
conditional probability that a crack which initiates at t will fail at a time tf less than T.
PC(tf <T-t) is determined by fracture mechanics analysis. In the case where it is assumed that
a circumferential crack forms immediately on the occurrence of a leak, the probability p(t) is
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equal to the probability of leakage, the empirical Weibull probability based on field data, times
the fraction of the leaks that are associated with circumferential cracks. This fraction has been
taken as 0.2 in the current calculations, again based on field data.
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(a) (b)
Figure 4. (a) Representative distribution for the Weibull parameter 0 describing initiation of leakage; (b)

Candidate "windows" representing the values of A associated with a value of 0 corresponding
to the midpoint of the distribution.

Equation (3) gives the probability of failure for a single nozzle. The probability that one of
n penetrations will fail at a time tf <T is then Pn = l{l-p)n. For a given initial crack size and a
given K distribution, the failure time needs to be calculation only for a single value Al of the
CGR parameter A. If the corresponding failure time is tl, the failure time tf for another value of
A is determined from the simple scaling relation A*tf = Alt,. The probability Pc(tf T) that a
nozzle will fail in a time t s T is the probability that A 2 Alt1 /T. This is just

P,(tf:5 T)-l- F(Atl )1 (4)

where F(A) is the appropriate cumulative distribution function for the crack growth rate, i.e.,
either the cumulative log-normal distribution from MRP-55 or the corresponding log-triangular
distribution multiplied by an appropriate correlation Ewindow" distribution.

The probability of failure, Eq. (3). corresponds to a given value of the initiation parame-
ter 0. The current MRP model uses a Monte Carlo analysis in which sampling is done over the
whole distribution of Weibull 0 to get an "average' for all plants. This Is equivalent to
integrating Eq. (3) over 8:

rax T
P(tf < I)f-I f(0) [p(t I )PC(tf <T - t)dt d0. (5)

emin,. O

where fI[) is the probability density function for 0.
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The calculation of P(tf < T) through Eq. (3) incorporates the main probabilistic vari-
ables-time to initiation and time to failure directly. The calculation can be built into a Monte
Carlo loop to consider other parameters such as the range of values for 0, yield stress effects on
K, and other uncertainties. The Monte Carlo runs then would give distributions of probability
of failure, and one could choose what percentile is appropriate for the decisions being
considered. Since the variability due to variations in 0 appear to be much larger than that due
to variations in the yield stress, 0 is considered as the primary variable of interest in the
calculations presented here. Instead of a formal analysis using a distribution for 8,point
estimates are obtained for the range of 0 of interest, but they are not rigorously chosen 95th
and 5th percentile values.

Parametric Studies on Center Nozzles

Because at present K solutions from EMC2 are available only for center nozzles, the initial
parametric studies focused on center nozzles. The particular case considered assumes that
there are five nozzles from a particular heat, and only the probability of failure due to the
failure of one of those nozzles is evaluated. Figure 5 illustrates the effect of the choice of the K
solution. Because for the EMC2 base case the circumferential growth of the primary crack is
expected to be the dominant contributor to the circumferential expansion of the cracked region
only for fairly large cracks, the initial crack size was taken to be 60°. The variation in K values
gives rise to about a factor of 3 variability in the probability of failure.
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Figure 6 shows the effect of initial crack size. Two initial crack sizes, 30° and 600 are
considered. For the EMC2 high and the SIA K solutions, the effect of the different crack sizes is
small, less than a factor of two. It is much more significant for the EMC2 base K solutions, as
expected from the deterministic calculations in Table 1. However, this apparent decrease in
the probability of failure may not be real, since it does not take into account the possibility of
other modes of expansion for the circumferential crack.
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Figure 7 shows the effect of the choice of the correlation "window'. There is a very
dramatic change depending on how effectively the "window" cuts off the high end of the CGR
distribution curve. Assuming a high degree of correlation makes the "worst" plants worse, but
leads to much lower estimates of the probability of failure for plants with lower susceptibility to
crack initiation. The choice of the -window' has less effect on the worst plants, since any
reasonable correlation "window" would include a significant contribution from the high end of
the CGR distribution.
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Estimates of the probability of failure of a head

Because results for hillside nozzles are not yet available from EMC2 , calculations for the
probability of failure of an entire head use the SIA distributions for K. The current calculations
take no credit for inspections. The calculations were done for WeibuU parameter values of 15
years and 9 years, representing a 'typical" case and a "bad" case. The correlation "window"
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corresponds to the uniform distribution shown on the right in Fig. 4b, which includes the "tall"
of the CGR distribution and is probably quite conservative for the "typical" case, but realistic
for the "bad" case. The results for the Weibull parameter of 15 years, shown in Fig. 8, are
about a factor of 2 higher than the MRP results, which represent an "average" plant. The
difference between the calculations may reflect the differences in the choice of correlation
"windows". The correlation "window" for the MRP approach has not been defined explicitly but
probably resembles the Gaussian-like 'window" on the left in Fig. 4b.

Calculations with a correlation "window" with a cutoff at 0.9 (the middle distribution in
Fig. 4b) reduce the probabilities shown in Fig. 8 by a factor of >50.
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The results for the Weibull parameter of 9 years are shown in Fig. 9. At 25 EFPY, the
probability of failure is about a factor of 7 higher than the case for the more typical plant with a
Weibull e of 15 years.

The integrated model can also be modified to consider the probability of occurrence of a
large (> 1600) crack. The cumulative probabilities of a large crack are shown in Fig. 10 and
also would be expected to vary widely among plants.

The MRP has suggested that inspection of reactor vessel heads should be risk informed.
They suggest a three region approach based on probabilities of head failure of 10-3 and
10-4/year. The MRP calculations of the probabilities of failure are based on the behavior of an
average' plant and are shown as the heavy solid and short dashed curves in Fig. 11. The

ranges of times needed to reach 10-3 or 10- 4 /y are also shown for plants with 0 values for
initiation to leakage ranging from 9 to 21 years. Predictions based on "average- behavior may
not be representative of all plants.
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As noted previously, the slope for Weibull distribution for the initiation of leakage has
been taken as 3. based on data for the initiation of PWSCC in laboratory test specimens. This
assumption would seem reasonable, but the initiation of PWSCC Is only one step in a process
that actually leads to leakage. The limited data available from repeated inspections suggest
that values of b > 3 may be possible, although the apparent higher rate of initiation may be an
'Inspection transient." Parametric calculations for b equal to 3 and 6 are shown in Fig. 12.
Higher values of b would imply more margin in time for a first inspection, but a more rapidly
increasing degradation rate as the head ages.
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Figure 12. Effect of changing Weibull slope b on (a) the fraction of nozzles leaking for a head with a

Weibull 0 of 9 and (b) the probability of failure for a head with a Welbull 0 of 9.
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EPRI Materials Reliability Program for Alloy 600
Larry K. Mathews

Abstract

The Alloy 600 Issues Task Group of the EPRI managed
Materials Reliability Program (MRP) initiated an industry
program to address the generic aspects of the Alloy 182
weld cracking in the A hot leg nozzle weld at V. C.
Summer and the cracks in the Alloy 600 Control Rod Drive
Module (CRDM) and thermocouple (TIC) nozzles at
Oconee 1. Further cracking in head penetrations at other
pressurized water reactors and the corrosion of the vessel
head at Davis-Besse have further emphasized this need for
a concerted industry effort.

The MRP program was established to address these areas
and has evolved significantly as more information has
become available. It includes activities in assessment and
management of the issue, inspection capability, and repair
and mitigation. Because of the safety implications of these
issues, the Nuclear Regulatory Commission has issued
several NRC Bulletins and other generic communications.
The MRP program also includes work to assist utilities in
responding to these bulletins. Long term activities to
provide utilities with appropriate tools for managing the
PWSCC of reactor head penetrations are planned.

INTRODUCTION

Inspections at Pressurized Water Reactors (PWR's) in the United States have yielded
unexpected results in every outage season since the fall of 2000. That fall, at V. C.
Summer Nuclear Station, a small leak in the Alloy 182 weld between the low alloy steel
nozzle of the reactor vessel and the 29-inch stainless steel pipe of the hot leg was
discovered. Also, a leaking Control Rod Drive Mechanism (CRDM) head penetration
and leaking thermocouple nozzles were discovered at Oconee 1 during the November
2000 refueling outage. The Alloy 600 Issues Task Group of the EPRI managed Materials
Reliability Program (MRP) initiated an industry program to address the weld cracking
and the generic aspects of the head penetration cracking issue in December 2000. The
Task Group originally organized into subcommittees addressing safety assessment,
inspection, and repair and mitigation. The first activities of the Group were preparation
of an interim safety assessment for both the weld cracks and the cracking in the head
penetrations.
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EVOLUTION OF INDUSTRY PROGRAM

In the spring of 2001, circumferential flaws above the J-groove attachment weld of the
head penetrations were discovered at two of the Oconee units, and a leaking penetration
was found at Arkansas Nuclear One (ANO) Unit 1. See Figure 1 for a general
description of the head penetrations. The main form of cracking discovered worldwide in
the Alloy 600 nozzles between 1991 and these events had been axially oriented cracks.
Because of this, there had been little concern from a safety standpoint. Axial cracks in
the CRDM penetrations could eventually lead to leaks if they grew through wall, but
would not directly result in an accident. The circumferential cracking discovered at the
Oconee units presented the potential safety issue of penetration failure, leading to a small
break Loss of Coolant Accident (LOCA) and possibly a control rod ejection event. Even
though these are analyzed events in the Final Safety Analysis Reports of all PWR's, the
safety significance of the new crack locations and orientations had to be addressed.
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Figure 1. General Description of Reactor Vessel Head CRDM Penetration

During the spring 2001 outage season, the MRP was in the process of preparing an
interim safety assessment of cracks in the head penetrations. A ranking of plants similar
to that prepared in response to Generic Letter 97-01 [1] was desired, and an initial model
for ranking was developed that used only the head temperature and the operating time for
each unit. An effective operating time, measured in EFPY, was calculated for each unit.
This was normalized to a head temperature of 600° F, using the Arrhenius equation with
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an activation energy of 50 Kcal'mole. Oconee 3, the unit with the worst experience to
date, was chosen as the benchmark, and the remaining EFPY for each unit to reach the
equivalent time-at-temperature as Oconee 3 was calculated. The units were then sorted
based on their remaining time, and a histogram was constructed. Figure 2 represents this
ranking of the units at that time. The four units that had already found leaks were among
the highest ranked units in this time-at-temperature ranking, lending credibility to the
process.
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Figure 2. Initial Ranking of Units Relative to Oconee 3

In March, 2001, a recommendation [2] was made to all plants that particular attention be
paid when performing boric acid walk-downs near Alloy 82/182 welds because of the V.
C. Summer issue and also around the vessel head because of the experience at Oconee
and ANO 1. In April 2001, the MRP recommended that a "best effort" visual inspection
be made of the top of the vessel head for those plants with spring outages and less than 10
EFPY from Oconee 3. By the time the models had been developed, the plants ranked,
and the recommendations issued, some of those units were either already back to power
or were in or very near startup. Other units had insulation that severely restricted the
ability to perform visual examinations. Very thorough visual exams were performed at
several units, however, and limited visual exams were performed at some other units. No
other units detected evidence of leakage in the spring of 2001.

In May 2001, the MRP submitted to the NRC MRP-44 Part 2 [3]. This report was an
interim safety assessment for head penetrations.- It presented the concept of a time-at-
temperature ranking of the units to determine which units were most susceptible, and
presented an assessment of the significant structural margin that remained at Oconee 3 at
the time of the discovery of the circumferential cracks. A preliminary assessment of the
interference fit designs in the industry concluded that a sufficient gap at operating
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conditions would be present such that most nozzles would be expected to show evidence
of leakage if a through wall flaw occurred. The report concluded there was no significant
near-term impact on plant safety, but recommended visual examinations for those plants
less than 10 EFPY from Oconee 3 with fall outages. Recommendations for future actions
included an assessment of inspection technology, an assessment of crack growth rate data
by an expert panel, and a workshop to advise the industry on the recent events. The
workshop was conducted in June 2001 and the other activities have proceeded.

NRC Bulletin 2001-01 [4] was issued on August 3, 2001, as a one-time request for
information from all PWR units relative to their inspection plans. The NRC requested a
graduated examination effort that went beyond the initial recommendations of the MRP.
Units that had detected cracks should perform a volumetric examination of all the head
penetrations by the end of 2001; units less than 5 EFPY from Oconee 3 should perform
"qualified" visual examinations of the top of the head by the end of 2001; and units
between 5 and 30 EFPY from Oconee 3 should perform "effective" visual examinations
at the next refueling outage. An "effective" visual examination should not be
compromised by the presence of insulation, existing deposits on the head, or other factors
that could interfere. A "qualified" visual examination further required a plant-specific
demonstration that a through-wall crack would provide sufficient leakage to be identified
by a visual inspection. To assist utilities in responding to the bulletin, the MRP prepared
and submitted MRP-48 [5] on August 21, 2001. This report provided updated rankings
and design information on head penetration configurations for utilities to reference in
their individual submittals.

The examinations that were requested by the NRC in Bulletin 2001-01 presented various
difficulties for several utilities. Some of the requested examinations would have required
unscheduled shutdowns to perform, and others were particularly difficult to do in the
proposed time frame because of the difficulty of insulation removal and the lack of time
for planning. These individual utilities proposed various alternatives and presented
justifications for their proposed actions to the NRC during the fall 2001 outage season.

Visual examinations were conducted at several units, with no evidence of leakage
reported. However for other units, either leaking penetrations were found, or boric acid
deposits on the head necessitated non-visual examinations to determine the source of
leakage. The visual examination techniques included direct observation where possible
and remote visual examinations under the reflective insulation panels using either video
probes or remotely operated video cameras. Non-visual examinations consisted of eddy
current or ultrasonic examinations from the inside surface of the penetration tubes.
Examinations of welds and the outside of the penetration tubes below the head was
performed by eddy current or liquid penetrant methods. Some of the non-visual
examinations confirmed leaks, but one unit found shallow non-leaking inside surface
cracks that were evaluated and found suitable for a limited period of continued operation.
Circumferential cracks above the attachment weld were discovered at two units. All
leaking penetrations were repaired and the units returned to service. Two units (Cook 2
and Davis-Besse), because of refueling outage schedules, eventually delayed the
inspections requested by Bulletin 2001-01 into early 2002.
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The most significant issues arising from the fall 2001 inspections included:

1) Discovery of several leaking penetrations during a re-inspection after only a few
months of operation, including one with a circumferential flaw above the attachment
weld
2) Significant circumferential flaws were discovered in the weld metal at two units.

The MRP had developed a Strategic Plan to manage Alloy 600/82/182 corrosion. It
contained a strategy and approach for the following areas; Alloy 600/82/182 primary
system butt welds, reactor pressure vessel (RPV) head penetrations, all other Alloy
600/82/182 locations (except steam generator tubes), and an Alloy 600 management
guideline for all locations. As a part of this strategic approach, the MRP was also
developing a detailed inspection plan for RPV head penetrations along with the technical
bases to support the plan.

In the early 2002, Cook 2 performed a complete visual and non-visual inspection of the
RPV head. Cook 2 had discovered a part through wall axial crack in one penetration in
1994 and had repaired that crack through excavation and weld repair in 1996. Based on
accelerated laboratory testing that had been performed by the industry, in which cracks in
tube base metal developed at the edge of a repaired area, indications associated with the
repaired area could have been reasonably expected. The 2002 inspection showed no
indications, even around the repair area.

An inspection at Davis-Besse in late February and early March of 2002 revealed the
presence of a significant cavity in the low alloy steel pressure boundary material adjacent
to a cracked and leaking penetration. This type of wastage had not been expected
because the high temperature of the vessel head was expected to quickly drive away any
moisture and the very low corrosion rates are associated with dry boric acid powder. It
appears that a significant amount of accumulated deposits and the magnitude of the leak
allowed concentrated liquid boric acid to remain in contact with the low alloy steel for a
significant period of time. The cavity in the head extended all the way to the stainless
steel cladding on the inside of the head and progressed most of the way toward an
adjacent penetration.

As a result of the Davis-Besse findings, the NRC issued Bulletin 2002-01 [6] in March,
2002, requesting information relative to vessel head conditions and boric acid corrosion
control programs. Also, the MRP responded to the incident by sending two people from
EPRI and one of the MRP contractors to participate on the root cause analysis team. The
MRP also performed an industry survey to categorize plants relative to their RPV head
conditions, especially relative to any boric acid deposits. A checklist for plants to use in
preparing their 60-day response to Bulletin 2002-01 was distributed and the MRP created
a root cause review team to review reports generated by the Davis-Besse root cause team
for generic implications for the PWR fleet. The MRP continues to monitor progress of
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the various investigations that are underway and lessons that are being learned from the
incident.

The survey that the MRP performed indicated that all units at less than 10 EFPY from
Oconee 3 would have inspected their RPV heads by the end of spring in 2002. This
included the twenty highest ranked units in the United States and would provide
reasonable assurance of no significant corrosion of the head or CRDM leakage. Also, 34
out of the 45 plants at less than 30 EFPY from Oconee 3 would have performed
inspections by the end of spring in 2002. Of the remaining eleven units, six were
scheduled for fall 2002 outages and only five would remain to be inspected in Spring,
2003. The MRP concluded that the visual inspections would be capable of identifying
leakage prior to significant head wastage and that any plants that identified through-wall
flaws need to ensure that wastage has not occurred.

A slight modification to the ranking process was developed at this time based simply on
years of operation, normalized to a head temperature of 6000 F. This term was
designated Effective Degradation Years (EDY) and may be a more appropriate ranking
for wastage potential, since a leaking crack can be as important from a wastage
standpoint as a large circumferential flaw in a penetration from a nozzle ejection
standpoint. EDY is independent of the Oconee 3 unit, the original benchmark unit.
Figure 3 presents the initial ranking based on EDY.
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Throughout the spring and summer of 2002, the MRP continued to develop an inspection
plan for head penetrations. After discussions with the NRC, it was agreed that the plan
would address the corrosion of the vessel head material in addition to nozzle ejection
from circumferential cracks. MRP-75 [7] was submitted to the NRC in September, 2002,
documenting the proposed plan and the technical bases for it. This inspection plan
provided guidance and the basis for a graduated degradation management program for
RPV head penetrations. It requires inspections to allow early detection of leakage or
degradation prior to challenging structural integrity. In the plan, the MRP defined low
susceptibility plants as those with less than 10 EDY accumulated, moderate susceptibility
plants as those between 10 EDY and 18 EDY, and high susceptibility plants as those with
greater than 18 EDY or a leaking penetration. Inspection requirements and frequencies
were defined, depending on the susceptibility of a given unit. Included in the document
were three technical basis documents addressing the probabilistic fracture mechanics
analysis that formed the main basis for protection against circumferential flaws in the
nozzle tube, the probability of leak detection via bare metal visual examinations, and the
adequacy of a proposed supplemental visual inspection schedule to ensure low risk of
rapid corrosion of the low alloy steel head.

The MRP had mockups constructed of head penetration nozzles with embedded flaws
for use by the NDE vendors in demonstrating their inspection capabilities. These
demonstrations took place in August and September of 2002.

In the meantime, the NRC issued Bulletin 2002-02 [8] in August, 2002. This bulletin
conservatively specified an acceptable inspection program which required more
comprehensive and more frequent examinations than the plan laid out by the MRP in
MRP-75, and which lowered the thresholds for susceptibility categorization from 10
EDY to 8 EDY and from 18 EDY to 12 EDY. In the near term, the bulletin requested
visual, volumetric, and surface examinations at the next outage for all plants greater than
12 EDY, with similar exams within a few years for lower susceptibility units.

All fall 2002 outage units greater than 12 EDY have, or are, performing bare metal visual
examinations and non-visual NDE of their heads. Other plants have responded to the
Bulletin with varying commitments, but many committed to follow the MRP's
recommended inspection program.

Inspection results from the fall outages again included results which were different than
had been expected, based on previous inspections and analyses. North Anna 2 found
cracks in almost all of the J-groove attachment welds, visual indications of leakage from
a previously repaired nozzle, and circumferential flaw indications iii nozzle tubes with no
visual evidence of leakage on top of the head. Oconee 2 inspections revealed several new
leaking penetrations, and ANO 1 found the nozzle they had previously repaired in 2001
to be leaking again.
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These results bring into question some of the previous assumptions. The circumferential
indications, some of which were very near the root of the J-groove weld, at least call into
question the previous industry position that cracks would be detectable via top of the
head visual inspections before circumferential flaws in the nozzle tubes would develop.
The leaks from previously repaired nozzles require an explanation to justify continued
use of the repair techniques.

Another interesting result was the fact that no indications were discovered at Farley 2
which had the same heat of material as the penetrations that had cracked extensively at
Oconee 3 and Davis-Besse. While Farley 2 is ranked slightly behind Oconee and Davis-
Besse in EDY, it has accumulated enough time that indications of early crack initiation
could have been anticipated, yet none were found.

CURRENT ACTIVITIES

Currently the MRP is reviewing data from the fall 2002 inspections for the overall
implications to the safety assessments and proposed inspection plans. Specific questions
relate to the continued reliance on bare metal visual exams for detection of cracks, the
probability of leakage assumptions and implications for the risk assessments, and the
recommended timing of non-visual NDE examinations. The MRP continues to evaluate
the research needs, including possible removal of samples from replaced RPV heads, and
to complete the final safety assessment. Additionally, the inspection demonstration
program will continue, with improvements where possible, and the Alloy 690 data and
archival needs will be assessed.
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Inservice Inspection of PWSCC in Alloy 60O\182\82 Material
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Abstract

In the past several years there have been a number of occurrences
of primary water stress corrosion cracking (PWSCC) in pressurized
water reactor (PWRs) containing Inconel alloy 600 and both 182
and 82 welds. The PWSCC degradation has been found in the
main coolant nozzles (V. C. Summer) and in many control rod drive
mechanism (CRDM) head penetrations (Oconee, North Anna, etc.).
This paper provides background information on this degradation
process, discusses the inspections being conducted to detect this
degradation, provides results from related research and describes
the USNRC research efforts being pursued to address this issue.

Background

In the past several years there have been a number of occurrences of primary water stress
corrosion cracking (PWSCC) in pressurized water reactor (PWRs) containing Inconel alloy 600
and both 182 and 82 welds. This material degradation has been detected in the main coolant
outlet nozzles of PWRs and in the control rod drive mechanism (CRDM) head penetrations.
One of the most significant aspects of these recent failures is that they resulted in through wall
cracking and in the case of Davis-Besse the aggressive attack of the surrounding ferritic steel
vessel head. An USNRC Office of Nuclear Regulatory Research program (JCN Y6604) is being
conducted at the Pacific Northwest National Laboratory (PNNL) and one task of this program is
to address the reliability of inservice inspection (ISI) to reliably detect and accurately
characterize PWSCC in these susceptible components. This includes the review and
assessment of current industry practice, assessment of evolving nondestructive evaluation
(NDE) techniques, the assessment of conducting reliable volumetric inspections of the CRDM j-
groove weld, assessing the potential to detect and accurately characterize voids in the ferritic
steel behind CRDM nozzles, and to assess the effectiveness of visual testing (VT) for boric acid
deposits.

Cracking in CRDMs was first reported in the early 1990s at the French reactor Bugey. This
cracking was located on 'the inner diameter (ID) of the CRDM nozzle. Special saber or blade
probes were developed to allow the inspection of the CRDM nozzles by inserting these probes
between the thermal sleeve and the CRDM nozzle. Because the PWSCC initiated from the ID
of the CRDM, eddy current probes were found to be very effective in detecting cracks.
Ultrasonic techniques were developed to provide the capability to depth size the detected
cracks.

During 2000 there were two new cases of PWSCC that were detected that caused a whole new
level of concern about degradation of Inconel. These two cases occurred at about the same
time but at two different U. S. reactors. The first was detected when the V. C. Summer reactor
shut down for a refueling outage and during the walk down discovered large deposits of boric
acid. The source of the boric acid leakage was found to be PWSCC in the loop A hot leg nozzle
to pipe dissimilar metal weld. There were a number of predominately axial cracks in this
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weldment with one axial crack that spanned from the 508 forging to the austenitic pipe. The
crack was arrested at both the forging and the austenitic pipe material. The PWSCC was
located in the Inconel weld buttering and structural weld but only came through wall at the
center of the weld crown. This weld was inspected on a 10-year basis during the reactor
pressure vessel ISI and thus, the inspection was conducted from the ID. The ID geometry
presented some challenges because there was a change in diameter between the nozzle and
the pipe, the root of the weld varied from a concave to a convex shape, the counterbore
transition started at about 25 mm on each side of the weld centerline. In addition a number of
repairs had been made to this weld during construction with some of these going all the way to
the ID. All of these factors made it a challenge to effectively inspect this weld. The only other
reported incident of cracking in PWR primary circuit piping was at Sweden's Ringhals plant. In
this case the cracking was detected while it was shallow and boat samples were removed to
verify the cracking process. ISI is being used to continually track the flawed area to determine if
the PWSCC has been arrested or if it will re-initiate.

The second caseof PWSCC cracking was at Oconee 2 where boric acid was detected on the
head of the vessel. Further testing resulted in the identification of a several cracked CRDMs.
One unique feature of this cracking was that some of it occurred along the J-groove to CRDM
nozzle fusion area of the penetration leading to circumferential outer diameter (OD) PWSCC
initiating on the nozzle above the J-groove weld. A major concern about this cracking was its
location above the J-groove weld, which raised the possibility of a CRDM ejection during
operation. The PWSCC was located on the OD of the CRDM and it cracked along the fusion
zone of the J-groove weld and the CRDM nozzle. Since that time a number of reactors have
discovered PWSCC in their CRDMs. Some of the cracking has been discovered to occur in the
J-groove weld while in other cases the cracking is associated with the buttering. In 2002
another problem associated with CRDM cracking was uncovered at Davis-Besse where the
leakage lead to a very aggressive attack of the surrounding ferritic steel head producing a cavity
approximately 125 mm by 125 mm by 175 mm. The only material containing the reactor
operating pressure was the stainless steel cladding and it was dimpled upwards about 3 mm
and there were some cracks in this cladding.

These incidents raised concerns about the integrity of components manufactured with Inconel.
PWSCC is not understood including the factors that control crack initiation and growth rate.
There seems to be some limited correlations with particular CRDM nozzles heats being more
susceptible and that some fabrication techniques can lead to J-groove weld contaminates which
accelerate cracking. This information provides some insights but it is not comprehensive and it
does not explain what is happening. Some susceptible CRDM heats have cracked in one
reactor but nozzles of the same heat in another reactor have not cracked. This problem has
many similarities to the intergranular stress corrosion cracking (IGSCC) in boiling water reactors
(BWRs) in the early 1980s. It was found in that case that there were many factors that
influenced IGSCC initiation and growth with dominate factors being stress, the environment, and
sensitized material. For PWSCC, these key factors are not known at this time and there is a
need to conduct extensive laboratory testing and compilation of operating information in order to
create a database from which definitive conclusions can be drawn. NDE is the first line of
defense in detecting PWSCC and is used to manage it. Because most of the cracking
occurrences have been associated with the CRDMs, this will be the focus of this paper.
However, in out years on the program there are specific studies to more closely examine the
reliability of inspecting dissimilar metal welds made with Inconel.
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Current ISI Practices

The strategy that industry has chosen to use relies on using a sequence of tests. The first test
is to rely upon a visual test (VT) of the reactor pressure vessel head. If boric acid deposits are
detected, then further NDE is required to determine the source of the leakage and this may
involve a number of NDE techniques. When the reactor is shut down a robot with a TV camera
is typically used to inspect the head around each CRDM looking for boric acid deposits. This is
not always easy to conduct because of the limited clearance provided by some types of thermal
insulation. There is also the problem of boric acid deposits related to leakage from CRDM
mechanical seals located above the head, which can cause deposits that must be carefully
evaluated to determine their source. There are also concerns related to whether a through wall
leak around the J-groove weld will always lead to boric acid deposits on the head. The biggest
concern about this strategy is that it waits until leakage of the primary circuit has occurred
before it is pursued and resolved - unfortunately, this erodes one layer in the defense in depth
of reactor operation.

The supplemental NDE that is employed consists of a number of different techniques which
includes:

* UT from the inside of the CRDM nozzle
* ET from the inside of the CRDM nozzle
* PT of the entire nozzle wetted surface area including the J-groove weld
* ET of the J-groove weld crown

The industry through the Materials Reliability Program (MRP) has been developing mockups for
ISI vendors to demonstrate that the NDE techniques chosen can be effective in detecting
PWSCC and size it. Over the past several years the mockups have been changing because of
the discovery of PWSCC in new CRDM locations. In addition the flaws that are being used for
the demonstrations have evolved in order to provide a practical means to locate flaws at the
failure sites found inservice and that have similar NDE response properties to real PWSCC in
locations that are very difficult to access for implanting. These mockups have had a positive
impact on the NDE techniques chosen and the means by which they are deployed. The MRP
mockups are not intended to be like an ASME Section Xl Code Appendix Vill performance
demonstration test but are intended to challenge the procedures being used and provide
confidence that if PWSCC were in a CRDM, the techniques would have a good likelihood of
detecting it. In reviewing the mockups, the location of the flaws is certainly challenging but
realistic based on service experience and the use of cold isostatic process (CIP) controls the
NDE response of the flaws to much better simulate the NDE response from PWSCC detected in
the field. The data supports the position that if the flaws are located in the CRDM nozzle, they
stand a good chance of being detected. The only case where there is little evidence that
PWSCC can be detected is if it is located entirely in the J-groove weld or the buttering. This is
the classical far-side austenitic coarse grained inspection problem that has been and still is a
challenge.

Coarse Grained Material Inspection Studies

The term coarse grained materials refers to a number of austenitic stainless steel and
Inconel weld configurations that are commonly found in many locations in light water reactor
piping. PNNL has been conducting studies on these configurations for many years in order
to assess the effectiveness of NDE to detect degradation in these components. One of
these studies has dealt with the inspection of core shroud welds in boiling water reactors
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(BWRs). These welds are either 304 stainless steel or Inconel alloy 600. This work is
currently being prepared for formal publication in a NUREG/CR report this coming year.
What will be included here is a brief summary of the work. The study consisted of 40
welded assemblies with 35 of them made from 304 stainless steel and 5 of inconel alloy
600. These specimens contained notches at various tilt angles, thermal fatigue cracks and
weld solidification cracks. The specimens were all 50 mm thick and the weld profiles
included single "V", double 'V" and UK" designs. The study evaluated UT techniques for
inspections from the ID and OD of the specimen for both near side and far side access.

Figure 1 shows the results for the most successful ultrasonic procedure used for the far side
inspection of the specimens, which was based on utilization of phased array technology.
This data shows that small cracks are very difficult to detect but as they approach 40% in
through wall size the reliability improves dramatically.

PNNL has been conducting a special series of studies on the far side inspection of 304
austenitic stainless steel piping welds. In this study the techniques being evaluated include
central ray transducers, phased arrays and low frequency synthetic aperture focusing
technique for ultrasonic testing (SAFT-UT). The specimens being used in this study are 610
mm diameter by 36 mm wall thickness piping specimens. The results to date are very
consistent with those reported in Figure 1 for the core shroud work. Further work is planned
to study more cracks, remove the weld crowns to assess better inspection access, and
evaluate the potential improvement and to evaluate further refinements of the phased array
transducers (lower frequencies and shear wave mode), as well as refinements to the low
frequency SAFT-UT transducers (using piezocomposites with the transducer size and
bandwidth selected for optimal zone focused insonification).

The important conclusions from these studies are:
* Coarse grained materials are challenging to inspect
* Both shear and longitudinal wave modes are useful
* Imaging facilitates data interpretation
* Cracks on the far side can be reliably detected but not to ASME Section Xl IWB-

3500 sizes
* Crack depth sizing is very difficult

Figure 2 shows a specimen that is being used to study the inspection reliability of CRDM J-
groove welds. This is a CRDM that was cut from the Midland reactor pressure vessel head
by Framatome and provided to Oak Ridge National Laboratory and now has been provided
to PNNL for inspection reliability assessment. The specimen was tested with fluorescent
penetrant and found to be acceptable to ASME Section III Code requirements. As can be
seen in this figure, the CRDM has been machined so that the ferritic steel and clad
surrounding the CRDM nozzle is concentric with the nozzle. The further studies that are
planned for this specimen will include conducting ultrasonic and eddy current inspections to
characterize the J-groove weld, which will involve inspections from the ID of the nozzle, from
the OD of the ferritic steel cylinder and from the crown of the j-groove weld. After the weld
microstructure is characterized, further studies will be conducted to assess the capability to
detect and to characterize reflectors at various locations in the J-groove weld and the
buttering.

In addition alloy 600 sheet and tube material will be used along with ferritic reactor pressure
vessel steel from canceled plants to conduct other studies on detecting and characterizing
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flaws and cavities in the ferritic steel. This will include the assessment of eddy current and
ultrasonic techniques and any other techniques that are found to be of potential value in
detecting and characterizing degradation in these complex welds.

ISI work, industry studies and demonstrations will be followed and evaluated as part of this
work. Efforts are being made by the NRC to set up an international cooperative to address
these issues and leverage resources from many different countries on this very difficult
inspection problem.

Conclusions

Although the inspection of coarse grained materials is very difficult, there are improvements
being made in NDE technology that need to be evaluated and advances in modeling are
providing a better understanding of the wave propagation through coarse grained materials.
The work described here provides the direction of the work that the NRC is funding to
address this important inspection issue. At a minimum this work will provide quantitative
guidance on the reliability with which degradation can be detected and the accuracy with
which it can be sized with special emphasis on the J-groove weld

120

100

Da,

r-

co

0

U)
r-

C

In
V
0%

80

60

40

(2) (2)

M/

/(3)

(4 ,,
_ . .. .I

* TFCs
* WSCs

- Logistic

20

0
0 20 40 60 80 100 120

Size (% through-wall)

Figure 1. Core shroud study showing the performance of a phased array inspection.

43



Figure 2. Showing the Midland CRDM after machining in preparation for NDE studies.
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Currently, the staff is anticipating or is actively reviewing several advanced light
water reactor designs; AP1 000, ESBWR, SWR-1 000, ACR-700, and International
Reactor Innovative and Secure (IRIS). These designs offer significant
improvements in safety by taking advantage of prior testing, analysis, and
operational experience gained from existing plants. Advanced light water reactor
designs generally rely on natural processes to insure that the core remains
adequately cooled and containment integrity is maintained in the event of an
accident. In some designs, the large break loss of coolant accident (LOCA) is
eliminated and the limiting accident scenario becomes a small LOCA or transient.

While these new designs promise significant safety benefits, their unique features
create new challenges to thermal-hydraulic analysis. Physical processes such as
natural circulation with low driving heads, condensation in the presence of a non-
condensable gas, and entrainment and de-entrainment play an important role in
advanced plant accident scenarios. This paperdiscusses several thermal hydraulic
issues that are important to advanced light water reactors and are being addressed
as part of the staffs code development and review effort.

Introduction

In 2002, there has been a re-emergence in licensing review activity for advanced light water
reactors. Currently, the staff is anticipating or is actively reviewing several new designs; AP1 000,
ESBWR, SWR-1000, ACR-700, and IRIS. Table 1 summarizes the general design of each.
These designs offer significant improvements in safety by taking advantage of prior testing,
analysis, and operational experience gained from existing plants. Advanced light water reactor
designs generally rely on natural processes to insure that the core remains adequately cooled and
containment integrity is maintained in the event of an accident. In some of these designs, the
large break loss of coolant accident (LOCA) is eliminated and the limiting accident scenario
becomes a small LOCA or transient.

While these new designs promise significant safety benefits, their unique features create new
challenges to thermal-hydraulic analysis. Physical processes such as natural circulation with low
driving heads, condensation in the presence of a non-condensable gas, and entrainment and de-
entrainment play an important role in advanced plant accident scenarios. The following sections
discuss several thermal-hydraulic issues that are important to advanced light water reactors and
are being addressed as part of the staff's code development and review effort.
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Design Applicant | Type

AP1000 Westinghouse Passive PWR

ESBWR General Electric Passive BWR

SWR-1 000 Framatome-ANP Passive BWR

Light-Water Cooled,
ACR-700 AECL

Heavy-Water Moderated PWR

IRIS Westinghouse Passive PWR

Table 1: Advanced Light Water Reactors

First, it is informative to ask the question, 'Why are there thermal-hydraulic issues?' The nuclear
industry has invested considerable resources in experimental test programs and in the
development of advanced computational methods. One's initial expectation is that previous work
should be sufficient to resolve any thermal-hydraulic problem. With advanced reactors, however,
there are several reasons why new research may be necessary:

(1) Most of these advanced reactors utilize novel design features. While engineering judgement
leads to the conclusion that these new features are beneficial, they must be considered over a
broad range of conditions. Because of a lack of operational experience, it is not clearly evident
that the performance of new devices and passive safety systems is well understood.

(2) Some accident scenarios are eliminated by design. In some cases for example, the traditional
large break LOCA is not a possibility. As a result, the focus of attention shifts to a new critical
accident scenario. For designs in which the large break LOCA analysis previously limited the core
power, some other accident scenario must be identified and evaluated in detail.

(3) Passive safety features generally result in a dependence on natural circulation and small
driving heads. While this is a major objective of these new safety systems, thermal-hydraulic
codes generally have difficulty in simulating transients that progress slowly and without large
driving potentials. Small uncertainties in thermal-hydraulic models when propagated over long
periods of time can result in large differences in predicted system performance. Thus,
thermal-hydraulic code assessment needs may change for these new plant designs.

(4) The state of the art in boiling, condensation and two-phase flow remains weak for some
important physical processes. In spite of extensive research and development, it is difficult to
assess with certainty processes such as subcooled nucleate boiling, flow pattern transition in rod
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bundles, condensation in the presence of a non-condensable gas, and two-phase separation.
Many correlations developed for boiling and two-phase flow are known to be geometry dependent,
and the geometry and surface conditions change, existing models, and correlations may become
very inaccurate. -

Thermal-Hydraulic Considerations

With the exception of the AP1 000, the staff has not received extensive documentation on the new
advanced designs. The AP1 000 has been under review for some time, and the staff expects to
begin writing a Safety Evaluation Report in 2003. The other designs (ESBWR, SWR-1 000, ACR-
700, and IRIS) are entering the pre-design certification stage. Discussions have been held with
the applicants, and the designs have been described in several workshops. While these initial
discussion and workshops have been useful and informative, a full assessment of research needs
can not be made until formal documentation is submitted. Thus, in what follows, only a preliminary
estimation of research needs is presented.

AP1000: The AP1000 is an advanced pressurized water reactor (PWR) that relies on passive
systems for emergency core cooling. The basis for AP1000 performance was established in the
review of the previously accepted AP600 design. Most the of the test and analysis programs that
supported AP600 also apply to the AP1000, which incorporates several modifications to
accommodate the increase in core power. One of the key features of the AP1000 design is the
Automatic Depressurization System (ADS), which acts to reduce primary pressure and increase
the delivery of coolant to the vessel in case of an accident. Thermal-hydraulic processes that
affect performance of the ADS and are of significant research interest include the hot leg flow
patterns, entrainment from horizontal-stratified flows to the ADS, and entrainment and de-
entrainment of water in the upper plenum. Each of these phenomena affect the two-phase
pressure resistance in the ADS and the rate of mass loss from the primary system.

ESBWR: The ESBWR is an advanced boiling water reactor (BWR) that also relies on passive
systems to maintain adequate core cooling. The design is similar to the SBWR design that
received considerable attention from the staff in the early 90's. While that review was not
completed, it serves an important role in defining the major thermal-hydraulic phenomena for an
advanced BWR. Potential research issues include performance of the Passive Containment
Cooling (PCC) heat exchangers, which must condense steam in the presence of non-condensable
gas. Long term containment pressure is also affected by the distribution of non-condensables and
phenomena that affect the wetwell vapor pressure. The close relationship between vessel and
containment thermal-hydraulics may necessitate a coupling between codes now used to
independently evaluate vessel and containment performance.

SWR-1 000: The SWR-1 000 is also an advanced, passive BWR. It has numerous similarities with
the ESBWR, and as such, thermal-hydraulic phenomena with large uncertainties in ESBWR have
high importance in the SWR- 000. Thus, condensation in the presence of a non-condensable gas
and its impact on passive containment cooling is a likely candidate for additional research in SWR-
1000. Also important in the SWR- 000 are the performance of several novel design features such
as the Passive Pressure Pulse Transmitter, which is a novel device for actuation of various safety
signals.
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ACR-700: The ACR-700 is an advanced CANDU reactor, with the important distinction that the
fuel is light-water cooled. Moderation is performed by heavy water in the calandria, the volume
of which is significantly reduced compared to previous CANDU reactors. The ACR-700 has a
negative void coefficient, and a negative power coefficient over its operating range. Of particular
challenge to the staff in evaluating the ACR-700 thermal-hydraulics are post critical heat flux and
quench in horizontal fuel channels and modeling the two-phase distribution in the inlet and outlet
headers to the fuel channels. Each of these may require testing and model development.
Because both light water and heavy water are used in the same system, there may be unique
challenges in modeling kinetic and thermal-hydraulic feedback.

IRIS: The IRIS is an advanced pressurized water reactor. Unlike other PWRs however, the
reactor coolant pumps, the pressurizer, and steam generators are internal to the reactor vessel.
As a result, typical Class IV accidents are either eliminated or reduced in consequence. Several
thermal-hydraulic issues may merit new research, including two-phase performance of the integral
helical coil steam generators and interaction between the primary and a containment that is
designed to withstand relatively high pressures.

Conclusions

The new light-water reactor designs represent significant advancements in nuclear power
technology. The designs offer improved economics, and at the same time, may provide enhanced
safety margins. Verification of improved safety may require new research to investigate the
performance of some of the novel design features and to improve the understanding of complex
thermal-hydraulic processes. Research needs are expected to evolve and become better defined
as these designs are reviewed by the staff.
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Modeling Issues for High Temperature Gas-Cooled Reactor Designs

Donald Carlson, Richard Lee, and Frank Odar
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

Because high temperature gas-cooled reactor (HTGR) designs are substantially
different from current light-water reactors (LWRs), revised computer codes and
new models will be needed to give NRC staff the necessary capabilities to
realistically predict reactor system response. The development of a suite of
validated reactor system analysis (nuclear analysis, thermal hydraulic analysis,
and severe accidents and source terms) tools and data will permit the NRC staff
to (a) conduct confirmatory analyses in the review of applicants' reactor safety
analyses, (b) support development of the regulatory framework by assisting in
the identification of safety-significant licensing basis events and associated
success criteria, and (c) conduct exploratory analyses to better understand the
technical issues, uncertainties, and safety margins associated with new designs.

1. Introduction

The existing NRC research and regulatory infrastructure for the reactor safety arena primarily
supports licensing and regulation of the current generation of LWRs. Although there are
several areas in which the research infrastructure needs to be improved to address advanced
LWRs, many of the largest research infrastructure gaps for advanced reactors are those that
relate to HTGRs. The NRC has developed an Advanced Reactor Infrastructure Assessment to
identify the new information and revised technical capabilities that would be needed to support
the future licensing of HTGRs and other types of advanced reactors. The assessment
addresses the full spectrum of regulatory and technical areas, including the modeling issues for
HTGR reactor systems analysis as summarized in this paper. Representative of the HTGR
designs considered herein are the pebble bed modular reactor (PMBR) under development in
South Africa and the low-enriched uranium (LEU) fueled version of the gas turbine modular
helium reactor (GT-MHR) that is being developed by General Atomics.

The primary goal of the advanced reactor research program is to establish an appropriate
database and develop the analysis tools to help the staff make sound decisions on key
technical and regulatory issues concerning the safety of advanced reactors. To address these
infrastructure needs for staff capabilities in reactor and plant analyses, RES will acquire or
develop data, tools, and methods that will allow the staff to independently assess advanced
reactor safety margins and to evaluate reactor safety analyses submitted by applicants in
support of future advanced reactor license applications. This research effort is also designed to
provide analytical support for the development of a regulatory framework for advanced reactor
licensing and establish the technical basis for related policy decisions.

This paper will discuss research activities needed in the area of reactor systems analysis, which
includes nuclear analysis, thermal hydraulic analysis, and severe accident and source term
analysis. Nuclear analysis research for reactor systems analysis will include the development
and testing of: (1) reactor physics codes and methods for modeling reactor control and
feedback and for predicting the in-reactor heat sources from fission chain reactions and
fission-product decay and (2) neutron transport and shielding models as needed in analyzing
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reactor material activation and damage fluence. Nuclear analysis research activities will start
with the development of modern, general-purpose nuclear data libraries that will support all
nuclear analysis activities throughout the arenas of reactor safety, materials safety, waste
safety, and safeguards. For the thermal hydraulic analysis of HTGRs, the discussion will
describe data and modeling tools needed for predicting HTGR-specific heat transfer and fluid
flow phenomena, including "multi-phase (helium with air and/or water ingress)" fluid flow with
convective, conductive, and radiative heat transfer in irregular and complex geometries. In the
area of severe accident and source term analysis, the discussion will address the data and
analysis tools needed for: (1) evaluating the progression of accident scenarios up to and
including fuel melting or high-temperature chemical attack and (2) modeling any resulting
releases and transport of radioactive fission products within and outside the reactor system
boundaries.

2. HTGR Reactor Systems Analysis Overview

In advanced HTGR designs, the integrity of the coated particle fuel in its function as primary
fission product barrier depends strongly on the maximum fuel temperatures reached during
irradiation and in accidents. These fuel temperatures are predicted by reactor system
calculations using a combination of codes and models for core neutronics, decay heat power,
system thermal hydraulics, and severe accident phenomena such as graphite oxidation caused
by air ingress. So-called melt-wire experiments performed in Germany's (AVR) pebble-bed
reactor showed the unexpected presence of in-core hot spots, where maximum local operating
temperatures were much higher than predicted with codes like those now being used by the
PBMR developers. Moreover, the AVR's true maximum local operating temperatures remain
unknown due to measurement inadequacies in those experiments. For all advanced HTGR
designs, significant uncertainties also exist in predicting the maximum fuel temperatures and
vessel temperatures during heatup accidents. Such uncertainties relate to basic data like
irradiation- and temperature-dependent thermal conductivities as well as the integral effects of
variable local power densities with conductive, radiative, and convective heat transfer through
the core and surrounding structures. Appropriate data measurements and system analysis
tools will therefore be needed to support the staff's understanding and assessment of factors
that govern fuel temperatures and uncertainties in relation to fuel integrity and HTGR safety
margins.

Related analyses with codes and data will also be needed for assessing the safety-related
technical and policy issues associated with severe accidents and fission product release
phenomena that differ dramatically from those in current and advanced LWRs. To meet needs
on all aspects of advanced reactor system analysis (i.e., nuclear analysis, thermal hydraulics,
severe accidents, and mechanistic release of fission products), the staff will seek to minimize
costs and maximize benefits to the agency through active engagement in the planning and
performance of domestic and international cooperative research efforts.

This paper outlines the specific information that should be incorporated into a suite of reactor
system analysis tools (i.e., computer codes and methods) to give NRC staff the necessary
capabilities to reliably predict system responses. The reactor systems analysis capabilities will
also provide needed information to many other parts of the research program. This will include
providing fluences and temperatures, pressures, and mechanical loads for use in work
described in the sections on Materials Analysis and Fuel Analysis as well as information on
damage sequences for PRAs.
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3. HTGR Nuclear Analysis

The term "nuclear analysis" describes all analyses that address the interactions of nuclear
radiation with matter. Nuclear analysis thus encompasses the analysis of: (1) fission reactor
neutronics, both static and dynamic; (2) nuclide generation and depletion as applied to reactor
neutronics and to the prediction of decay heat generation, fixed radiation sources, and
radionuclide inventories potentially available for release; (3) radiation transport and attenuation
as applied to the evaluation of material damage fluence, material dosimetry, material activation,
and radiation protection; (4) nuclear criticality safety, (i.e., the prevention and mitigation of
critical fission chain reactions (k- 21) outside reactors). This section addresses nuclear
analysis issues encountered in the evaluation of reactor safety for HTGRs.

All areas of nuclear analysis make use of nuclear data libraries derived from files of evaluated
nuclear physics data, such as an Evaluated Nuclear Data File, Volume B (ENDF/B) in the U.S.,
Joint European File (JEFF) in Europe, or Japanese Evaluated Nuclear Data Library (JENDL) in
Japan. The nuclear data files include, for example, fundamental data on radionuclide decay as
well as neutron reaction cross sections, emitted secondary neutrons and gamma rays, and
fission product nuclide yields, all evaluated as complex functions of incident neutron energy.
The neutron reaction evaluations also provide cross-section uncertainty information in the form
of covariance data that can now be processed and used with advanced sensitivity and
uncertainty analysis techniques, as developed in recent years under RES sponsorship, to assist
in the identification and application of appropriate experimental benchmarks for problem-
specific code validation.

Many of the processed nuclear data libraries in use today were developed in the 1980s or
earlier. For example, the PBMR design team in South Africa now relies on the German VSOP
reactor physics code with multi-group nuclear cross section libraries derived in the early 1980s
from the evaluated physics data in ENDF/B-IV. Pre-1 990s cross section libraries are similarly
being used for preparing the LWR nodal physics data used by the NRC's reactor spatial
kinetics code, Purdue Advanced Reactor Core Simulator (PARCS), and for the criticality,
depletion, and shielding analysis sequences in the NRC's Shielding and Criticality Analysis for
Licensing Evaluation code system. While these legacy cross section libraries have proven
largely adequate in a variety of applications, their known limitations and shortcomings in relation
to modern nuclear data evaluations and processing techniques would call for reevaluation in the
context of advanced reactors and their fuel cycles and would continue to limit the
implementation of modern nuclear analysis methods.

NRC has sponsored Oak Ridge National Laboratory (ORNL) to upgrade the AMPX, a Modular
System for Processing Nuclear Data Evaluations code suite, to enable its eventual use in
creating new cross section libraries that would take full advantage of the expanded resolved
resonance ranges and the improved/corrected nuclear data and covariance evaluations now
available in the latest releases of ENDFIB-VI and its foreign counterparts JEFF-2 and JENDL-3.
With the recently completed AMPX upgrades and continued improvements to the Nuclear Data
Processing System from Los Alamos National Laboratory (NJOY) nuclear data processing
codes, opportunity and motivation now exist to produce and test state-of-the-art nuclear data
libraries for use in the analysis of reactor safety, nuclear material safety, waste safety, and
safeguards issues associated with conventional and advanced reactor technologies.
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3.1 Identification of HTGR Nuclear Analysis Modeling Issues

The defining features of HTGRs include their use of fission-product retaining coated fuel
particles, graphite as the moderator and structural material, and neutronically inert helium as
the coolant. Both the PBMR and GT-MHR are modular HTGR designs that are fueled with
low-enrichment uranium (LEU, <20% 235U) instead of the high-enrichment uranium
(HEU, >90% 235U) and thorium used in earlier HTGRs. Both also have long annular core
geometries, locate control and shutdown absorbers in the graphite reflector regions, and lack
traditional in-core instrumentation. In many respects, the PBMR and GT-MHR designs
therefore have similar code modeling and validation issues for the prediction of reactor
neutronics phenomena and decay heat generation.

Reactor neutronics and decay heat analysis issues unique to the PBMR relate mainly to its use
of multiple-pass on-line fueling, its pebble-bed annular core with statistical packings of fuel
pebbles of varying burnups, the intermixing of graphite pebbles and fuel pebbles near the
boundaries between the fueled core region and the central graphite region, and the potential for
seismic compaction events, misloading events, anomalous local packing and clustering of
pebbles, and anomalous flow patterns of pebbles through the core such as might be caused by
localized pebble bridging, jamming of chipped or fractured pebbles, unanticipated funneling
effects near the core exit, or unanticipated radial gradients of pebble flow velocity resulting from
the strong temperature dependence of pebble-to-pebble friction (i.e., as seen in the Thorium
Hochtemperaturreaktor (THTR)-300 pebble bed reactor). Related research activities include
the mechanics of pebble beds with pebble flow and intermixing, statistical packing, bridging,
and seismic pebble-bed compaction.

Physics analysis issues unique to the GT-MHR relate mainly to the effects of burnable poisons,
the presence of both 19.9% enriched "fissile" coated particles and unenriched "fertile' coated
particles in the fuel compacts, reactivity control for cycle bumup effects, and the power shaping
effects of zoned fuel and poison loadings.

Nuclear analysis issues anticipated in evaluations of PBMR and GT-MHR reactor safety, and
related aspects of tri-isotropic (TRISO) fuel performance, include the following:

* Temperature coefficients of reactivity: The reactivity feedback effects from temperature
changes in the fuel, moderator graphite, central graphite region, and outer reflector
graphite play and important role in HTGR analysis. Based on sensitivity studies and
validation against representative experiments and tests, the analysis of reactivity
feedback coefficients should account for computational uncertainties in the competing
physical phenomena, including for example the positive contributions to the fuel and
moderator temperature coefficients associated with 135Xe and bred fissile plutonium.

* Reactivity control and shutdown absorbers: Depending on design details, the reactivity
worths of in-reflector control and shutdown absorbers may be sensitive to tolerances in
the radial positioning of the absorbers within the reflector-block holes. The tests and
analytical evaluations for reactivity control and hot and cold shutdown should also
account for absorber worth variations through burnup cycles (GT-MHR) and the
transition from initial core to equilibrium core loadings as well as absorber worth
validation and modeling uncertainties and absorber worth variations caused by
temperature changes in the core and reflector regions, xenon effects, variations or
aberrations of pebble flow, and accidental moisture ingress.
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* Moisture ingress reactivity: Although the absence of high-pressure, high-inventory water
circuits in closed Brayton cycle systems makes this issue less of a problem than in
earlier steam cycle HTGRs, the effects of limited moisture ingress will nevertheless have
to be evaluated for depressurized or underpressurized accident conditions in the PBMR
and GT-MHR. Effects to be evaluated include the moisture reactivity (i.e., from adding
hydrogenous moderator to the undermoderated core), the effects of moisture on
temperature coefficients (e.g., from spectral softening), shortened prompt-neutron
lifetimes (i.e., faster thermalization), and reduced worths of in-reflector absorbers
(i.e., fewer neutrons migrating to the reflector).

* Reactivity transients: T/H-coupled spatial reactor kinetics analyses will be needed for
assessing axial xenon stability as well as reactivity transients caused by credible events
such as overcooling, control rod ejection, rod bank withdrawal, shutdown system
withdrawal or ejection, seismic pebble-bed compaction, and moisture ingress. Of
particular importance in the safety evaluations for PBMR and GT-MHR is the need to
identify, through safety analysis and risk assessment efforts, any credible events that
could produce a prompt supercritical reactivity pulse. Should any such prompt-pulse
events be identified as credible, their estimated probabilities and maximum pulse
intensities should be considered in establishing any related plans or requirements for
pulsed accident testing and analysis of HTGR fuels (see Section on Fuels). For
loss-of-cooling passive-shutdown events with failure of the active shutdown systems
(i.e., anticipated transient without scram [ATWS]), the delayed recriticality that occurs
after many hours of xenon decay may also require spatial kinetics analysis models to
account for the unique spatial power profiles and feedback effects caused by the higher
local reactivity near the axial ends and periphery of the core where temperatures and
xenon concentrations are lower.

* Pebble burnup measurements and discharge criteria: The PBMR designer states that
selected fission-product gamma rays will be measured to determine the bumup of each
fuel pebble and that this measured burnup will serve as the criterion for discharging the
pebble or passing it back through the reactor. The particular burnup value used as the
discharge/recycle burnup criterion will be chosen to limit the maximum pebble bumup,
which is stated as nominally 80 GWd/t. Therefore, determining a suitable value for
discharge/recycle burnup criterion (<80 GWd/t) will require consideration of in-core
pebble residence time spectra, together with supporting neutronics calculations, in order
to statistically characterize the maximum bumup increment that might accrue during a
pebble's final pass through the core. Bumup measurement uncertainties will also have
to be considered. Furthermore, since pebble burnup measurements (unlike the pebble
reactivity measurements used in THTR-300) cannot distinguish pebbles with different
initial fuel enrichments, the same discharge burnup criterion will need to be applied to
the initial charge of 4%-enrichment fuel pebbles as to the 8%-enrichment pebbles that
are added in transitioning to an equilibrium core. Neutronics calculations will be needed
to bound the higher neutron fluence experienced by the 4%-enrichment pebbles in
reaching the maximum bumup levels allowed in the transitional cores.

* Pebble-bed hot spots: The results of melt-wire experiments conducted in the German
AVR test reactor demonstrated the existence of unpredicted local hot spots under
normal operating conditions in pebble bed cores and that such hot spots determine the
maximum normal operating temperatures of the fuel. These hot spots may arise from a
combination of higher local power density (e.g., due to moderation effects near the
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reflector wall or from chance clustering of lower burnup pebbles), lower local bed
porosity due to locally tight pebble packings, and reduced local helium flow due to the
increase of helium viscosity with temperature. Whereas the slow evolution of
loss-of-cooling heatup transients in the PBMR will tend to wash out any effects of
pre-accident local flow starvation on subsequent peak fuel temperatures, the effects of
higher local fission power densities will be retained throughout the heatup transient in
the form of higher local decay heat powers. Therefore, the effect of decay-power hot
spots, in particular, may need to be considered in evaluating the maximum fuel
temperatures arising in pressurized or depressurized loss-of-cooling accidents.

Pebble fission power densities and temperatures: The computational models may need
to account for pebble-to-pebble burnup and power variations within nodes or meshes.
Computational studies with higher-order methods, such as exact geometry,
continuous-energy Monte Carlo (MCNP), may be used to investigate the distribution of
power among assumed clusterings of pebbles with various bumups located in the core
interior, in the inner-reflector mixing region, and near the outer reflector wall. Note that
in calculating operating temperatures inside a pebble, the reduction of pebble power
with pebble burnup may tend to be offset by the reduction of pebble thermal conductivity
with neutron fluence.

Pebble bed decay heat power densities: Much as with fission power densities (see
previous item), each node in the core calculational model will contain pebbles with a
broad range of decay heat power densities. Further computational studies may,
therefore, be needed to establish technical insights on acceptable modeling
approximations (e.g., mesh averaging methods) and assumptions (e.g., local hot spots,
power histories) for calculating decay heat sources in pebble bed reactors while
accounting for validation uncertainties associated with the shortage of applicable
experimental data.

Graphite annealing heat sources: Although continuous annealing effectively prevents
any significant buildup of Wigner energy at the high operating temperatures of HTGR
graphite, there is a significant accumulation of higher-energy graphite lattice distortions
that anneal out only at the elevated graphite temperatures encountered in loss-
of-cooling accidents (e.g., conduction cooldown events). This high-temperature
annealing heat source should be evaluated and, where significant, added to the nuclear
decay heat sources used in the analysis of loss-of-cooling heatup events. Note that the
recovered thermal conductivity caused by high-energy lattice annealing during slow
graphite heatup accidents can substantially reduce the peak fuel temperatures reached
during the accident, an effect that may need to be considered in the heat removal
models used for HTGR accident analyses.

Radionuclide decay before accident testing of TRISO fuel: In understanding how
out-of-reactor heatup and power-transient tests can be used to demonstrate the
performance of TRISO fuels in reactor accidents, one should consider the potential
effects from physical changes that can occur in the fuel during the time intervals
between fuel irradiation and testing. Such physical changes would include those arising
from the decay of short-lived fission products and actinides and from other time- and/or
temperature-dependent processes (e.g., chemical reactions, material cooling, creep,
annealing, precipitation, condensation, diffusion, permeation, migration) that could affect
the mechanical loading and effective strength of particle coatings under the respective
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simulated or actual accident conditions. Specific analyses of nuclide generation,
depletion, and decay will therefore be needed for evaluating how radioactive decay
changes the fuel's inventory of important actinides and fission products (e.g., those that
potentially affect gas pressure and layer strength in the coated particles) during the time
intervals between fuel irradiation and out-of-reactor accident testing.

Physics of TRISO fuel irradiation in test reactors versus HTGRs: The extensive use of
various test reactors for the irradiation testing of HTGR TRISO fuels raises-questions
about the nonprototypicality of the neutron energy spectra, accelerated fuel burnup
rates, and fuel temperature histories in the test reactors. It may be beneficial to perform
reactor-specific calculations of neutron fluxes and nuclide generation, depletion, and
decay to validate and assess the sensitivity of computed fluences and fuel nuclide
inventories between the test reactors and HTGRs.

4. HTGR Thermal-Hydraulic Analysis

T/H analyses are used to assess plant performance under accident and transient conditions to
ensure that the safety limits are not exceeded and that there is sufficent margin to account for
uncertainties. Understanding the effects of these features on local and system-wide T/Hs is
necessary in order to confirm and quantify the expected safety margins of the proposed plants
and to audit the applicant's calculations.

4.1 Identification of HTGR Thermal Hydraulic Modeling Issues

NRC staff has completed a preliminary survey of the analysis capabilities needed to model
HTGR fluid flow and heat transfer in support of the staff's review of an HTGR safety analysis.
Given the nature of HTGR transients, the preliminary findings indicate that a code will need to
reliably and efficiently predict transients that evolve over time scales of days, not hours as we
have become accustomed to in LWR analyses. Some design basis transients are driven by
radiative and conductive heat transfer through porous and solid structures not convection, and
this capability, although it currently exists in all codes, may have to be extended to three
dimensions, and a spherical fuel element model will have to be added for analyzing transients in
pebble bed reactors. The NRC analysis tools should be able to model all the turbo-machinery
and passive decay heat removal systems, and accurately model gases (helium and air) in
natural circulation. These systems are important for long-term heat removal and recovery as
well as determining initial steady state operating parameters and conditions. Turbo-machinery
will likely be simulated using existing pump models, but this capability will have to be assessed
and modified as needed. For pebble bed designs, the staff needs the capability to model flow
and heat transfer in a packed bed configuration. The code will need to model two different
working fluids at once to model component cooling water systems. Finally, the capability to
model graphite as a solid structure will have to be added.

Two types of codes may be used to fulfill this need for HTGRs. These are the traditional
reactor systems analysis codes, analogous to TRAC-M or MELCOR, and general-purpose
computational fluid dynamics codes, such as FLUENT. FLUENT will be used because it gives
us the ability to more reliably predict parts of the fluid system when we need to assess the
capability of our reactor system code against some assumed known reference standard or
when we need to assess a particular phenomenon in more detail.
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Where appropriate, the acquisition or development of new HTGR thermal hydraulic analysis
capabilities will use or build upon corresponding features in the two earlier HTGR accident
analysis codes, Graphite Reactor Severe Accident Code (GRSAC) and Thermal Analysis for
Temperatures in the Core of an HTGR (THATCH). The forerunners of GRSAC, called ORECA
and MORECA, were developed in the 1975 to 1993 time frame at ORNL, largely under NRC
sponsorship, to support the staff's licensing safety evaluation for Fort Saint Vrain and the
pre-application review for the DOE MHTGR. After 1994, MORECA became GRSAC and,
through non-NRC funding sources (mainly the Defense Nuclear Agency), was further
developed to model past accidents and postulated events in various non-HTGRs, such as
Windscale, Magnox, and AGRs. ORNL is now adding pebble-bed and Brayton cycle code
models to GRSAC for their near-term use in support of an NRC interagency agreement with
DOE on assessment of generic HTGR safety analysis code requirements and the staff's
pre-application review activities for the PBMR. The THATCH code was developed at
Brookhaven National Laboratory, likewise through NRC sponsorship in the 1975 to 1993 time
frame, and was likewise used to support the staff's review activities for Fort Saint Vrain and the
MHTGR. Unlike GRSAC, the THATCH code was not maintained after the NRC's MHTGR
review activities were terminated in 1994, although THATCH code documentation is still
available.

5. HTGR Severe Accident and Source Term Analysis

Reactor risk studies performed by NRC and industry have shown that public risk from reactor
operation is dominated by accidents involving severe core damage coupled with containment
bypass or containment failure. These accidents result from sustained loss of core cooling and
can release substantial quantities of radioactive fission products (FPs) into the environment.
The ability to model progression of severe accidents and estimate releases of FPs into the
environment is required to quantify risk and to address severe accident issues. NRC has
developed several codes to model severe accidents.

NRC's severe accident codes for LWRs are based on a large number of experiments
performed in the 1980's following the Three Mile Island 2 accident, which have been
incorporated in the MELCOR code. MELCOR is chosen as the NRC consolidated severe
accident code which can model most aspects of a severe accident including thermal hydraulics,
core melt progression, FP transport in the reactor system and containment. For LWRs, many
experiments (U.S. and international) have also been carried out in support of development of a
fundamental understanding of the phenomena of severe accident and FP transport.

5.1 Identifying HTGR Severe Accident and Source Term Modeling Issues

As part of the NRC's review of advanced reactors development of FP transport and source
terms will play an important part in several policy issues, such as the need for leak tight
containments and the choice of design basis accidents. There is a need for data and modeling
methods for the new materials and configurations that will be used in the advance reactors
(particularly in HTGRs). Research will be needed to perform confirmatory analysis and to
identify and resolve many of the source term driven policy issues discussed above.

HTGR accidents that can potentially lead to FP release need to be identified and, if credible,
modeled. For today's LWRs, such accidents include a loss of coolant coupled with the failure
of safety systems, reactor coolant system boundary failure, and containment failure or bypass.
Accordingly, severe accident codes have been developed and used to estimate the probability
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and timing of the failure of the reactor coolant system boundary and the failure or bypass of the
containment. Severe accident analysis methods using codes such as MELCOR have been
developed to estimate the magnitude and timing of FP release to the containment and
subsequently to the environment.

For HTGRs the types of sequences and the process by which FPs may be released from HTGR
fuel will differ dramatically from those in LWRs. Incremental releases of FPs may occur as the
result of diffusion during normal operation, rupture of coated fuel particles as a result of
accidents, and vaporization during high-temperature degradation of the fuel.

The risk from HTGR operation is the risk from releases during normal operation, from accidents
involving rupture of coated fuel particles, and from accidents involving high temperature fuel
degradation. Technical expertise and technical capability in the area of FP transport and
behavior during high temperature fuel degradation is needed in order to assess the risk from
HTGR operation. Because FPs released from the fuel are transported through the primary
system and containment predominantly as aerosols, the offsite releases and offsite radiological
consequences may be significantly reduced by FP deposition in the primary system and
containment. Aerosol deposition occurs through a variety of mechanisms such as gravitational
settling, thermophoresis, and diffusiophoresis. Therefore, research activities will focus on FP
transport and behavior in the primary system and containment.

MELCOR has most of the capabilities needed to analyze beyond design-basis accident issues
for HTGRs. However, modifications to MELCOR would be needed to model these reactors,
because of the different fuel design and the different reactor internal structure design.
Proposed modifications are described below, together with an activity to assess MELCOR, in
combination with GRSAC where appropriate, against available experimental data and other
codes.
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Modular high-temperature gas-cooled reactors, such as the Pebble Bed Modular
Reactor and the Gas Turbine-Modular Helium Reactor have unique safety
features and design characteristics. Foremost among these is the all-ceramic
fuel element containing tri-isotropic (TRISO) coated fuel particles. The fuel
safety concept and intended design characteristic is to contain and retain
essentially all radiologically important fission products within the billions of coated
fuel particles contained within the fuel elements (e.g., fuel pebbles, fuel
compacts) within the core. Effective fission product retention within the coated
fuel particles is critical to the high-temperature gas-cooled reactor safety case for
all licensing basis conditions. The paper describes the irradiation testing and
accident condition testing that is needed to obtain fuel performance data to
better establish operating and accident condition fuel safety performance and
safety margins; to assess the acceptability of an applicant's fuel irradiation and
accident simulation testing programs, to verify an applicant's claims of fuel
performance and fission product release during operations and accidents and; to
provide data to develop and validate analytical fuel performance tools. These
test data are also considered important to support a policy decision on
mechanistic source term and modular HTGR application technical reviews.

Back-ground

Advanced high-temperature gas cooled reactors (HTGRs), such as the Pebble Bed Modular
Reactor (PBMR) and the Gas Turbine Modular Helium Reactor (GT-MHR), are being designed
to assure the containment of radiological fission products in a much different manner than the
current generation of light-water reactors (LWRs). LWRs are licensed with a robust
pressure-retaining containment building that is designed for very low leakage in the event of an
accident. An LWR containment building is designed to provide a diverse and effective second
barrier against the release of fission products to the environment should significant fuel failures
and fission product transport (FPT) occur due to a postulated accident, such as a loss-
of-coolant core heatup accident. The approach to fission product containment being taken by
the designers of advanced HTGRs is to primarily retain fission products where they are
produced-within the fuel-in the event of an accident. The PBMR and the GT-MHR designs
and safety cases both rely on the ability of the billions of tiny ceramic-coated fuel particles
(CFPs) to stay intact and to effectively retain and contain fission products during normal
operation as well as during postulated accidents. The approximate 5 billion CFPs in the pebble
fuel elements in a PBMR core and the approximate 10 billion CFPs in the prismatic fuel
elements in a GT-MHR core individually and collectively provide the principal barrier against
fission product release. The containment designs being proposed for advanced HTGRs,
although as structurally robust as those of LWRs, are not designed to contain fission products
at high pressure and low leakage under accident conditions. Due to the limited operating
experience and current state-of-the-art for CFP performance analysis, production fuel testing is
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expected to provide the single most important basis for assessing CFP failure behavior and
determining CFP integrity probabilities over the range of applicable HTGR plant operating
conditions, transient conditions, and postulated accident conditions. HTGR fuel performance
testing is therefore expected to be an essential aspect of advanced HTGR licensing.

It is also understood that applicants for a GT-MHR or a PBMR license will propose a
mechanistic' basis for the accident source term. The fission product release from the fuel is the
sum of initial CFP defects and heavy metal contamination from manufacture; CFP failures that
occur during normal plant operations, including anticipated operational transients; and CFP
failures that occur during design basis accidents or accidents beyond the design basis
(i.e., "severe" accidents). The source term would be based on a mechanistic calculation of:
(1) fuel failure (probability) due to the combination of manufacturing defects, failures in
operations and accident induced failures; (2) release of fission products from intact, defective
and failed fuel particles, and initial heavy metal contamination, (3) transport/holdup of fission
products through the fuel element, (4) transport/holdup of fission products within the primary
pressure boundary, and (5) transport/holdup of fission products within the reactor building
confinement system. (See Figure 1, 'HTGR Fission Product Source Term Factors (GT-MHR),"
for GT-MHR source term factors.) This is different from the traditional licensing approach used
for LWRs, which involves a deterministic bounding approach to the accident source term.
Although only limited information has been provided by potential HTGR applicants, it is
expected that the mechanistic source term will be based on a core-wide spacial census of CFP
failure probabilities. It is expected that applicants will propose that this spacial census be
event-specific and determined on the basis of a conservative calculation of the spacial
distribution of the core conditions that drive CFP failure (e.g., fuel maximum temperature). Due
to the limited operating experience and database for FPT, HTGR production fuel and related
production fuel materials testing is expected to provide an essential basis for qualifying the
fission product release and transport models used in the mechanistic source term calculations
over the range of applicable HTGR plant operating and transient conditions and postulated
accident conditions.

Extensive international irradiation (operational) testing has been conducted in Germany, United
Kingdom, United States, Japan, Russia, Netherlands, and China to understand and
characterize the behavior and safety performance of TRISO coated fuel particles during normal
operation and operational transients. The fuel development and qualification irradiation testing
philosophy of the international programs has generally focused on demonstrating acceptable
and predictable fuel performance within the specified design, manufacturing, operating, and
accident condition envelope applicable to a particular HTGR fuel design. Far less testing has
been conducted to explore conditions beyond the specified envelope to understand the
conditions wherein large and unacceptable increases in particle failure rates will begin to occur
for otherwise qualified production fuel. The limited available irradiation test data involving
operating temperature, bumup, fast fluence, and power levels well beyond the design-specific

'SECY-02-0139, 'Plan for Resolving Policy Issues Related to Licensing Non-Light Water Reactor
Designs," identified seven policy issues on HTGR designs. One issue involved whether, and under what
conditions, scenario specific accident source terms might be acceptable for HTGR licensing decisions.
The staff committed to provide a policy decision paper to the Commission in December 2002. The paper
will contain options and recommendations for Commission policy guidance to resolve these issues. The
acceptability of a mechanistic source term for HTGR licensing has therefor not yet been decided by the
NRC.
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envelopes results in significant uncertainties regarding the operational safety margins to
elevated TRISO CFP failure rates. Additional production fuel testing to explore and map the
operational and accident safety margins is considered essential to more fully understand and
quantify these safety margins. Such testing is considered necessary to reduce uncertainty and
to enhance both regulatory confidence and public confidence that advanced HTGR fuels can
effectively retain and contain fission products where they are produced-within the fuel-for all
credible conditions.

TRISO Coated Fuel Particle Design. Manufacture. and Fission Product Retention Basis

There are two advanced HTGR designs involving NRC reviews: the PBMR and the GT-MHR.
The PBMR, representative of pebble bed concepts, uses thousands of TRISO coated fuel
particles randomly distributed within a graphite matrix in a sphere the size of a billiard ball. (See
Figure 2, 'Pebble Fuel Element Design.") The fuel spheres (i.e., pebbles) are recycled slowly
through the reactor core in a continuous online refueling process until the design burnup is
achieved. The GT-MHR, representative of prismatic block core concepts, uses TRISO coated
fuel particles agglomerated into cylindrical compact matrix. Compacts are stacked and inserted
into an array of bored fuel holes within a hexagon-shaped graphite fuel element. Fuel elements
are stacked in an array that makes up the annular reactor core. The prismatic block fuel
elements are periodically relocated or replaced in a batch reload process. (See Figure 3,
"Prismatic Fuel Element Design.")

The performance of the fuel, particularly the fission product retention capability of the TRISO
coated particles during normal operation and accidents, is the primary factor in determining the
radiological safety performance of advanced HTGRs. Each layer of the particle is engineered
to protect against degradation or failure that can lead to fission product release. The fuel kernel
is designed to provide a transport holdup for fission products and plays a role in reducing the
release of fission gases from broken particles. The transport holdup provides for a significant
delay in the release of iodine-1 31 from failed particles. The buffer layer provides a porous void
volume. The buffer layer accommodates fission gas release (to avoid excess pressure buildup
in the particle), attenuates fission product recoils and accommodate irradiation-induced swelling
of the fuel kernel. The buffer layer thereby protects the high-density layers from damage. The
inner high density carbon layer also provides a barrier against fission product release.
However, its main function is to provide an impervious barrier to protect the kernel from attack
by corrosive chemicals associated with the fabrication process of the (next) silicon carbide (SiC)
layer. The layer also strengthens the SiC layer, which has limited tensile strength. The SiC
layer provides the primary containment barrier against the release of solid and gaseous fission
products. It serves as the coated particle's primary pressure vessel and contributes the most to
the overall strength, dimensional stability, and structural support of the particle. However, silver
in the form of silver-1 1 Om readily diffuses through the SiC and the other layers of the particle.
The outer carbon layer protects the SiC against chemical attack during the particle-coating
processes and adds strength to the SiC layer by keeping it under compression. It also provides
an additional barrier to fission product release. Neither the graphite matrix for pebble fuel, nor
the compacts and nuclear graphite prismatic fuel blocks for GT-MHR fuel are expected to retard
iodine-131 gas release from failed particles. Metallic cladding is not a part of the HTGR CFP
fuel design. Thus the all-ceramic CFP design has the potential to retain fission products at
temperatures that are well above the normal fuel operating temperatures.
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Figure 4, "Relative Fission Product Concentration Within an Irradiated TRISO Fuel Particle,"
depicts the relative fission product concentration in the various layers for an intact irradiated
TRISO CFP at normal operating temperature. The figure is based on isotopic composition
measurements. Almost all of the fission products are retained in the kernel itself. The buffer is
designed to retain most of the fission products that escape from the kernel, especially the
gaseous fission products in intact CFPs. The concentration drops off from the inner to the
outer surface of the buffer layer. A small amount of solid fission products is retained by the
inner high-density carbon layer. The concentration drops off to essentially zero at the SiC layer.
Fission products do not penetrate an intact SiC layer to get to the outer high-density carbon
layer. Fission products that enter the coolant are due either to defective CFPs from
manufacture, from trace uranium outside the silicon carbide layer, from the chemical vapor
deposition coating process, or to the fraction of particles that fail during operational irradiation.

HTGR Fuel Particle Irradiation Testing Experience and Fuel Failure Mechanisms

Figure 5, "Comparison of U.S. and German TRISO Fuel Irradiation Performance (Source.
INEEL)," provides a graphic illustration of the mixed results in the irradiation performance of
TRISO CFPs over the past several decades. The figure provides a comparison of the
irradiation performance of TRISO CFPs made in Germany (utilizing the so-called German fuel
fabrication processes) with the irradiation performance of TRISO CFPs made in the United
States (utilizing a U.S.-developed fuel fabrication process). A comparison of the irradiation data
for German-made TRISO coated particle fuel with U.S.-made TRISO coated particle fuel shows
that the krypton-85 gas release rate (i.e., particle failure rates) during irradiation for U.S. fuel is
three orders of magnitude higher than for the German fuel.

A recent INEEL critical study of the causes for these differences confirmed the long-held view
that differences in the process parameters used for applying the individual coating layers of the
TRISO coated particle were a key factor in the differences in irradiation performance. Although
the U.S. fuel met the established specifications for the measurable fuel particle layer physical,
material, and chemical characteristics (e.g., thickness, density, strength, impurities), which were
consistent with the design and safety requirements, the differences in processes were found to
result in critical differences in layer micro-structures, differences in bonding between layers,
differences in layer anisotropy, etc. These were critical differences which resulted in significant
differences in in-reactor (irradiation) fuel performance and behavior. The importance of
manufacturing process was recognized in Germany and was included in the fuel manufacturing
specification along with the product specifications.

The GT-MHR and PBMR vendors have stated that the manufacture of the TRISO fuel particles
for their fuel will be equivalent to the German fuel manufacture. To achieve this goal, both
vendors are currently implementing a major fuel manufacturing development program with the
assistance of available German fuel fabrication technology specialists. The Department of
Energy has also established an HTGR fuel development and qualification program which is
intended to duplicate the success of the German fuel fabrication technology and to determine
the relationship between CFP manufacturing process, CFP product characteristics and CFP
irradiation performance. A major goal of these efforts is to develop a raw materials supply and
equipment, procedures, process specifications, and product specifications which will
re-establish the German production fuel quality and characteristics and duplicate the German
fuel irradiation performance. For this reason it is important that fuel performance, qualification
and margin testing be conducted with test fuel that has been fabricated with the same
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materials, equipment, procedures, process specifications and product specifications that are
intended to be used (i.e., proven) for the production fuel that would be loaded into the power
reactor core. Extensive fuel irradiation testing, accident condition testing, and safety margin
testing will need to be carried out to determine the extent to which these efforts are successful
and to qualify the fuel as meeting the fuel performance requirements needed to meet the
proposed licensing basis for radiological consequences for these plants.

In addition to fuel fabrication as an important determinant of fuel performance (i.e., CFP failure
probability), the actual test conditions associated with fuel irradiation testing, accident condition
testing, and safety margin testing are a similarly important determinant.

TRISO Coated Fuel Particle Failure Mechanisms

TRISO CFP failure mechanisms and their underlying causes are key considerations in the
development of an HTGR fuel safety performance test matrix (i.e., test conditions). Failure
mechanisms can be attributed to design, manufacture, operating conditions, and accident
conditions. Manufacturing-related causes and the controls against TRISO CFP failures that
occur in the manufacture of the CFPs and the fuel elements (i.e., initial particle defects) are
generally known, can be quantified, and typically occur at a fractional rate of about 1O'. Initial
manufacturing defects, such as broken CFPs due to fuel compacting (GT-MHR) or fuel pebble
(PBMR) pressing are also readily and immediately observed in fuel irradiation tests and are not
the focus for the design of a fuel performance test matrix.

Active and latent particle failure mechanisms are revealed as actual failures some time later in
fuel irradiation tests (operations) and/or during accident conditions. The causes and the
specific mechanisms can be attributed to design and manufacturing factors, as well as to the
operational environment and the accident condition environment. The design of an HTGR fuel
safety performance test matrix does need to consider active and latent failure mechanisms.

Potential active operational (in-service) failure mechanisms include damaging direct interaction
between the fuel kernel and the particle coatings. This can occur when, over time, the fuel
kernel migrates away from "center" of the CFP due to an elevated radial temperature gradient
(environmental factor) and attendant carbon transport within the CFP. This can become a
possible failure mechanism if the particle power level is sufficiently high to cause a large radial
temperature gradient. (See Figure 6, "TRISO Coated Fuel Particle Kemel Migration Failure.")

Active failure of the CFP can also occur if the pressure within the CFP becomes sufficiently high
to cause the stress in the SIC layer to exceed its ultimate tensile stress (i.e., 'pressure vessel
failure"). For a given CFP design, pressure inside the particles is time-dependent and a
function of bumup and temperature. The higher the burnup the larger the fission gas release
from the kernel, and the higher the CFP temperature the higher the pressure. (See Figure 7,
"TRISO Coated Fuel Particle Pressure Vessel Failure.")

In addition to irradiation temperature and bumup, stress in the SiC layer is also a
time-dependent function of such factors as: neutron fluence, particle geometry, and particle
layer densities. Maintaining the SiC layer in a state of compression for as long as possible
(i.e., for the highest possible burnup) is an important goal in the design of CFPs. For example,
fast fluence will cause the pyrolytic carbon (PyC) to shrink over time, causing the adjacent
bonded SiC layer to be in a state of compressive stress. However, further increases in fast
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fluence will cause the PyC layer to grow from the shrunken state and in time will allow the SiC
layer to be in tension. Shrinkage can also cause PyC local cracking and debonding of the PyC
layer from the SiC layer, which can result in a high local stress on the adjacent SiC layer,
leading to its premature failure. Lower CFP temperature can theoretically increase stresses
and failure of the PyC due to the lower rate of PyC creep. Higher creep rates allow the PyC
stresses to be reduced, which lowers the potential for PyC cracking and debonding, which
lowers the potential for SiC cracking failure. (See Figure 8, UTRISO Coated Fuel Particle Outer
Pyrolytic Carbon Layer Cracking/Debonding Failure.")

Another potential failure mechanism is fission product corrosion of the SiC layer. This can
occur due to chemical attack by lanthanides and palladium due to fission in the fuel kernel and
can be an important factor at irradiation temperatures below 1 6000C.

Potential active failures that can occur during accident conditions include pressure vessel
failure, thermal decomposition of the SiC, effects of steam or water on CFPs, and the rapid
deposition of energy in the fuel particles, among others. The pressure vessel failure
mechanism is the same as for operational failures. Thermal decomposition involves a shift in
the chemical equilibrium away from SiC and toward the elemental silicon (Si) and carbon (C)
and occurs when SiC is subjected to very high temperatures. To the extent that steam or water
ingress can reach CFPs, it has the potential to cause oxidation-induced degradation of the PyC
and SiC layers, and hydrolysis-induced degradation and failure of the SiC layer. Finally, a rapid
deposition of energy in advanced HTGR coated fuel particles can be associated with a large
global or local reactivity insertion event such as a postulated control rod ejection accident.
Potential reactivity events are generally less of a concern in a PBMR since online refueling
limits the amount of excess reactivity available to cause a reactivity addition event. A power
pulse, if large enough, has the potential to fail CFPs. At very high power pulses, fuel compact
or pebble element fracture might occur.

Fuel fabrication product specifications (e.g., layer thickness, density, and anisotropy), fuel
fabrication process specifications (e.g., layer coating temperature, pressure, gas flow rates),
and fuel fabrication manufacturing equipment (e.g., continuous coaters vs. batch coaters) are of
central importance to HTGR fuel irradiation and accident condition test programs (i.e., the rate
of CFP latent failures). Different fuel fabrication processes result in significant differences in
CFP performance during normal operation (see Figure 5) and accidents. Assessing the effects
of fabrication is vital and is accounted for in the CFP sampling schemes and the CFP and fuel
element sample size used for establishing the fuel used in the test. The design of an HTGR
fuel safety performance test matrix implicitly rather than explicitly considers active and latent
failures mechanisms due to fuel manufacture.

Design. Manufacture. Operations, and Accident Condition Factors Effectinq TRISO Coated
Fuel Particle Performance

Many design and fabrication factors and operating and accident condition factors have an
important effect on the performance and failure of TRISO CFPs. A recent NRC-sponsored
effort to identify important performance-shaping phenomena developed at least 19 different
design factors and 32 separate manufacturing factors. Design factors included such aspects
as fuel kernel sphericity and buffer layer thickness and density. Manufacturing factors included
PyC coating gas pressure, temperature, flow rate and anisotropy, SIC layer grain size and
microstructure, and fuel element heat treatment, to name a few. As mentioned earlier, the
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design of an HTGR fuel safety performance test matrix implicitly rather than explicitly considers
active and latent failure mechanisms due to fuel design and manufacture. These factors are
addressed in the sampling schemes and sample size of the fuel which is to be included in the
test matrix.

Of importance to the design of the test matrix are the factors of the operating environment
(operating conditions) and the factors of the accident environment (accident conditions) that
affect CFP performance and failure. Additionally, irradiation conditions that "precondition" the
fuel (short of actual CFP failure) can affect performance and failure potential in the accident
environment. These preconditioning factors must also be considered in the design of the test
matrix.

The recent NRC-sponsored effort to identify important operational performance-shaping factors
included the identification of the following environmental factors: fuel element operating
temperature, fuel burnup (percent fission of initial heavy metal atoms), fast fluence, power
density, and operating temperature vs. time history. The effort also identified conditions that
were viewed as important influences on fuel performance for each of three different types of
accidents: core heatup accidents without chemical attack, core heatup accidents with chemical
attack (e.g., air, water ingress), and reactivity accidents. Important environmental factors for
core heatup accidents without chemical attack included maximum fuel temperature during core
heatup, time at the maximum temperature, and time versus temperature transient conditions.
Important environmental factors for core heatup accidents with chemical attack included
oxidation kinetics, which depends on fuel temperature, velocity of air flow past the fuel element,
oxygen partial pressure, and graphite impurities. Important environmental factors for a rapid
reactivity insertion accident included the maximum temperature attained by the fuel kernel
during the accident, the time at maximum temperature, the amount of energy deposited in the
kemel, and the rate at which energy is deposited in the kernel.

Safety Performance Testing Expectations for Reactor Licensing

As noted earlier, it is expected that GT-MHR or PBMR license applicants will propose a
mechanistic accident source term. Additionally, GT-MHR and PBMR license applicants have
proposed that a license be based on meeting selected dose limits for the spectrum of events
considered in the licensing basis. Therefore, the fuel performance requirements are
established so as to show that the dose limits are not exceeded for the spectrum of events.
Again, the source term is predominantly based on the sum of core-wide fuel fission product
releases due to (1) initial CFP defects (failures) from fabrication, (2) initial heavy metal
contamination in the fuel elements and outside intact CFPs (e.g., 'tramp" uranium), (3) CFP
failures which occur during normal operation and operational transients, and (4) CFP failures
which occur during accidents. Additionally, a very low level of fission product releases can be
attributed to the migration of fission products through intact particles and the fuel matrix.
Quality control statistical analysis of destructive tests performed on manufactured fuel pebbles
and compacts has been developed to assess the (equivalent) number of broken CFPs.
Furthermore, to the extent that broken CFPs and initial heavy metal atoms may be within the
particular production fuel pebbles or compacts that are used in the fuel test program, fission
product gas release effects will be evident and quantified during fuel irradiation performance
testing.
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Irradiation Performance Testing

As mentioned earlier, a major focus of irradiation performance testing for fuel qualification is to
quantify the CFP failure rates and fission product releases of production fuel due to actual
failures associated with normal plant operation and operational transients. Operational CFP
failures arise from latent factors associated with (less than optimum) fuel design and fuel
fabrication, as well as factors associated with the irradiation environment (i.e., test conditions).
The vision for the irradiation environment for HTGR fuel irradiation performance testing would
involve environments which would subject the fuel to (1) conditions out to the limits of the key
plant parameters that establish the plant-specific licensing basis for normal and abnormal plant
operations, (2) conditions that are significantly beyond these limits, and (3) conditions which are
even further beyond these conditions to establish the threshold where large and unacceptable
CFP failure fractions will begin to occur. The testing associated with Types 1 and 2 is generally
included in historical HTGR fuel qualification test programs, and Type 2 conditions can be
substituted as a conservative basis for Type 1 conditions. Testing associated with Type 3 is
referred to here as "safety margin" operating condition testing to assess the available safety
margins to significant fuel failures during normal operations. The environmental factors
envisioned for the irradiation performance test matrix for these three types of testing are
determined based on the previously discussed failure modes and operational
performance-shaping factors. It would be expected that the fuel irradiation performance test
matrix would include, as a minimum, appropriate combinations of the following key
performance-shaping environmental parameters:

1. Irradiation temperature (maximum local conditions)

2. Fuel burnup (maximum discharge design value)

3. Fast fluence (maximum calculated value)

4. Power (maximum local value for fuel pebble or compact)

5. Time dependency of key plant parameters associated with normal operations
(e.g., pebble flow) and transients (i.e., anticipated operational events)

With respect to parameter 4 above, it should be noted that HTGR fuel irradiation safety testing
is generally "accelerated." Accelerated testing is conducted to obtain results (i.e., fuel
performance information) in a shorter time. Accordingly the fuel target burnup is attained in
much less (e.g., 1/3) time than would be attained in the specific reactor application.
Acceleration results in fuel element and CFP particle powers that are significantly higher than
the maximum local power for the specific reactor design. German and United States HTGR
fuel irradiation data suggests that accelerated irradiations are conservative, especially with
respect to CFP failure mechanisms such as kernel migration. However, this may not be so
clear for mechanisms such as SiC layer corrosion. SiC chemical attack by lanthanides and
palladium is a time-dependent phenomenon and accelerated (i.e., shorter) irradiations may not
be conservative. This issue is discussed further in the section on irradiation testing for the
validation of test methods.

The following are illustrative examples of potential test matrixes to assess TRISO CFP
performance in connection with Type 1 and Type 2 testing for fuel qualification and Type 3
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safety margin testing (boxes shown with a grey background) for several of the above
parameters. However, the parameter values for Type 1 and Type 2 tests depend on the
design-specific conditions. These design-specific values have not yet been finalized or
reported in many cases for the PBMR or the GT-MHR designs. However, since somewhat
more information is available for the PBMR, illustrative examples are provided for the PBMR
preliminary design. Accordingly, the lower end of the parameter values is provided for
illustrative purposes only.

Irradiation Temperature

The following illustrative test matrix is intended to map the performance of TRISO CFPs over
the range of steady-state irradiation temperatures between the maximum design value (at the
low end) and temperatures for which an elevated fuel failure fraction might be expected occur
(at the high end).

Irradiation Temp (0C) Bumup Fast Fluence

Max Design >Max Design >Max Design

Max Design + 200 >Max Design >Max Design
MxD Max Design oMaxlDesign

Max.Dig- - M>Maxlesa>n

Fuel Bumu,

The following illustrative test matrix is intended to map the performance of TRISO CFPs over
the range of fuel bumup conditions between the maximum design value (at the low end) and
burnups for which an elevated fuel failure fraction could be expected (at the high end).

Bum-up @ Irradiation Temperature @ Fast Fluence

0 to Max Design > Max Design > Max Design

Max Design to> Max Design > Max Design > Max Design

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ l e s ig r ''Max Design toŽ> Max Design < . MaxDiesign

Time Dependencv of Conditions

Figure 9, "PBMR Fuel Temperature Cycling During Irradiation (Irradiation Test Approximation of
Actual Temperature vs Time Profile)," illustrates the kind of irradiation temperature history
needed to assess CFP performance over time for thermal cycling of CFPs due to cyclic
downward pebble motion through a PBMR core (due to continuous online refueling) and due to
core-wide temperature heatup transients (due to periodic loss of normal power conversion
system heat removal). The thermal cycling during irradiation would address both
high-temperature and low-temperature failure mechanisms and the dynamic effects of thermal
cycling of the fuel. This irradiation testing is considered part of fuel'qualification rather than
margin testing.
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For the PBMR core design, CFP irradiation temperature cycling occurs in parallel with CFP
power cycling due to the effects of the fuel pebble flowing downward through the core many
times to achieve the design burnup. The superposition of these two effects is not generally
possible in test reactor facilities unless the reactor irradiation activities are dedicated to the
HTGR fuel testing.

Plant parameters considered to be of relatively minor importance to CFP performance include
environmental factors such as helium coolant pressure, helium coolant flow, and fuel element
in-core mechanical loadings. However, it would be expected that coolant impurities
(e.g., oxygen, water at the specified operating limits) which could lead to slow chemical attack
of fuel elements (and possibly the CFPs) over long periods would be considered in the test
program. Measurements (or calculations) of in-reactor fuel irradiation conditions would be
expected to include parameters such as fuel element effective full-power days, percent fissions
of initial metal atoms (FIMA), fuel element surface temperature, and fuel element power.

In-reactor CFP performance measures during irradiation (i.e., indicators of fission product
release and CFP failures) would include release-to-birth (RIB) values for gaseous fission
products such as krypton-85m, krypton-88, krypton-87, xenon-133 and xenon-35. For reasons
of costs and efficiency, the number of fuel pebbles or compacts generally tested in HTGR fuel
irradiation tests is typically small and results in a CFP sample size (e.g., 105 - 106) which is a
very small fraction of the number of CFPs in an actual HTGR core (e.g., -101'). Accordingly,
the CFP failures rates during irradiation must be statistically analyzed. It would be expected
that a 95% confidence level would be applied to the statical analysis for determining the failure
rate in the large population of CFPs in an HTGR core. Thus even if zero CFP failures were to
occur in the test, following a statistical analysis, a non-zero failure rate would be calculated
indicative of a theoretical irradiation test where the number of CFPs tested approached the
number in an HTGR core.

It would be expected that out-of-reactor measures of fuel performance would include
post-irradiation examination techniques such as metallography on intact particles and
metallography and scanning electron microscope examinations on failed CFPs to determine the
failure mechanism(s), if any. It is also expected that Type 1 and Type 2 testing would involve a
level of quality assurance (QA) that is consistent with the applicable criteria in 10 CFR Part 50,
Appendix B, "Quality Assurance Requirements for Nuclear Power Plants and Fuel
Reprocessing Plants." However, since Type 3 testing addresses fuel behavior for conditions
that are substantially beyond the licensing basis, the level of QA, although expected to be
considerable, would not be expected to reach that of Appendix B.

Accident Condition Testing

A major focus of accident condition performance testing for fuel qualification is to quantify the
CFP failure rates and fission product releases associated with production fuel during potential
accidents. In this regard, HTGR accidents generally fall into one of three types: heat-up
accidents, chemical attack accidents (e.g., oxidation), and reactivity accidents. Based on the
historical testing and analysis of HTGR fuel with TRISO CFPs, the prior irradiation history
(e.g., irradiation temperature, fuel burnup) 'preconditions" the fuel and is an important influence
on CFP performance during heatup accidents. Preconditioning may also contribute to fuel
performance during chemical attack accidents and reactivity accidents.
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Similar to failures that occur during irradiation, CFP failures that occur during accidents can
result from latent factors associated with (less than optimum) fuel designs and (less than
optimum) fuel manufacturing specifications, as well as factors associated with the environment
(i.e., accident conditions). Additionally, CFPfailures can result from CFPs which are fabricated
outside the manufacturing specification or for which needed specifications were lacking (i.e., so
called 'weak fuel").

The vision for HTGR fuel accident condition testing would involve production fuel with CFPs that
were (a) initially preconditioned due to the operating environments defined by the envelope of
Type 1 and/or Type 2 irradiation tests and then (b) subjected to: (i) the limiting accident
conditions that define the plant-specific licensing basis for each of the three-types of accidents,
(ii) accident conditions that are significantly beyond these limits for each type of accident, and
(iii) accident conditions which are even further beyond these accident conditions to establish the
threshold where large and unacceptable CFP failure fractions, and/or unacceptable fuel
behavior (e.g., dispersion) will begin to occur. The accident condition testing associated with
Types i and ii heatup tests is generally included in historical HTGR fuel qualification test
programs, and Type ii conditions can be substituted as a conservative basis for Type i accident
conditions. Accident condition testing associated with Type iii tests is referred to here as
"safety margin" accident condition testing to assess the available safety margins to significant
CFP failure rates during postulated accidents.

The accident conditions envisioned for the fuel performance test matrix for Type i, Type ii, and
Type iii tests would be determined based on the previously discussed failure modes and the
design-specific events that are part of the PBMR and GT-MHR licensing bases. It would be
expected that the accident condition test matrix would utilize fuel that had been previously
irradiated (i.e., preconditioned) with Type 1 or Type 2 testing in appropriate conservative
combinations (e.g., irradiation temperature, burnup, time dependency of conditions). These
combinations are discussed further for heatup events, chemical attack events, and reactivity
events.

The following are illustrative examples of potential test matrixes to assess TRISO CFP
performance in connection with Type i and Type ii testing for fuel qualification and Type iii
safety margin testing (shown with a grey background) for several of the above parameters.

The parameter values for Type i and Type ii tests depend on the design-specific conditions.
Again, the design-specific accident condition values have not yet been finalized or reported for
either the PBMR or the GT-MHR. However, since somewhat more information is available for
the PBMR, illustrative examples are provided for the PBMR preliminary design. Accordingly,
the lower end of the parameter values is provided for illustrative purposes only.

Heatup Testing

The following illustrative test matrix is intended to assess the accident condition performance of
TRISO CFP for a range of prior irradiation preconditioning. The accident condition maximum
heatup temperature (degrees centigrade) involves both the maximum design value (at the low
end) and significantly higher temperature at which an elevated fuel failure fraction might be
expected to occur.
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Prior Irradiation Conditions2  Max Accident Temp (0C)3

Condition Value Type Max Design Safety Margin Type

Irradiation Temperature Max Design 1 or 2 1600 X 1 i & iii

Irradiation Temperature 8 d 3 600

Fuel Bumup Max Design 1 or 2 1600 1800 i & iii

Fuel Bumup t g 3 21600 ;

Time Dependency of Conditions Max Design 1 or 2 1600 ; I-18OQ i & iii

Chemical Attack Testing

Among the most limiting events that could challenge HTGR CFP integrity are those involving
large-scale chemical attack such as air intrusion following a large pipe break in the reactor
coolant pressure boundary (RCPB) and moisture intrusion for a postulated heat exchanger tube
failure with the reactor helium pressure falling below the heat exchanger tube pressure. While
there have been experiments on oxidation of unirradiated HTGR fuel in air and water at HTGR
accident temperatures and measurements of HTGR fuel oxidation due to air or moisture
impurities in helium during fuel experimental irradiations, relatively few experiments have been
conducted on fully irradiated HTGR fuels to simulate the effects of large air or water ingress
events. Additional post-irradiation accident simulation tests that closely simulate air or water
intrusion events and take the fuel to the onset of CFP failures would be needed to fully assess
the adverse effects of air and water corrosion on HTGR fuels and the margins to failure for
such events.

The following illustrative test matrix is intended to assess the accident condition performance of
fuel elements with TRISO CFPs for chemical attack testing. The accident condition chemical
attack involves air ingress and would simulate the maximum oxidation for both the licensing
basis worst case air ingress event and a significantly higher level of oxidation for which an
elevated CFP failure fraction might be expected to occur. Based on currently available
information the worst case licensing basis temperature might be as high as 12000 to 1400'C
with an upper bound of 1 6000C for safety margin testing. The velocity of air flow past the fuel
would be representative of the rate of air flow through the core during the accident. The PBMR
fuel design involves a thinner layer of unfueled "sacrificial' graphite between the fuel element
surface and the CFPs compared to the GT-MHR design. Accordingly, potential air-induced
chemical attack of the CFPs may be less over a given time for a GT-MHR than for a PBMR.

2 With Fast fluence > Max design

3Over Several hundred hours
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Prior Irradiation Conditions Accident Chemical Attack Temp
(Degrees C)

Condition Value | Type Max Design ISafety Margin Type

Temperature, Bumup and Fluence Max Design I 1 or 2 TBD CFP Faikiures'| i & iii

In addition to fuel element (e.g., pebble) testing, it is expected that testing of loose CFPs will be
conducted. The loose CFPs would also be preconditioned first. Loose CFP accident testing
would assess the performance capability of CFPs that are exposed directly to an oxidizing
accident environment as a result of the prior oxidation loss of the surrounding fuel element
matrix material.

Reactivity Testing

Very limited testing has been conducted on fuels with TRISO CFPs to assess the capabilities
and the margins to CFP failure for reactivity events involving a large energy deposition in the
fuel over a very short time interval (< 1 second). Some limited testing was conducted in Japan
for a postulated control rod ejection accident in support of the High Temperature Test Reactor
(HTTR) licensing and was one of the limiting licensing basis events. The staff has been told
that the PBMR design does not have a potential for such large and rapid reactivity events.
Further, the GT-MHR control rods, which are located in the pentral core (fueled) region, are
expected to incorporate engineered safety features to prevent a failed drive housing from
rapidly and fully ejecting a control rod from the core. In order to fully understand the margins to
failure for reactivity events, fuel irradiation experiments involving such reactivity insertion events
would need to be conducted.

The reactivity addition testing is to simulate the worst case reactivity event and a significantly
higher energy deposition and deposition rate at which an elevated CFP failure fraction will
occur. GT-MHR core design involves higher excess reactivity than a PBMR core due to the
need for extended cycle lengths between refueling. The continuous online refueling of a PBMR
core results in relatively low excess reactivity. Hence energy depositions and deposition rates
are expected to be low. Nevertheless, reactivity addition testing should be conducted and
should consider the competing effects of bumup. At lower bumups the higher reactivity
additions and energy depositions are possible. However, at low bumup the CFPs would be
expected to better withstand the effects of a reactivity accident since limited adverse fuel
preconditioning would have yet to occur. At higher bumup less reactivity is available for energy
deposition but the fuel conditioning may make the CFPs more susceptible to failure. Accident
condition testing of reactivity additions appropriate for a range of bumups should be considered
to identify the worst case situation. The following illustrative test matrix is intended to assess
the accident condition performance of fuel elements with TRISO CFPs for reactivity addition
accidents.
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Prior Irradiation Conditions Reactivity Addition

Burnup (GWd/t) Irradiation Temp Type Max Design Safety Margin Type

0 Fresh Fuel Fresh Fuel TBD CFp Failuie! i & iii

60 Max Design 1 or 2 TBD ;ICFPFaP res i & iii

125 Max Design 1 or 2 TBD VCFP, Failures f i&iii

Accident condition CFP performance measures (i.e., indicators of fission product release and
CFP failures during heatup) would include release-to-birth (R/B) values for gaseous fission
products such as krypton-85m, and solid fission products such as iodine-131 and iodine-132,
cesium-137 and cesium-134 and strontium-90. It would also be expected that out-of-reactor
measures of fuel performance would include post-irradiation examination techniques such as
metallography on intact particles and metallography and scanning electron microscope
examinations on failed particles to determine the CFP failure mechanism(s), if any.

FPT Testing

The CFP failure fraction due to manufacture, normal operation, and accident conditions is
meant to be very, very small (i.e., 10-5 to 104). If successful, the planned approach, to primarily
retain fission products where they are produced-within the fuel-would be nearly fully
achieved. However, HTGRs such as the GT-MHR may not meet the specified offsite
radiological dose limits unless credit is also taken for the FPT delays provided by the fuel
kernel, CFP coatings, fuel matrix material, nuclear graphite structure, and fission product
plateouts provided by the primary coolant pressure boundary metallic surfaces and the reactor
building concrete surfaces. Accordingly, if credit is to be taken for the FPT transport delays in
the source term analysis, testing will be needed to develop and validate the applicable FPT
models. The following are some of the HTGR fuel-related FPT modeling issues and test data
needs.

1. Fission gas release from failed production particles. This would involve the
measurement of fission gases from either loose kernels or kernels in fuel matrix material
during both irradiation and heatup accidents as a function of fuel temperature.

2. Transport (i.e., diffusion) of irradiated kernels from failed production CFPs. This would
involve the measurement of metallic fission product release from either loose kernels or
kernels in fuel matrix material during irradiation.

3. Transport of fission products through intact production CFPs.

4. Transport (i.e., diffusion and holdup) of metallic fission products through irradiated
production matrix material and the irradiated nuclear grade graphite selected for the fuel
elements (GT-MHR only) as a function of temperature and fast fluence.
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Validation of Test Methods

The following is a discussion of issues related to the applicability of methods that are
traditionally used for HTGR fuel irradiation and accident condition performance testing. Tests
to assess and resolve these issues are also provided.

Irradiation Test Methods

Virtually all of the past and ongoing worldwide irradiation testing research of HTGR fuel designs
with TRISO CFPs has involved accelerated irradiations in materials testing reactors. Although
there subsequently was significant large-scale, real-time, integrated irradiation operating
experience with these fuels in plants such as the AVR in Germany, accident simulation tests
(i.e., fuel heatup tests following irradiation) to qualify the fuel involved accelerated irradiations in
test reactors. German and U.S. HTGR fuel irradiation data suggests that accelerated
irradiations are conservative, especially with respect to CFP failure mechanisms such as kernel
migration. However, as noted previously, this may not be the case for mechanisms involving
SiC chemical attack by lanthanides and palladium, which are time-dependent phenomena.
Thus accelerated (i.e., shorter) irradiations may not be conservative. Additionally, there is not a
well-established and thorough understanding of the mechanics and properties (e.g., outer
pyrolytic carbon shrinkage and creep) of CFP behavior, or test data, to conclude with certainty
that fuel accident simulation tests following accelerated irradiations are conservative as
compared to the rate of fuel irradiation in a power reactor. Irradiations in real time followed by
accident simulation heatup tests either after real-time fuel irradiation tests (or after fuel
irradiations in a power reactor) would be needed to resolve this issue.

The following illustrative test matrix is intended to compare the irradiation performance and
accident condition heatup performance of fuel elements with TRISO CFPs for irradiation testing
conducted using both the traditional accelerated irradiation testing method and the real-time
irradiation testing method.

Prior Irradiation Conditions Max Accident
Condition Value Type Temperature

II (0C)
Irradiation Temperature Max Design
Fuel Bumup >Max Design 1600
Fast Fluence >Max Design 1 or 2
Irradiation Rate Accelerated
Irradiation Temperature Max Design
Fuel Burnup >Max Design 1 or 2 1600
Fast Fluence >Max Design
Irradiation't Q 7UAieRallime S> _-_ _ X;
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Accident Condition Test Methods

Virtually all of the accident simulation tests for TRISO CFPs involved so called "ramp and hold"
temperature increases. As shown in the Figure 10, "Comparison of Ramp and Hold versus
Transient Accident Simulation Temperature Profiles," these typically consist of increasing fuel
temperature at about 50°C/hr up to a set temperature (e.g., 16000C, 1700'C or 18000C) and
then holding the fuel at the set temperature for several hundred hours while fission product
release measurements are taken. The results of ramp-and-hold tests up to 1600CC, for
German qualified fuel, show that no additional CFP failures occur. However, there were a few
tests conducted in Germany in which the temperature was controlled to closely simulate the
predicted accident heatup curve to about 16000C for a design basis heatup accident. For this
test, a small number CFP failures were observed to occur within the irradiated fuel.

To address the issue of whether ramp-and-hold testing is appropriate, additional post-irradiation
accident simulation tests that closely simulate the predicted temperature curve for a design
basis reactor coolant pressure boundary failure would be required to determine if the traditional
ramp-and-hold test accident simulation approach is conservative with respect to establishing
CFP failure rates for postulated accidents.

The following illustrative test matrix is intended to assess the accident condition performance of
fuel elements with TRISO CFPs for heatup testing conducted using both the ramp and hold test
method and the simulated time versus temperature test method.

Prior Irradiation Conditions Accident Simulation Method

Condition Value Type Max Temp Max Temp
16000C 16000C

Irradiation Temperature >Max Design Simulate
Fuel Burnup >Max Design 1 or 2 Ramp and Hold !A ientc
Fast Fluence >Max Design time versus.
Irradiation Rate Accelerated Temperature

Summarv

The intended safety characteristic of the TRISO coated fuel particles within fuel elements is to
provide the principal barrier and the primary containment function against the release of fission
products to the environment during both normal operation and postulated accident conditions.
Given the significance of the fuel barrier for the HTGR designs, the fuels research program will
be used to provide insights on fission product source term for normal operation and accident
conditions. The advanced reactor research infrastructure assessment identified the need for
fuel irradiation and accident condition testing to obtain data to establish operating and accident
fuel safety margins; to assess the acceptability of an applicant's fuel irradiation and accident
simulation testing programs; to verify an applicant's claims of fuel performance and fission
product release during operations and accidents; and to provide data to develop and validate
analytical fuel performance tools. These data are needed to support a policy decision on the
use of an HTGR mechanistic source term and HTGR licence application reviews.
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Figure 4: Relative Fission Product Concentration Within an Irradiated TRISO Fuel Particle
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Figure 7: TRISO Coated Fuel Particle Pressure Vessel Failure
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Figure 8: TRISO Coated Fuel Particle Outer Pyrolytic Carbon Layer
Cracking/Debonding Failure
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MATERIALS RESEARCH NEEDS FOR ADVANCED REACTORS

Charles A. Greene, Joseph Muscara, Makuteswara Srinivasan
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

Metallic and graphite components in advanced high-temperature gas-cooled
reactors (HTGRs) may experience creep, fatigue, oxidation, aging, corrosion
cracking, irradiation damage, and dimensional changes. The safety design of
these reactors, such as the pebble bed modular reactor (PBMR) and the gas
turbine modular helium reactor (GT-MHR), depends heavily on the long term
integrity of metallic and graphite components needed to maintain pressure
boundary integrity, core geometry, adequate cooling of the core, and reactivity
control and shutdown systems. Failure of these components could result in air,
water and/or steam ingress, and accompanying adverse consequences. In most
Advanced Light Water Reactors (ALWRs), the operating conditions, materials, and
coolant environments are similar to those of conventional LWRs. Nevertheless,
there may be a need for new research in the materials area specifically for ALWRs.
This paper discusses the information gaps that exist in terms of analytical tools and
data shortcomings and describes research needed to establish an acceptable
technical understanding of the behavior of metallic and graphite components in
advanced reactor environments.

BACKGROUND

A key research area important to the safety of advanced reactors is the behavior of metallic and
graphite components. These components are relied on for structural, barrier, and retention
functions during normal and off-normal reactor conditions. Therefore, a sound technical basis
must be available for evaluating expected lifetime and failure modes of reactor pressure vessel
materials and components whose failure would result in loss of core geometry and/or ingress of
air, water, or steam to the pressure boundary. In the HTGR design, high-temperature materials
are required to maintain core geometry, adequate cooling of the core, access for reactivity control
and shutdown systems and, in the case of the Pebble Bed Modular Reactor (PBMR), a defueling
route. This paper emphasizes the need for research to establish a technical understanding of the
metallic and graphite components under high-temperature operating and accident conditions.

The licensing approach for HTGRs used by the U.S. Nuclear Regulatory Commission (NRC) to
independently confirm design and support safety evaluations relies heavily on the use of
probabilistic risk assessment (PRA). Information from the materials research area is needed for
conducting PRAs. Since failure probability data for components of advanced reactors are not
available from experience, the information can be developed from materials research on potential
degradation processes and quantification of their progression. Evaluation of component service
life, safety margins, and behavior under accident conditions is dependent on environmental factors
such as temperature, pressure, coolant composition, and fluence.
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The operating conditions, materials, and coolant environments used in ALWRs are similar to those
of conventional LWRs. Therefore, lessons learned from the design, materials choices, and
environments of LWRs should be taken into account for ALWR applications. Despite this
similarity, the perception should be avoided that there is not a need for new research in the
materials area specifically for ALWRs. A large body of research data, from both the U.S. and
Japan, has shown a detrimental effect of the coolant environment in reducing the fatigue life of
LWR components. Methods have been developed and are widely available in the literature (NRC
NUREG reports and Pressure Vessel Research Council (PVRC) report) fortaking into account the
effects of the operating environment in the fatigue design of components. Although the American
Society of Mechanical Engineers (ASME), through its on-going code activities, is addressing the
issue of the effects of the environment, it has not yet incorporated changes in its design rules and
correlations. Therefore, during design and review of ALWRs, caution must be exercised to ensure
that the effects of the environment are appropriately accounted for in the fatigue design and
evaluation of components. The ASME should continue to update its rules for fatigue design of
components. In addition, design rules for advanced reactor designs may need to incorporate
different materials and correspondingly different deformation mechanisms.

Several aspects of the HTGR and ALWR designs raise the potential for the need for improved
inservice inspection (ISI) programs and for continuous monitoring. More components are enclosed
in pressure vessels making access for inspection difficult, and there are longer operating cycles
between scheduled, short-duration, refueling outages when inspections can take place. This
suggests a need for evaluating effectiveness of the less frequent ISIs for timely detection of
cracking and degradation of components and the potential for excessive growth of cracks before
the next ISI. If periodic ISI is found to be ineffective for maintaining safety, the use of continuous
online monitoring techniques for structural integrity and leakage detection may be required.

RESEARCH PURPOSE

The advanced reactor designs exhibit a departure from traditional LWRs in terms of the materials
used, such as high-temperature metals and graphite; higher coolant temperatures; a coolant that
does not change phase; different degradation mechanisms such as creep; and expected behavior
of the components in this environment. This departure thrusts the materials - environment
combination into a regime where more information is needed to define long term behavior and
safety margins.

In HTGRs, graphite acts as a moderator, reflector, major structural component that will provide
channels for the fuel, coolant gas, control and shutdown rods, and a thermal and neutron shield.
Additionally, graphite components are employed as supports. Graphite also acts as a heat sink
during reactor trip and transients. During reactor operation, many physical properties of graphite
are significantly modified as a result of temperature, environment, and irradiation. Significant
internal shrinkage, bowing, and stresses can develop which may cause component failure, and/or
loss of core geometry. When graphite is irradiated to a very high radiation dose, ensuing swelling
causes rapid reduction in strength, making the component lose its structural integrity. In the event
of an accident allowing air ingress, subsequent graphite oxidation causes further changes in its
physical and mechanical properties.

86



Research had progressed through the 1980s on the high-temperature design (creep, fatigue) of
metal components for the Liquid Metal Fast Breeder Reactor. This research formed the basis for
some ASME code cases and requirements for the design of high-temperature components. The
NRC staff has initiated a program to review and evaluate this research and that which has
progressed since the 1980s/1990s, in particular with respect to the temperatures, coolant
environment, and materials to determine applicability to current HTGR designs and develop its
own capability.

Development of a research capability in the materials area beyond the licensing basis is needed
to understand safety margins, failure points, and reduce uncertainties. To conduct independent
PRAs of advanced reactors, information is needed on the probability of failure of various reactor
components. Because of the lack of operating experience, this information will have to be
developed analytically using probabilistic fracture mechanics. Thus, potential degradation
mechanisms of metallic and graphite components need to be identified and progression of
degradation quantified underthe operating reactor conditions. Potential technical issues that need
to be addressed are: (1) national codes and standards for design and fabrication of metallic and
graphite components for service in HTGR helium environments; (2) appropriate data bases for
calculating fatigue, creep, and creep-fatigue interaction lifetimes of components in high-
temperature applications; (3) the effects of impurities, including oxygen, in the high-temperature
helium on degradation of components; (4) sensitization and aging behavior of alloys during
elevated temperature exposures; (5) treatment of pipe as a vessel in a HTGR; (7) degradation by
carburization, decarburization, and oxidation of metals in HTGRs; (8) issues related to inspection
of HTGR and ALWR reactor components; (9) long term performance and degradation of graphite
and new reactor pressure vessel materials under high levels of irradiation; (10) modeling and
methodology that predict irradiated graphite properties from non-irradiated properties; and
(11) comprehensive understanding of the governing rates and mechanisms for the oxidation of
reflector grade graphite, fuel pebble matrix graphite, and graphite dust. Each of these potential
technical issues is addressed in the following paragraphs. As mentioned, information is needed
to develop research capability for the high-temperature behavior of materials in HTGRs and the
materials - environment combination of ALWRs beyond the licensing basis to reduce uncertainty
and to gain confidence and understanding of defense-in-depth.

CONSIDERATIONS FOR METALLIC COMPONENTS

Research is needed to evaluate the integrity of important components in advanced reactors under
operating and accident conditions. Research on metallic components will need to be conducted
to evaluate and quantify degradation processes, metallurgical aging and embrittlement,
carburization, decarburization, nondestructive examination, and ISI. In addition, currently available
(international) procedures for design against fatigue, creep, and creep-fatigue will be reviewed and
evaluated. The objective of this review is to evaluate current code design rules and procedures
and to provide input for improvements as necessary. The best procedures will be updated to
incorporate correlations developed from more recent research.

The availability and acceptability of national codes and standards for the design and fabrication
of metallic components for service in HTGRs and ALWRs is a key issue. For high temperatures,
background studies and activities for eventual development of codes and standards were
conducted in the 1 980s for application to the liquid metal breeder reactor. Of particular note is the
work conducted by the PVRC in their preparation of several technical reports that provided the
basis for development of high-temperature design codes by the ASME. These reports give
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background and procedures for design of components to resist fatigue, creep and creep-fatigue
failures. However, the effects of the helium environment, including the presence of impurities
such as oxygen, were not addressed. In addition, improved correlations for creep and creep-
fatigue have been developed from research of the 1990s. These improvements are not included
in the PVRC reports and the procedures need to be updated before they are included in National
Codes and Standards.

Another area of codes development has been taking place internationally for the Advanced Candu
Reactor (ACR). The pressure tube material for this ALWR is not covered by the ASME codes and
standards. The Canadian Standards Association (CSA) has published rules to complement those
of ASME. The CSA codes have followed the ASME code where applicable, but augmented the
code as necessary to include zirconium alloys for pressure tube in a reactor with on-power
refueling capability. Activity should be undertaken to review and evaluate incorporation of the new
materials and environments covered by the CSA codes into the ASME code.

Although methodologies could be assembled from existing knowledge for calculating fatigue,
creep, and creep-fatigue lives of components in high-temperature applications, appropriate data
bases are needed for these calculations. Based on past experience and research, we have found
that environmental effects play an important role in reducing fatigue lives and in enhancing
degradation of materials. For example, small levels of impurities, such as less than 1 part per
million of oxygen in the high purity water coolant of LWRs, can greatly decrease fatigue life and
resistance to stress corrosion cracking of metallic components. These effects were not originally
addressed in the ASME Code. For example, the design data for fatigue was obtained from
materials tests in air. Because helium is inert, there has been a tendency to obtain design data
in pure helium; in impure helium, but not all impurities included; or in air. The effects of all
important impurities, such as oxygen, in helium need to be taken into account with respect to
reductions in fatigue and creep life and such data and understanding need to be developed.
Environmental effects on fatigue under ALWR operating conditions need to be addressed as well.

Research will be conducted on the effects of an impure helium environment, especially the effects
of oxygen, temperature, and strain rate, on the fatigue life of HTGR metallic components.
Similarly, the effects of impure helium environments on the creep and creep-fatigue life of HTGR
components will be investigated. The objective of this research is to ensure that the design rules
and procedures available address reductions in life due to the operating environment. If the codes
and procedures do not consider these phenomena, then the data base developed can be used
to update the codes and procedures to provide design procedures and rules that avoid failure of
HTGR components during service. In addition, research will need to be conducted to quantify the
effects of carburization and decarburization on the reduction of fatigue and creep life to ensure
that these reductions are accounted for in the design procedures and analyses.

To address degradation and aging of metals in HTGRs, the effects of high-temperature helium
with impurities including oxygen at levels present in HTGRs need to be evaluated with respect to
stress corrosion crack initiation and growth rate, crevice corrosion crack initiation and growth rate,
and cyclic crack growth rate. Low levels of impurities in high-temperature, high purity aqueous
environments are known to cause these types of degradation and to accelerate the crack growth
rates. The potential exists for these phenomena to occur in a high-temperature helium
environment with low levels of impurities.

88



Research will be conducted on the effects of the high-temperature helium environment containing
impurities, including oxygen, at levels typical of HTGRs on stress corrosion crack initiation and
growth rates, crevice corrosion crack initiation and growth rate, and cyclic crack growth rate. The
tests will be conducted on materials in the as-received condition and in carburized and
decarburized conditions. The objective of this research is either to confirm that these degradation
mechanisms do not occur and crack growth rates are not enhanced in the environments of interest
or to quantify the crack initiation times, quantify increases in growth rates, and define the
environmental conditions under which these occur.

Many alloys undergo solid state transformation and precipitation during elevated temperature
exposures. These transformation reactions are known as aging and can lead to embrittlement of
the alloy. Aging and embrittlement occurs, for example, in cast stainless steel components under
temperatures and time conditions experienced in operating LWRs. At the operating temperatures
of HTGRs, the reaction rates can be much higher, (i.e., the aging and embrittlement would occur
sooner). The different alloys and higher temperatures of HTGRs would indicate potentially
different aging reactions and mechanisms, some of which could occur relatively rapidly and render
the material embrittled and susceptible to cracking. The aging reactions, as a function of time and
temperature, in the different alloys used in important components of HTGRs need to be studied
to establish the potential for material property degradation and embrittlement during the lifetime
of operating HTGRs.

Another solid state reaction that occurs in stainless steels (and austenitic alloys) is called
sensitization. Sensitization is caused by the precipitation of chromium carbides at the grain
boundaries of the stainless steel. This precipitation normally occurs during slow cooling of the
metal through high temperatures such as when cooling from the high temperatures following
welding. Formation of the carbides depletes the chromium from the grain boundary areas
rendering the stainless steel susceptible to intergranular stress corrosion cracking (cracking along
the grain boundaries) in oxidizing and impurity environments. A less well known method for
producing sensitization is through low-temperature sensitization. This occurs over long periods
of exposures to relatively low temperatures. Low-temperature sensitization in stainless steel has
been studied under temperature conditions relevant to LWRs. Under these conditions, low-
temperature sensitization would not occur in times less than 40 years. However, the sensitization
rate is exponential with temperature, and at the higher operating temperatures of HTGRs, there
is a potential for sensitization during the lifetime of these plants thus rendering the stainless steel
components susceptible to stress corrosion cracking.

Thermal aging and sensitization research will need to be conducted on high-temperature alloys
used in HTGRs on samples in the as-received and the welded conditions. Samples will be
exposed for different times to temperatures at and above the operating temperatures of the HTGR
components. Exposure to higher temperatures will provide acceleration in the aging and
sensitization reactions. As long as the aging mechanisms at the higher temperatures are the
same as at the operating temperatures, correlations can be developed for quantifying the times
required to reach different levels of aging and sensitization at the operating temperature.
Mechanical property testing will be conducted on the aged samples to quantify the degree of
embrittlement and other property changes as a function of aging time and temperature.
Metallographic and microscopy studies will be conducted to identify the aging and precipitation
reactions if they occur, to ensure that the reactions are the same at the operating and higher
temperatures, and to evaluate the potential for and degree of low temperature sensitization. The
objective of the research is to identify the potential -and the degree to which thermal aging,
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embrittlement, and sensitization can occur during operation of HTGRs and to evaluate the impact
of these changes on the structural integrity of reactor components.

In HTGR designs, the connecting pipe which carries hot helium from the core to the power
conversion system is treated as a vessel because this pipe is designed, fabricated, and inspected
to the same rules as a reactor pressure vessel. The consequence of this assumption is that a
design basis double ended break is not considered for the connecting pipe, and therefore, no
mitigating systems are incorporated in the design. Considering this pipe as a vessel will require
further investigation, because the pipe is of much smaller diameter and therefore, much thinner
wall than a reactor pressure vessel designed to the same working pressure. If an unexpected
degradation mechanism should initiate in the pipe because of the thin wall, it can propagate
through the wall in a relatively short time and possibly not be detected by ISI. Conversely, if an
unexpected degradation mechanism were to initiate in a pressure vessel, it would require long
times to propagate through the greater wall thickness, allowing enough time to be detected by ISI.

Carburization, decarburization, and oxidation of metals in HTGRs are other phenomena that can
lead to degradation caused by the operating gaseous and particulate environment. Carburization
is a phenomenon where carbon, either as a particulate or from carbon containing gases, diffuses
into steel to form a surface layer with high carbon content. This surface layer may be hard, brittle,
and have higher strength than the substrate. Differences in strength and other physical properties
between the surface layer and substrate may lead to high stresses in the surface layer when the
component is under load. In addition, carbides may form in the high carbon surface layer of
stainless steel leaving the matrix depleted of chromium and susceptible to stress corrosion
cracking and oxidation. Cracking, stress corrosion cracking, and oxidation can more easily
develop in the surface layer which could then propagate into the component.

Decarburization is a process whereby carbon is depleted from the steel depending on the
composition of the gaseous environment. Depletion of carbon results in a softer steel and in
reduced fatigue and creep lives. The presence of oxygen results in the formation of scale and
general corrosion of metallic components, and more importantly, it can oxidize the graphite and
render metallic components susceptible to stress corrosion cracking. To control the phenomena
of carburization, decarburization, and oxidation, a very careful control of the level of different
impurities in the coolant is required. Conditions that lead to avoidance of one of the above
phenomena can lead to development of another. For example, to avoid carburization, some
HTGRs might use slightly oxidizing conditions by addition of oxygen to the gas stream. However,
this can lead to oxidation of graphite, general corrosion of metals and an increased susceptibility
to stress corrosion cracking. Some research has been conducted to study the phenomena
described above; however, additional confirmatory research is needed to better define the
conditions under which the phenomena occur for important metallic components of HTGRs. In
addition, much of the available research did not include oxygen in the gaseous environment.
Since oxygen will be present in HTGRs at high enough levels to affect the progression of the
above phenomena and to reduce fatigue life, creep life, and resistance to stress corrosion
cracking, oxygen needs to be included in new experimental studies.

Carburization, decarburization, and oxidation of HTGR high-temperature metals will need to be
studied as a function of time and temperature in helium gas with impurities, including oxygen.
Different levels and ratios of impurities will be studied. Metallographic studies and mechanical
testing will be conducted on the exposed samples to determine the degree of deterioration and
loss of strength. The objective is to define the environmental conditions under which the
phenomena can occur, to what degree they occur under the different conditions, the potential for
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occurrence under the operating conditions of HTGRs, and the significance on structural integrity
of components.

A number of potential degradation and aging mechanisms in the operating environment of HTGRs
have been discussed. There is an opportunity to evaluate and validate these potential
degradations by conducting research on components removed from operating reactors. The AVR
HTGR operated for over twenty years in Germany. An international research program will need
to be conducted on components removed from the AVR, including microstructural studies and
mechanical tests. Microstructural studies will be conducted to determine if solid state changes and
precipitation have occurred during operation to produce thermal aging, sensitization, carburization,
and decarburization. In addition, metallographic studies will establish if stress corrosion cracking,
crevice corrosion, general corrosion, and oxidation have occurred. Mechanical tests on materials
removed from the AVR will be conducted to determine if any degradation in materials properties
has occurred. Fatigue and creep tests will determine if fatigue and/or creep damage have
occurred, if the design codes and methods correctly predict the damage, and if the coolant
environment had an effect in reducing fatigue and creep lives. The results will help determine if
and how the design codes/procedures need to be changed to take into account the potential
degradation mechanisms.

With respect to international agreements, there is considerable research that has been performed
or is ongoing in the European Community (EC) and Japan on high-temperature metals for HTGRs.
Through interactions with technical staff in the EC and Japan, the NRC staff identified several
areas that address NRC research objectives. Work of interest in the EC is (a) review of RPV
materials, focusing on previous HTRs, in order to set up a materials property database on design
properties, (b) compilation of existing data on materials for reactor internals and selection of the
most promising alloys for further development and testing, and (c) compilation of existing data on
turbine disk and blade materials and selection of the most promising alloys for further development
and testing. Experimental work in these areas includes a) research on a pressure vessel steel
containing 9% Cr (irradiation testing, fatigue, creep-fatigue, tensile, fracture toughness); both
heavy-section base metal and weldments are included in the studies; b) mechanical and creep
tests of candidate alloys for reactor internals at temperatures up to 11000 C with focus on the
control rod cladding; and c) tensile, fatigue, and creep tests from 8500 C up to 13000 C for two
different turbine blade materials, one forming an aluminum oxide protective layer, the other a
chromium oxide layer.

Work of interest that has been conducted by Japan Atomic Energy Research Institute (JAERI)
includes development of a high-temperature metallic component design guide, research on
high-temperature metal corrosion, and irradiation effects on a 2 1/4 Cr-iMo reactor pressure
vessel steel.

Other international efforts may include determining the long term degradation mode of glass fiber
encased insulation components. This phenomenon has been identified in the UK gas-cooled
reactors as discussed at the workshop on HTGR safety and research issues (October 2001, US
NRC, Rockville). The objective would be to conduct studies of the effects of vibrations and service
conditions to determine the reliability of this insulation since it protects the metallic components
and pressure boundaries in the HTGR designs from unacceptably high temperatures. With regard
to new materials and environments in the ALWRs, international efforts to augment the ASME
codes and standards with the CSA codes and standards should be explored.
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As mentioned above, considerable research on high-temperature materials for HTGRs of interest
to NRC has been conducted, is ongoing, or planned in the EC and Japan. To leverage NRC
resources and obtain data in a timely manner, the staff has visited facilities and met with members
of the international community to initiate a dialogue on cooperation. Descriptions of research on
high-temperature materials described in this paper and the NRC technology assessment for
planning advanced research have been shared with the international community, in particular with
Japan and the EC. NRC staff has met with technical staff and officials of the EC and JAERI to
discuss potential cooperation. The EC has agreed with the importance and need for the research
outlined in our infrastructure assessment and welcomes the NRC to participate in their
high-temperature materials research (HTR-M) program. Similarly, JAERI has agreed in principle
to cooperate with the NRC. Participation is through the exchange of research results, and not
funds, from the parties' research programs. Some of the work described in the advanced reactor
research infrastructure assessment will be addressed in the EC current program and their future
program to initiate in 2003. Some of the key work possibly not fully addressed in the EC programs
is in the areas of a) effects of the helium environment with impurities on degradation of materials
and b) aging and sensitization. Exchange of NRC research results in these areas could be used
for cooperation with the EC HTR-M programs.

DESCRIPTION OF ISSUES AND RESEARCH FOR INSERVICE INSPECTION
AND MONITORING

There are a number of potential issues related to the inspection of some HTGR and ALWR reactor
components. Because some of these reactors are designed to operate for long periods of time
between scheduled short-duration shut-downs for maintenance or refueling, ISI intervals may be
long and the amount of inspection limited. Therefore, there is a need to evaluate the effectiveness
of various ISI programs as a function of the frequency of inspections and the number and types
of components inspected. Additionally, many internal components are not easily accessible for
ISI, and the impact of not inspecting these components needs to be assessed. An alternative to
conducting periodic ISIs during reactor shut-downs is to conduct continuous online, nondestructive
monitoring for structural integrity and leakage detection of the entire reactor or reactor components
during operation. Techniques for continuous monitoring have been developed, validated, and
codified for use in LWRs. If ISIs of HTGRs and ALWRs cannot be conducted on a frequent
enough basis and certain components cannot be inspected, then continuous monitoring may
become necessary. The continuous monitoring techniques need to be evaluated and validated
for the materials, environments, and degradation mechanisms of the HTGRs and ALWRs.

In the nondestructive examination area, research will be conducted to evaluate the impact of
different ISI plans on structural integrity and risk. The key variables in the study will be the length
of time between inspections, the reliability of the inspection methods, and the number of
components and locations tested for HTGRs and ALWRs. Different degradation mechanisms
appropriate to the reactor design and operating environment, along with the inspection variables,
will be considered in probabilistic fracture mechanics analyses to evaluate the impact of potential
failures on risk. Results of this work will be used to support the evaluation of proposed ISIs of
HTGRs and ALWRs and to determine the technical basis for improved, more frequent, or more
extensive ISIs. The results will also provide guidance on the need for continuous online
monitoring of structural integrity.

Because some components are inaccessible and because the interval between ISIs may be too
long, research will need to be conducted to evaluate continuous monitoring of reactor components
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for crack initiation and crack growth and for leak detection. Acoustic emission techniques will be
used for laboratory testing of specimens under simulated HTGR and ALWR conditions (respective
temperature, noise sources, coolant flow, etc.) to evaluate fatigue, creep, and stress corrosion
cracking. Correlations will be developed for crack initiation and crack growth rates with the
acoustic emission signals for the materials and environments of the HTGRs and ALWRs. Similar
research was conducted by the NRC in the 1 980s and 1990s where acoustic emission techniques
were developed, validated, and codified for application to LWRs. The research, methods, and
techniques for HTGRs and ALWRs will take advantage of the knowledge gained in earlier work.
Similar acoustic emission techniques will be evaluated for detection, location, and quantification
of coolant leakage from the pressure boundary and internal components under the operating
conditions of HTGRs and ALWRs. Again, similar work was conducted for LWR applications and
the research for HTGRs and ALWRs will benefit from this. Once the laboratory research is
completed and correlations of acoustic emissions to crack initiation and growth developed, an
operating or test HTGR will be instrumented with acoustic emission sensors and monitored during
its operation to validate the methods and correlations developed in laboratory testing. The results
from this work will provide an alternative to periodic ISIs and the advantages of continuous online
monitoring of reactor structural integrity and leakage. The results will also provide technical data
bases for incorporating the techniques into codes and standards.

The ACR design incorporates a gas annulus surrounding each zirconium-niobium alloy pressure
tube. The dry annulus gas is continuously monitored for water content. Significant increases in
the rate of water increase in the gas are an indication of pressure boundary leakage. The unique
Candu reactor design allows this continuous on-line monitoring of the pressure boundary to
augment periodic ISI. Experience with detecting water leakage through a tight crack in the
pressure tubes prior to unstable crack growth and pressure boundary failure using this on-line
monitoring technique may be adaptable to other ALWR designs.

Areas of international cooperation and exchange would involve work planned by the EC on
evaluation of ISI methods, and work on risk-informed inspection program evaluation by NRC. Of
additional interest would be potential international cooperation on evaluations of online continuous
monitoring techniques for structural integrity and leak detection using HTGR test reactors.

CONSIDERATIONS FOR GRAPHITE COMPONENTS

To be able to effectively review the new HTGR designs, there is a need to conduct confirmatory
research to establish an information base related to the long-term performance and behavior of
nuclear-grade graphite under the temperatures, radiation, and environments expected during
normal operating and accident conditions. Potential loss of strength and of resistance to fatigue
and creep, shrinkage, swelling, cracking, -and corrosion during operation could impact the
performance and function of the graphite core structural elements, reflectors (side and bottom),
and moderator balls. Various graphite variables, including coke source, size, impurity; and
structure; manufacturing processes; density; grain size; crystallite size and uniformity, determine
the as-received and irradiated properties of the graphite component.

Research will need to be conducted to evaluate graphite for HTGR application. This will involve
studies of the performance and degradation of graphite under high levels of irradiation and
temperature. A review will be conducted of available high dose irradiation data for nuclear grade
graphite. High dose irradiation data on 'old graphites' will be evaluated to determine its
applicability to anew graphites." The data will be utilized to determine the behavior of current
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graphites planned for HTGRs under operating conditions. In general, there is a lack of data in the
high dose, high-temperature regime of HTGR operating environment; additional research will be
conducted on current graphites planned for HTGRs to determine high dose material behavior,
properties, and degradation. Experiments will be conducted at different temperatures at high dose
irradiation in a high flux test reactor. Microstructural evaluations, spectroscopy, dimensional
measurements, mechanical testing, and physical property testing of the irradiated specimens will
determine the effects of high dose and high temperature on new graphites.

Some irradiation studies have been conducted on older graphites that are no longer available due
to loss of raw materials supply and/or manufacturers. In addition, limited results are available at
high levels of irradiation exposure. Thus, two key issues are the lack of data on irradiated
properties of current graphites, and the lack of data at higher doses of irradiation. As discussed
earlier, the irradiated material properties are heavily dependent on the particular make-up of the
graphite and the manufacturing process; therefore, at issue is whether the irradiated materials
properties of the 'old graphites" can be assumed to be the same as the 'new graphites."
Irradiation affects, and in many cases degrades, physical and mechanical properties of the
graphite. Important properties that change with irradiation are density, thermal conductivity,
strength, and dimensions. These changes have safety implications since they could degrade
structural integrity, core geometry and cooling properties. Some of these changes are not linear
with irradiation dose. Strength of graphite initially increases with irradiation dose, then, at higher
levels, it begins to decrease. With respect to dimensional changes, graphite initially begins to
shrink with increasing dose then, beyond turn-around, graphite begins to swell with increasing
dose. During operation, thermal gradients and irradiation induced dimensional and strength
changes result in significant component stresses, distortion, and bowing of components. These
can lead to loss of structural integrity, loss of core geometry, and potential problems with insertion
of control rods. At still higher doses, beyond turn-around, where the swelling makes the volume
considerably greater than the original volume, graphite structures and fuel balls will start to
disintegrate and experience total loss of integrity.

To evaluate the suitability of a particular graphite for HTGR application, property change data due
to irradiation is needed in addition to the as-received properties. Development of irradiation data
on graphite is difficult, expensive, and time consuming. Therefore, reactor designers/vendors
have proposed to use radiation data from studies conducted on older graphites and attempt to use
graphites produced in a similar manner. However, the as-received and irradiated graphite
properties depend strongly on the raw materials and manufacturing processes. Small variations
in these may have strong effects on the graphite properties. Since the exact raw materials and
processes have changed and may continue to change in the future, the NRC may need to
independently confirm whether a particular graphite will behave the same as the old graphites
under operating irradiation conditions. To accomplish this without irradiation testing every time
a change occurs in the graphite raw materials or processing, correlations are needed for predicting
irradiated graphite properties and changes from the as-received graphite raw materials
characteristics, composition, processing, and properties.

Research will need to be performed to determine irradiated graphite properties from as-received
graphite properties. As-received graphite properties are determined by the raw materials and
manufacturing process. Important parameters will be identified such as coke and pitch
characteristics, and graphitization temperature. A number of different graphites will be selected
with carefully varied parameters. Studies will be conducted to establish the as-received properties
of the graphites. Selected properties to be measured are: x-ray crystallinity, density, open and
closed porosity, pore size distribution, grain size and size distribution, grain orientation and

94



orientation distribution, thermal expansion, thermal contraction, thermal conductivity, absorption
cross-section, sonic Young's modulus, stress-strain behavior, strength and strength distribution
(Weibull modulus), and fracture toughness. In addition, chemistry, including impurities, of the
graphites will be established. Due to the anisotropy of manufactured graphite, the materials
properties will be determined for two orthogonal directions since graphite exhibits transverse
isotropy. The graphites will then be irradiated at systematically varied irradiation doses and
temperatures significant to HTGRs. Following irradiation, the materials properties will be
reevaluated to determine the effect of irradiation and to establish correlations between the initial
as-received properties and the post-irradiation properties that could apply to any particular
graphite that may be used in HTGRs.

Graphite corrosion and oxidation can occur in HTGRs from oxidizing impurities in (or added to) the
helium coolant, from in-leakage during normal operation, or from air or water ingress during
accidents. The oxidation of graphite is an exothermic reaction, and it is important to know the rate
of heat generation particularly during accidents. Oxidation also will remove the surface layers of
graphite components resulting in loss of structural integrity. Further, oxidation will change the
thermal conductivity and reduce the fracture toughness and strength of graphite components. The
loss in strength may be due to attack of the binder. The oxidation rates vary for different
graphites, and can be greatly affected by the impurities in the original graphite. Therefore,
oxidation rate data is needed for the graphites proposed for new reactors.

Investigations will need to be undertaken to understand oxidation effects on the physical, thermal,
and mechanical characteristics of nuclear graphite. There is a lack of data on oxidation kinetics
of reflector grade graphite, fuel pebble matrix graphite, and graphite dust. Experiments will be
conducted to determine weight loss and loss of mechanical integrity due to oxidation of graphite
samples. The heat generated from oxidation of graphite dust and the potential detrimental effect
on surrounding components due to this elevated temperature will be studied. Research will be
performed to determine if oxidation occurs along binder paths through the bulk graphite which
could lead to diminished fracture, fatigue, and creep resistance of components.

The PBMR will use advanced gas-cooled reactor type fuel sleeve graphite for the replaceable and
permanent structures in the core. The proposed graphite properties used for design, operating,
and accident analyses of these structures will have the same values as those for the sleeves. The
sleeves are relatively thin structures manufactured differently from the large structural blocks of
the PBMR, and the mechanical and other properties will be different. Furthermore, the properties
of the large block graphite will vary through the thickness of the block. The difference in properties
between the sleeves and large blocks and through-thickness variations need to be established.
The potential for different irradiated properties of sleeve graphite and large block graphite also
needs to be evaluated.

Research on large blocks of graphite will need to be conducted to characterize the
through-thickness variability of key properties in full size blocks and to establish the variability
between batches of graphite. Large graphite blocks to be used for reflector material will be
sectioned, tested, and evaluated to determine if properties measured on thin graphite components
can be extrapolated to large blocks. Graphite materials properties are typically anisotropic and
vary with the forming method and size of the final fabricated component. The sectioned large
block specimens will be tested to measure important parameters such as strength, fracture
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toughness, density, thermal conductivity, coefficient of thermal expansion, level of chemical
impurities, isotropy, and absorption cross-section. Based on the results obtained, an assessment
will then be conducted to determine if the large block bulk properties would vary under high-
temperature and high dose irradiation in a manner similar to thin sleeve graphite material.

There is a lack of standards for nuclear grade graphite. Designers of HTGRs intend to use
measured properties of the particular graphite in their design calculations. However, nuclear
graphites should meet certain minimum requirements with respect to important properties, such
as strength, density, and thermal conductivity as is the case for materials used in other reactor
systems. If a particular graphite has excessively low strength and the designer uses that value
in designing various components, that may not result in a suitable component for the intended
service. There are underlying reasons why the strength may be excessively low. For example,
the graphite might contain excessive cracking and porosity resulting in low strength. Although the
component might have been designed using the low strength (resulting in possibly a thicker
component), the excessive cracks in the component may grow during service and cause failure.
Specific impurities in the graphite might be detrimental to irradiation properties of the component,
and they should be limited in nuclear graphites. Other elements, such as halides, which can be
released during operation and cause degradation of other components in the reactor, should also
be limited in nuclear grade graphite. Thus, there is a need to develop standards to establish the
acceptable physical, thermal, and mechanical properties; composition; and manufacturing
variables for nuclear grade graphite.

Staff efforts will be directed toward development of consensus standards for nuclear-grade
graphite. Design and fabrication codes are also needed. The NRC staff will work with the
international community, industry organizations, and professional societies to develop a nuclear-
grade graphite material specification consensus standard. The standard will specify requirements
on density, strength, fracture toughness, thermal conductivity, coefficient of thermal expansion,
absorption cross-section, impurities, and any other appropriate parameter. The staff will also work
with the codes and standards organizations to develop the design and fabrication requirements
for graphite components to address processes such as strength, fracture, fatigue, creep,
irradiation damage, dimensional stability, oxidation, and any other appropriate design and
fabrication considerations for HTGR service.

An effort will be conducted to review and evaluate experimental data, analyses, and appropriate
models for predicting pebble flow through and across a PBMR reactor core. Evaluations will be
conducted on how the predictive models were validated and how well they predict field
experience. Pebble flow, temperature effects, friction, mixing of fuel and graphite pebbles in the
central reflector core, compaction, hang-up, and bridging will be considered in the above
evaluations. Conclusions will be reached regarding the application of currently available methods
and codes, and recommendations will be developed for any necessary follow-on studies.

The EC research effort is currently reviewing the state of the art on graphite properties in order
to set up a suitable database. The EC is planning to perform oxidation tests at high temperatures
on fuel matrix graphite and on advanced carbon-based materials to obtain oxidation resistance
in steam and in air. Recently, the EC began extensive characterization and irradiation testing of
five different graphites that are currently produced and could be used in future HTGRs. The
properties of these graphites as a function of temperature and irradiation exposure will be studied.
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As mentioned above for the high-temperature metallic components, the EC plans to address a
considerable amount of work, however a key area possibly not fully addressed in the EC programs
is the correlations of as-received graphite properties and manufacturing parameters to irradiated
graphite properties. Exchange of NRC research results in this area could be used for cooperation
with the EC HTR-M programs.

The UK is conducting ongoing research on graphite properties and has had experience with
operating gas-cooled reactors that may be useful for NRC cooperation. As part of international
cooperation with the UK, the NRC has assigned a staff member from RES to the Nuclear
Installations Inspectorate (NIl) for three months to develop expertise on graphite behavior under
high-temperature and irradiation conditions and develop knowledge of the inspection and
monitoring programs of graphite in HTGRs. The NRC staff member will have discussions with
experts on the reasons for a lack of available correlations of as-received graphite properties with
irradiated graphite properties. NRC staff work while on this assignment would include discussing,
reviewing, and obtaining input from experts on the important manufacturing parameters, physical
and mechanical properties, composition, etc. of the as-received graphite that could have an effect
on irradiated graphite properties. With input from the UK (and other) experts, the staff would
devise a matrix of tests/research plan for developing correlations between irradiated graphite
properties and initial as-received properties.

Additional work for the NRC staff member during this international effort with the UK includes
gaining a better understanding of ongoing and past research results at the University of
Manchester and exploring potential cooperation in their program. In this effort, the staff would
obtain information on the scope and objectives of Nil's center of excellence for graphite research
at the University of Manchester. The staff can obtain details from University of Manchester
researchers on the graphite research being conducted for NI I and other cooperating partners. The
staff will then be able to evaluate potential benefits to the NRC of the research conducted at the
University of Manchester and to explore different methods for NRC participation as appropriate.

The staff member will develop recommendations for requirements of a nuclear grade graphite
material specifications standard, and for a graphite component design code. This effort would be
performed in collaboration with NIl and other experts to outline one or more potential standards
for the manufacture, composition, and required properties for nuclear grade graphite. The NRC
staff member will also obtain, review and discuss with NlI and other experts different codes and
procedures available for structural, fatigue, and creep analyses for the design of high-temperature
graphite components. The staff will evaluate these codes and develop recommendations on the
need to update them based on service experience and more recent research results produced
after the codes were developed.

Finally, the NRC staff member will have the opportunity, with the help of Nil staff, to gather data
and information from the DRAGON test reactor experiments performed on graphite and fuels in
the UK and to evaluate this information for applicability to currently proposed HTGRs.

APPLICATION OF RESEARCH RESULTS

Results from the research described will provide the necessary information to estimate component
probability of failure as input to NRC PRAs to independently confirm and support safety
evaluations. Since failure probability data for components of advanced reactors is not available
from operating experience, very large uncertainties are inherent in the values selected and in the
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results of the PRAs. To reduce the uncertainties, information on failure probabilities would be
derived from research results of potential degradation mechanisms (fatigue, creep, creep-fatigue,
oxidation, thermal aging, stress corrosion cracking, crevice corrosion cracking, irradiation damage,
and dimensional changes) of components in the operating environment of advanced reactors and
with quantitative information of the initiation times and growth rates.

Due to the high temperatures and environments with which the industry has relatively little
experience, careful analysis of the proposed materials needs to be carried out to indicate whether
these materials are prone to degradation and provide the technical basis or criteria for materials
acceptability. Aging effects and degradation due to the high-temperature helium environment and
radiation need to be considered. Evaluation of potential degradation mechanisms and rate of
degradation progression for materials used for connecting piping between the reactor pressure
vessel and the power conversion systems will provide the NRC an independent basis to determine
the validity of the contention that pipe break analysis does not need to be evaluated.

The research on nondestructive examination (NDE) and evaluations of ISI programs for HTGRs
and ALWRs is applicable to independently confirm if an applicant's inspection plans are technically
sound, or if additional requirements are needed. Currently accepted NDE and ISI programs may
not detect materials degradation due to inaccessibility of components and long time periods
between inspections. Research in this area may lead to regulatory requirements to modify NDE
techniques and/or to use continuous online monitoring of structural integrity for structures and
components of advanced reactors.
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LOCA DUCTILITY TESTS
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ABSTRACT

Safety analyses for loss-of-coolant accidents (LOCAs) address several
phenomena related to the behavior of fuel rod cladding: (a) ballooning
deformation, (b) conditions for bursting, (c) oxidation kinetics, and (d)
embrittlement. The first three are described by correlations in a safety analysis,
and cladding embrittlement is addressed by criteria in 10 CFR 50.46. These
embrittlement criteria currently consist of a 17% limit on cladding oxidation and a
2200 F (1204 C) limit on cladding temperature. A program of LOCA testing is
being performed at Argonne National Laboratory for the NRC in cooperation with
the Electric Power Research Institute, Framatome ANP, and the Department of
Energy. Ring-compression test are being investigated as the means for
determing embrittlement criteria for 10 CFR 50.46, provided that those tests can
be confirmed to be adequate. Four-point bend tests on segments containing a
ballooned and burst region will also be performed in the-program. Schematic
diagrams of the test procedures and the test matrix have been developed and are
described in the paper.

INTRODUCTION

Safety analyses for loss-of-coolant accidents (LOCAs) address several phenomena related to
the behavior of fuel rod cladding: (a) ballooning deformation, (b) conditions for bursting, (c)
oxidation kinetics, and (d) embrittlement. The first three are described by correlations in a safety
analysis, and cladding embrittlement is addressed by criteria in 10 CFR 50.46. These
embrittlement criteria currently consist of a 17% limit on cladding oxidation and a 2200'F
(1204-C) limit on cladding temperature.

The original motivation for the LOCA testing at Argonne National Laboratory (ANL) was to look
for bumup effects on the embrittlement criteria, with burnup effects on ballooning, bursting, and
oxidation as secondary interests. Interest was intensified in 1998 and 1999 when NRC first
issued an Information Notice and then established the position that the 17% oxidation limit should
encompass accident and pre-accident oxidation thus approximately accounting for the
significant corrosion that accumulates with burnup [1,2].

*with illustrations by Nicolas Waeckel, Electricit6 de France
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Later, when Framatome's M5 cladding was introduced in the U.S., there was a desire to confirm
that this new alloy, and the earlier Westinghouse ZIRLO alloy, both behaved adequately under
LOCA conditions. While it was known that their ballooning deformation might be altered
because of changes in the phase diagram for these niobium-bearing alloys in comparison with
the tin-bearing Zircaloy alloys, data showed that oxidation and embrittlement were about the
same as for the Zircaloys [3,4]. Data on another niobium-bearing cladding alloy, however,
showed very different behavior [5,6,7,8]. It therefore became important to examine alloy effects
more carefully and to understand the factors that could cause different LOCA behavior in some
zirconium-based cladding alloys.

More recently, proposals have been made to replace the Zircaloy-based 17% and 2200'F limits
with a performance-based requirement in 10 CFR 50.46 to avoid the need for regulatory
exemptions when new alloys are introduced and to accommodate any bumup effects. These
current numerical limits were derived from ductility tests, so the proposal included the
substitution of some suitable ductility test [9,10]. In addition to defining a suitable ductility test,
additional research would be needed to confirm the similarity of oxidation kinetics for all
zirconium-based alloys in order to substantiate other assumptions needed relative to peak
cladding temperature [10].

After considering several possibilities, it has been decided to continue investigating the ring-
compression test as the potential performance-based ductility test for 10 CFR 50.46, provided
that it can be confirmed to be adequate. Ring-compression tests are less expensive to perform
than the alternatives, and because such tests were used to develop the original embrittlement
criteria, their continued use should contribute to regulatory stability. Two basic questions of
adequacy will be addressed in the current research program. One is about our ability to interpret
the results of ring-compression tests unambiguously, and the other is about the efficacy of a test
on a small ring specimen to represent the behavior of a fuel rod in a ballooned and ruptured
region. These are discussed in the following paragraphs.

RING-COMPRESSION TESTS

The schematic arrangement for a ring-compression test, as performed by Hobson and others, is
shown below in Fig. 1 [see 11]. Segments of tubes were oxidized on the inside and the outside
at various high temperatures in the range of 920-13200C. After cooling, they were mechanically
tested in compression over a range of relatively low temperatures and evaluated at 1350C. This
temperature was selected as the lowest water temperature that would be present in a reactor
after a LOCA. Based on Hobson's data, it was found that specimens would
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Fig. 1. Diagram of Hobson-type ring-compression tests
that were used to obtain current LOCA embrittlement criteria

exhibit ductile behavior if the calculated oxidation (using the Baker-Just correlation) was less
than 17% equivalent cladding reacted (ECR) as long as the oxidation temperature was not much
above 1200'C. Hobson did not measure actual oxidation in the specimens, and we believe the
critical ECR (boundary between ductile and brittle behavior) is really around 13% rather than
17% because of the over prediction of the Baker-Just correlation. We will measure the amount
of oxidation in all of our tests and will therefore work with true values.

The principal stresses in the ring specimen are tensile stresses that result from bending, and
these stresses are shown qualitatively in Fig. 2 by double-ended arrows. This stress pattern
usually results in four cracks through the cladding wall: two starting from the outside at the 3
and 9 o'clock locations, and two starting from the inside at the 6 and 12 o'clock locations. None
of these cracks completely unloads the test apparatus, so instead of getting a load that drops to
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Load

Tensile Stress

Fig. 2. Large OD and ID tensile
stresses in ring between flat plates

zero when a crack occurs, one gets a saw-tooth load-vs-deflection curve such as seen in Fig. 3.
This figure is from recent work at the Russian Research Center, Kurchatov Institute [8].
Figure 3 shows how Kurchatov analyzed the data to eliminate deformation in the load train and
get a measure of plastic deformation in the specimen.

For a combination of reasons, it seems desirable to oxidize the specimens from the outside
only. One advantage of this is that it will make the ring specimen more ductile on the inside
diameter and, therefore, less susceptible to fracture at the 6 and 12 o'clock locations as just
discussed. If, in addition, the top and bottom loading plates have curved surfaces, the bending
stress at the top and bottom will be reduced thus further diminishing the potential for cracking at
the 6 and 12 o'clock locations such that cracking should always occur at the 3 and 9 o'clock
locations. This situation is sketched in Fig. 4 and should result in fewer saw teeth in the

Load

TTensile Stress

Fig. 4. Smaller ID tensile stresses
in ring between curved plates

load-vs-deflection curves. This arrangement and the Kurchatov analysis procedure have been
selected for the ring-compression tests. A transducer may be placed inside the rings to directly
measure deformation if that is found to be practical. Some microscopy of fracture surfaces will
also be performed to confirm the brittle or ductile failure mode. Tests will be conducted primarily
at 1350C with some at 230C to bound the range of interest and to facilitate comparison with
earlier data bases.
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where:
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Pr.- load at failure

Fig. 3. Load-vs-displacement curve for ring-compression tests showing
Kurchatov method of analyzing results

103



THREE-POINT BEND TESTS

Although more costly, a three-point bend test is probably better in several respects than a ring-
compression test. Such a bend test is sketched in Fig. 5 along with a double arrow to indicate

Load

Fig. 5. Three-point bend test with tensile stress on lower OD surface

the location of maximum stress. The first advantage of this test is that the tensile loads are
applied in the axial direction rather than in the circumferential direction. This is probably more
representative of stresses that might arise from horizontal accelerations (earth quakes), plant
vibrations, and spacer grid interactions. Furthermore, the load-vs-deflection curve for this test is
simple and easy to interpret. As soon as a crack propagates through the tube, the load falls to
zero without any ambiguity as seen in Fig. 6 from
Framatome's recent 2 _00_ work [3].

Yq~~~~ 1007 ,mgksm
1500 L

04 10007,8mm'

0 1 2 3 4 5 6 7

Displacem ent (mm)

Fig. 6. Load-vs-displacement curve for four Framatome
three-point bend tests
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If the ring-compression test and the three-point bend test both show the same critical ECR for
the same material, then we can use the less expensive ring-compression test. Framatome has
performed ring-compression tests and three-point bend tests on M5 tubing. If those data
become openly available, an assessment will be made to see if the two tests produce the same
result. Otherwise, some three-point bend tests will be performed at ANL to generate data for
this assessment.

FOUR-POINT BEND TESTS

I '6,-~ t '

-2'

The four-point bend test that we plan to use is shown schematically in Fig. 7. This test, with

Rapid Loading

I_ A.A U
Tensile Stress

Fig. 7. Four-point bend test on ballooned and ruptured segment of rod
containing fuel; tensile stress on lower OD surface

fuel pellets inside, is most prototypical for investigating the behavior of the ballooned region of a
fuel rod. Double-sided oxidation will take place as appropriate, with steam entering through the
burst opening. Any enhanced hydride absorption due to inside oxidation will be present. Loading
points are away from the deformed region, and the specimen will break naturally at its weakest
location. While this is clearly the most expensive test, it only needs to be used in a confirmatory
way. If results from the ring-compression tests can be applied in the ballooned region, and if that
adequately predicts ductile or brittle behavior, then the ring-compression tests will have been
confirmed. In a way, Chung & Kassner's 0.3 Joule impact tests of 1980 provided this
confirmation for the 17% and 22000F values for unirradiated Zircaloy [11].
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TEST MATRIX

+;"2cu g~ AN&ll~r.&e

Fig. 8. Schematic diagram of testing sequence

Figure 8 shows a schematic diagram of the testing sequence. The ring-compression tests and
the four-point bend tests will be integrated into the overall LOCA test program. Unirradiated
tubing, as received, will be tested first. Irradiated cladding, as it becomes available, and
hydrogen-charged tubing will be tested later to investigate burnup effects. Two or more alloys
will be oxidized together in the same furnace to reduce the number of furnace runs needed to
produce ring specimens (and three-point bend specimens, if necessary). Oxidation kinetics can
also be obtained from these furnace runs, and examination of ring fragments after compression
will give fracture morphology and oxygen content. Specimens for the four-point bend tests will
consist of those specimens that survive thermal shock in the integral tests. After optical
profilometry, those specimens will be tested in the four-point bend apparatus and will likely
break. Metallography and hydrogen measurements can be made on fragments after the bend
tests.

The number of integral tests will be small. Approximately three tests per alloy type will be
performed for irradiated material along with a somewhat larger number of tests on unirradiated
tubing. The number of these tests will govern the number of four-point bend tests that are
performed.

The number of ring-compression tests will be large, however, and attention is needed to control
the test matrix to a manageable size. First we noticed that Kurchatov has performed tests
under a variety of conditions including heating rate, cooling rate, test temperature, and inside-vs-
outside oxidation [8]. Differences in the test results were small. Figure 9, for example, shows
various combinations of heating and cooling rates (e.g., F/S means fast heating and slow
cooling). These rates had very little effect on the critical ECR of around 8% for El 10 cladding.
These plots also show that multiple ECR values need to be tested to determine a critical ECR
value.
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Fig. 9. Residual ductility versus oxidation for four Kurchatov combinations
of heating rates

Five nominal ECR values will be tested for each of the five materials (Zircaloy-2, Zircaloy-4,
ZIRLO, M5, and El10) with the one-sided oxidation produced at three different temperatures
spanning the range of interest (approx. 1000-12650C). The first tests will be done with
specimens oxidized at 12000C to 5% ECR as this will provide one point with significant residual
ductility for all alloys and permit the measurement techniques to be worked out. The next tests
will be done with specimens oxidized at 12000C to 10% ECR. One alloy (Ell0) should be brittle
at this level, but the rest should still be ductile. This test will let us evaluate the ability of the test
to discriminate between alloy types. The third tests will be done with specimens oxidized at
12000C to 20% ECR to ensure that all specimens are brittle. The fourth and fifth tests will be
done with intermediate ECR values to home in on the critical ECR values as well as possible.
Decisions will be made later about oxidation temperatures above and below 12000C that need to
be tested. In light of the above, it is clear that some scheme of oxidizing multiple specimens in a
furnace run is needed to prevent the number of furnace runs from becoming impractically large.
This capability exists at ANL with the use of alumina spacers and zirconia washers between
tubing pieces in the furnace. Testing of unirradiated tubing is now underway.
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Abstract

Recent results of a research program to study the mechanical behavior of
El 10 (Zr-1%Nb) oxidized claddings are presented in this paper. The
major focus of the investigations was on the determination of the zero
ductility threshold of El 10 cladding as a function of such LOCA-related
parameters as oxidation level, oxidation scenario, oxidation type, and
temperature of mechanical tests. In addition, reference tests were
performed to compare the mechanical behavior of different cladding
materials after high temperature oxidation.

1. Introduction

One of the major economic needs of the nuclear industry around the world is to extend the fuel cycle
length and to increase fuel bumup (60 MW d/kg U and higher). Numerous investigations performed
during the last ten years showed that the mechanical properties of irradiated cladding are the key factor of
this problem. Moreover, the analysis of associated test data showed that zirconium-niobium alloys are the
best candidates for the cladding material of high bumup fuel. This conclusion correlates with results of
more than thirty year Russian experience in operation of VVER (Russian type of pressurized water
reactors) nuclear power plants with Zr-1%Nb (El 10) clad fuel rods. Besides, this statement is confirmed
by special tests performed tojustify the behavior of the high burnup fuel with El 1 0 cladding under design
basis accident conditions. Some results of these tests are presented in Table 1. Analysis of the data
indicates the following:

* Zr-l%Nb (El 10) irradiated commercial cladding is characterized by very low oxidation and
hydriding up to 60 MW d/kg U of burnup;

* Zr-l%Nb (El 10) irradiated commercial cladding keeps a sufficient margin of residual ductility at the
temperature of normal operation; the increase of the temperature (to the design basis area) leads to the
disappearance of difference between mechanical properties of irradiated and unirradiated cladding;

* the existing ductility margin of Zr-l%Nb irradiated claddings proved to be sufficient to retain a high
failure threshold with no fragmentation under reactivity-initiated-accident (RIA) conditions; the
threshold of fragmentation of oxidized irradiated El 10 cladding under the loss-of-coolant accident
(LOCA) conditions corresponds to the license safety criteria currently in force (1200'C, 18%) with a
reasonable margin (in accordance with results of thermal shock type of tests).
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Table 1. Major findings of special test programs with EllO irradiated commercial claddings.
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But in spite of these and other results of tests with Zr-Nb alloys, a broad international discussion was
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launched on the analysis of the cladding fragmentation under LOCA conditions. The major issues of this
discussion could be formulated as follows:

* are the current safety criteria developed approximately thirty years ago for the unirradiated Zircaloy
cladding representative now (especially for irradiated Zircaloy cladding and new cladding materials)?

* what types of tests should be used to validate the mechanical behavior (fragmentation threshold) of
different oxidized claddings?

Besides, a special question was formulated within the context of the discussion: can we consider that the
mechanical behavior (margin of ductility) of oxidized unirradiated zirconium-niobium cladding as a
function of equivalent-cladding-reacted (ECR) is similar to that of the unirradiated Zircaloy cladding?

The preliminary analysis of the comparative data shows that different answers on this question were
obtained:

* German mechanical tests (J.B13hmert) [7] and Hungarian mechanical tests (AEKI) [8] with oxidized
Zr-I%Nb (El 10) claddings have demonstrated significant differences in the behavior of zirconium-
niobium and Zircaloy alloys.

* French mechanical tests (CEA-Saclay, EDF, FRAMATOME) with oxidized Zr-I%Nb (M5) cladding
[9] and American mechanical tests (Westinghouse) with oxidized Zr-l%Nb (Zirlo) cladding [10]
have demonstrated that there were no general differences in the mechanical behavior of both types of
oxidized claddings (Zr-INb and Zry-4).

The consideration in detail of results of investigations performed previously with Zr-1%Nb alloys showed
that more thorough mechanical tests should be carried out to understand LOCA-related ductility of
zirconium-niobium claddings. An appropriate program was developed by Russian Research Center
"Kurchatov Institute" in cooperation with Russian State Research Center "Research Institute of Atomic
Reactors" under the support of Joint Stock Company "TVEL" (Russian Federation), U.S. Nuclear
Regulatory Commission (USA), and Institute for Radiological Protection and Nuclear Safety (France).

It should be emphasized that the following issues were beyond this research:

* analysis of the representativity of current safety criteria;

* selection of the best test procedures to validate the mechanical behavior of oxidized claddings under
LOCA conditions;

* analysis of LOCA scenarios.

Ring compression tests have been selected as the program basis because this approach has a good
historical tradition (such type of tests was used to develop the first NRC fuel safety criteria for Zircaloy
cladding (1204'C, 17%) and this approach offers the prospect of direct comparison of results obtained by
different researchers for El 10 cladding material and other cladding alloys. The goal of the work was
formulated as: to obtain the multifactor test data base characterizing the sensitivity of the zero ductility
threshold of the ElJO oxidized cladding to specially selected parameters (oxidation conditions, alloying
elements, the temperature of mechanical tests). The results of this program are reviewed in this paper'.

* The experimental part of the program is not quite completed and the analysis and adjustment of results of the work are in a
progress now. Therefore. authors of this paper reserve the right to correct some test data and appropriate conclusions in the future
final report
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2. Test Program

The program of oxidation and ring compression tests included two subprograms:

1. Determination of the zero ductility threshold of the cladding as a function of such oxidation
parameters as heating and cooling rates under the following fixed conditions:

* cladding material (El 10 unirradiated as-received tubes);

* double-sided oxidation with steam at 1 1000C;

* ring compression tests at 20'C.

2. Determination of the sensitivity of the zero ductility threshold for a fixed combination of heating and
cooling rates to the following parameters:

* cladding material (El 10, Zry-4, El 10K, E635);

* type of oxidation;

* temperature of oxidation;

* temperature of mechanical tests;

* irradiation of cladding (unirradiated El 10 claddings and irradiated El 10 claddings from commercial
fuel rods with burnup -50 MW d/kg U).

A special oxidation facility was designed for this program. The major characteristics of the cladding
specimens and experimental procedures were as follows:

* indirect heating of specimen;

* oxidation by a steam flow of the initial specimen 100 mm long;

* high temperature uniformity along the specimen length;

* two types of oxidation: single-sided, double-sided.

Each of the 100 mm oxidized specimens was cut into approximately 10 rings. These rings were used for
mechanical compression tests and for such special investigations as: the ECR measurement, hydrogen
content measurement, metallography, fractography, Zr, Nb, 0 distributions measurement and so on. As
for the ECR measurement, a special procedure was developed and certified. Besides, the method of
analyzing ring compression tests (see Fig. I) was studied.

Load unoidizzed

________claddin

Fig. 1. Scheme of ring compression tests.
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Some findings of these studies are as follows:

* relative displacement at failure is not a function of the ring height;

* the first through crack in the specimen is clearly fixed on the load-displacement diagrams.

But the major focus of this stage of the program was concentrated on the development of a reasonable
procedure for the interpretation of ring compression test results (see Fig. 2).
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Fig. 2. Methods for the processing of the load-displacement diagram.

A review of the previously published data with results of ring compression tests showed that the "Relative
displacement to failure" was used as a rule for the interpretation of results of compression mechanical
tests. But this parameter is the sum of elastic and plastic deformation of the specimen. Taking into
account that completely embrittled specimens have some elastic deformation, the final data base obtained
with this approach did not allow one to estimate the zero ductility threshold in the explicit physical form.
Therefore, a new approach to determine the zero ductility threshold was developed for this work (see the
right side of Fig. 2). This approach is based on the following principles:

* ductility margin (residual ductility) of the oxidized specimen is characterized only by the plastic
portion of deformation;

* the residual ductility at failure of each brittle specimen equals to zero;

* processing of ring compression test results obtained for specimens oxidized at the different ECR
allows us to determine the zero ductility threshold in an explicit form.
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3. Analysis of Experimental Results

The schematic description of the major results and preliminary analysis of key phenomena are presented
in this chapter.

3.1. Sensitivity of the zero ductility threshold of El 10cladding to the heating and cooling rates for high
temperature oxidation

To determine the dependence of the zero ductility threshold on the dynamic parameters of the oxidation
scenario, a variety of special tests was performed at the program beginning. Fixed parameters of tests
were as follows:

* El 10 as-received unirradiated cladding;

* double-sided oxidation at 1000C;

* ring compression tests at 20'C (ring height 8 mm).

The parameters varied in these tests were heating and cooling rates (see Fig. 3).
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S - slowheatrng

or cooling
0 30-40 C/s F- fastheating

or cooling
F Q -quench ape

ofcooling

/ *Aft ;>$ -- 94 - > - -S F quench \

Time

Fig. 3. Variation of heating and cooling rates under high temperature oxidation conditions.

The cycle of these tests shows the following (see Fig. 4):

* transition of the El 10 oxidized cladding from a highly ductile state to the brittle one happens
suddenly in the narrow range of the ECR;

* critical values of the ECR (7.6 - 9.2%) corresponding to the zero ductility threshold are relatively
independent of the combination of heating and cooling rates;

* El 10 embrittlement threshold is about 8.3% ECR for the major combination of heating and cooling
rates (F/F).
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Fig. 4. Sensitivity of E110 zero ductility threshold to heating and cooling rates.

3.2. Comparison of the mechanical behavior ofE O 10and Zry-4 oxidized claddings

To obtain the comparative data base for these two alloys, several reference tests with Zry-4 cladding were
performed with the following fixed parameters:

* double-sided oxidation at I 100C;

* F/F combination of heating and cooling rates;

* ring compression tests at 20'C.

The results of tests are presented in Fig. 5.
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Fig. 5. E110/Zry-4 comparative data on the residual ductility vs. the ECR

* Residual ductility is the plastic component of displacement at failure (see Fig. 2) normalized on the cladding initial outer
diameter

115



The analysis of obtained results confirms that the zero ductility threshold of El 10 unirradiated cladding is
lower than that of Zry-4 unirradiated cladding under ring compression test conditions. To clarify revealed
differences in the mechanical behavior of these two alloys, the following additional investigations with
oxidized claddings were performed:

* visual identification of ZrO2 oxide type;

* measurements of H2 concentration in the El 10 oxidized cladding vs. the ECR;

* determination of the sensitivity of the cladding residual ductility to the H2 concentration;

* microstructure measurements and analysis.

The determination of the oxide type for E l 10 and Zry-4 cladding as a function of the ECR could be made
using the data presented in Fig. 6.

El 10

ECR=6.5%

._ Double-sided
El 10 oxidation at 1100

_ _ _ _ _ _ _ _ __ C and F/F
ECR=10.5% _ - combination of

heating and
Zry-4 cooling rates

ECR=1 1.3%

Fig. 6. View of E110 and Zry-4 claddings after high temperature oxidation tests.

Major observations are summarized in Table 2.

Table 2. Types of ZrO2 oxide vs. the cladding type and the ECR

wl y p o f c'dd n g

El 10 (ECR=6.5%) Nonstoichiometric black protective oxide

El 10 (ECR=10.5%) Spalled light stoichiometric oxide

Zry-4 (ECR=1 1.3%) Nonstoichiometric black bright oxide

These observations allow us to make two conclusions:

1. Breakaway oxidation occurs in Ell1 cladding within this range of the ECR (6.5 - 10.5%);

2. Different physical mechanisms are responsible for the embrittlement threshold of El 10 and Zry-4
claddings.

As for physical mechanisms of El 10 embrittlement, previous investigations demonstrated that high
hydrogen uptake corresponded to the zero ductility threshold of El 10 alloy [7, 8]. Taking into account
these data, special measurements of H2 concentration in E110 oxidized cladding were performed.
Obtained data are presented in Fig. 7.
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Fig. 7. H2 content vs. the ECR and the sensitivity of residual ductility of EIIO oxidized cladding to
the hydrogen concentration.

The analysis of appropriate test results leads to the following observations:

* slow increase in hydrogen concentration vs. the ECR characterizes the oxidation behavior of El 10
cladding for ECR<7%;

* fast increase in hydrogen uptake occurs for ECR>7%;

* cladding zero ductility threshold corresponds to 800 ppm of hydrogen content (ECR=8.3%).

Thus, these data confirm that hydrogen absorption is one of key factors determining the El 1 0 cladding
embrittlement for high temperature oxidation. The oxygen specific behavior (the next key factor of the
embrittlement) in El 0O oxidized cladding could be illustrated with the data presented in Fig. 8, Fig. 9.
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Fig. 8. The microstructure of EIIO oxidized cladding.
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Fig. 9. Microhardness of E110 oxidized cladding near the zero ductility threshold (specimen #41-4,
double-sided oxidation at 11000 C, ECR=8.6%).

These data suggest the following:

* there is a nonuniform boundary between ac-Zr(O) layer and pnor ,B phase layer;

* at-Zr(O) layers are observed on the boundaries of grains in the prior ,B phase of El 10 cladding
oxidized to the zero ductility threshold;

* relatively uniform increase of the microhardness (oxygen concentration) along prior f phase
thickness is observed.

The whole set of presented data demonstrates the differences in the behavior of zirconium-niobium and
Zircaloy claddings. Additional demonstration of some general differences in the mechanical behavior of
both alloys is presented in Fig. 10.
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Fig. 10. Comparative schematic diagram shows the ductility of EllO and Zry-4 alloys versus the
ECR (EllO data: this work; Zry-4 data are based on BMhmert's results [71).
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The analysis of these data is presented in Table 3.

Table 3. General observations and possible explanations of differences in the mechanical behavior
of E110 and Zry-4 oxidized cladding.

Unlike Zry-4, the residual ductility of the El 10 cladding is All absorbed oxygen is concentrated in
practically insensitive to the oxidation up to the ECR=6.5%. surface layers of the El 10 cladding
Therefore, the margin of the El 10 cladding residual ductility
is higher than that of Zry-4 cladding up to the ECR=7.5%

Unlike Zry4, a sharp decrease of E 110 ductility down to The change of the mechanism of the
zero is noted at the ECR higher than 7.5% E 10 cladding oxidation results in sub-

stantial hydrogen (and oxygen?) uptake

3.3. Determination of the E110 oxidized cladding residual ductility as afunction of the oxidation type
(single-sided, double-sided)

The motivation to perform a special cycle of single-sided oxidation of E 110 specimens was based on the
following background:

* single-sided oxidation of fuel rod claddings characterized the LOCA scenarios up to cladding burst;

* double-sided oxidation of Zr-l%Nb (El 10) and Zry-4 claddings performed in the frame of this work
and previous investigations [7, 8] showed significant differences in the residual ductility of these
alloys;

* but ring compression tests performed with Zr-1%Nb (M5) single-sided oxidized claddings did not
reveal significant differences in the residual ductility of M5 and low-tin Zry-4 alloys.

The studies of mechanical behavior of single-sided oxidized El10 cladding were performed under
following fixed conditions:

* combination of heating and cooling rates: F/F;

* temperature of oxidation: I 100C;

* temperature of the ring compression tests: 20'C.

The results of these tests are presented in Fig. 11. Analysis of the results allows us to make the following
general conclusions:

* the residual ductility of Zr-l%Nb (El 10) oxidized cladding is quite sensitive to the oxidation type;

* changing of the oxidation type from double-sided to single-sided leads to an increase of the zero
ductility threshold from 8.3% up to 11% (as measured).
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Fig. 11. The E110 cladding residual ductility vs. the oxidation type.

3.4. Sensitivity of the E 10oxidized cladding residual ductility to the temperature of mechanical tests

This stage of the program was motivated by several important issues:

* correlations between the loads on the oxidized cladding and the cladding temperature vs. major events
under late LOCA conditions are not well known; therefore, the assessment of sensitivity of the
mechanical behavior of oxidized cladding to the temperature could be very useful;

* the approach used for the development of current LOCA safety criteria was validated for Zry4
unirradiated oxidized cladding tested at 135 0C under ring compression tests conditions (Hobson's
tests);

* recent mechanical tests of oxidized zirconium-niobium claddings of the Zirlo type performed at
135 0C did not reveal significant differences in the residual ductility of zirconium-niobium alloy
(Zirlo) and Zry-4 [10].

The appropriate results obtained with El 10 oxidized claddings tested at 135 0C are shown in Fig. 12.
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Fig. 12. Comparative results of ring compression tests with E110 oxidized cladding at 20'C and
135 0C.
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In accordance with these data, the temperature increase of mechanical tests from 201C up to 1350C leads
to an increase of the El 10 zero ductility threshold from the ECR=8.3% up to the ECR=10.3% (at the
minimum). This effect suggests that the precipitation of solid hydrides during the cooling phase is one of
the major reasons for cladding embrittlement at room temperature. A possible explanation for the increase
of the cladding ductility with the increase of temperature is based on the analysis of behavior of hydrides
as a function of temperature (the increase of the ductility of hydrides). Additional mechanical tests (ring
compression and ring tensile tests) performed with El 10 cladding, which was brittle at RT, have shown
that a sharp increase of cladding ductility is observed at temperature higher than 150 - 200C.

3.5. Determination of the sensitivity of the mechanical behavior of oxidized zirconium-niobium
claddings to the alloying components

The analysis of test results performed at the intermediate stage of the program has shown that it is very
important to answer the following question: does the observed difference between the mechanical
behavior of EllO and Zry-4 oxidized claddings characterize these two particular alloys or do these data
reflect a general differences in the behavior of zirconium-niobium alloys in comparison with zirconium-
tin?

To obtain the appropriate answer to the formulated question, special tests were carried out with the
variation of alloying components in the zirconium-niobium cladding. The program approach to this
research is presented in Table 4.

Table 4. Characteristic of some most important types of zirconium-niobium alloys.

1. Zr+1%Nb+low initial concentration of oxygen (-0.03-0.05%) > El 10 alloy

2. Zr+l%Nb+high initial concentration of oxygen (>0.11%) => El lOK, M5

3. Zr+Nb+Sn+Fe = E635, Zirlo

Thus, it could be assumed that tests with such types of alloys as El IOK and E635 allow to obtain the
needed preliminary comparative data base to assess the sensitivity of the mechanical behavior of oxidized
zirconium-niobium claddings to the alloying components. The results of appropriate tests are presented in
Fig. 13.
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Fig. 13. Results of comparative tests with the variation of alloying components in zirconium-

niobium alloys.
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Analysis of these results shows the following:

* in the context of this test procedure, a qualitative influence of alloying components in Zr-l%Nb
alloys on the zero ductility threshold has not been revealed;

* it is possible that general differences in the mechanical behavior of El10 and Zry-4 oxidized
claddings are determined by specific features of the tin and niobium behavior during oxidation
(appropriate research is now in progress).

3.6. Sensitivity of the EI 10cladding zero ductility threshold to cladding irradiation

Taking into account that this stage of the program has not been completed yet, the preliminary results of
tests with irradiated claddings are presented in Fig. 14. Analysis of these first data indicates that the zero
ductility threshold of irradiated El 10 cladding is higher than 6% ECR when the temperature of
mechanical tests is 20'C.
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Fig. 14. Results of ring compression tests with E110 irradiated claddings.

3.7. Determination of relationship between the values of measured and calculated ECR

For a correct interpretation of the experimental data presented in this paper it is very important to take
into account the following:

* test data characterizing zero ductility thresholds of oxidized claddings are presented as a function of
measured ECR;

* current LOCA safety criteria (17% in USA and France, 15% in Japan, 18% in Russia) are based on
calculated ECR using a conservative oxidation kinetics correlation.

These approaches can be illustrated using the appropriate data for the Zry-4 cladding (see Fig. 15).
Presented data allow to note that:
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* for any alloy the measured ECR must not be compared with the safety criteria (as calculated) directly;

* the comparison of El 10 and Zry-4 safety criterion (18% and 17%(or 15%) as calculated) does not
have a physical meaning because the degree of the conservatism for both can be different.

To clarify this issues for the El 10 cladding, additional research is being carried out now. The results of
these investigations will be published later.
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Fig. 15. Comparison of measured and calculated criteria values of the ECR for the Zry4
cladding.

4. Major conclusions

Experimental studies of the LOCA-related ductility in El 10 cladding were performed on the basis of ring
compression mechanical tests. Results of several parts of this research program show that:

* the El 10 unirradiated oxidized cladding (after double sided oxidation at 1 1000 C) retains a very high
level of ductility (>50%) up to:

* ECR=8.5% for the best combination of heating and cooling rates;

* ECR=4.5% for the worst combination of heating and cooling rates.

* After that, a sharp decrease of residual ductility is observed due to a breakaway oxidation effect.

* A sharp increase in hydrogen content in the prior 5-phase of the El 10 cladding (>800 ppm) is
responsible for the differences in mechanical behavior between El 10 and Zry4 claddings.

* The reference value for the zero ductility threshold (at 20'C) of E 10 double side oxidized cladding is
8.3% (the ECR as measured).

* Comparative tests with Zry-4 cladding confirm that the Zry4 oxidized cladding has a residual
ductility margin and a low content of hydrogen at the ECR=I 1.5% (as measured).

* The zero ductility threshold of E 10 one side oxidized claddings is increased up to the ECR= I1%
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(these data and the French ones with the M5 alloy may be compared directly only after reconciling
test and data processing procedures).

* The El10 cladding zero ductility threshold is sensitive to the mechanical test temperature. An
increase of this temperature up to 1350C (the so-called ZDT used on developing the Zry-4 safety
criterion) leads to an increase of the embnttlement threshold up to ECR=10.3% (as measured).

* Special tests performed to reveal the ductility threshold sensitivity to the composition of Russian
zirconium-niobium alloys (the increase of oxygen concentration (E 1 OK alloy), the presence of such
alloying components as Sn, Fe (E635 alloy)) show that there are no principle differences in the
mechanical behavior of oxidized claddings of all tested alloys.

* The zero ductility threshold of the El 10 irradiated oxidized cladding is higher than ECR=6% (as
measured).
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LOCA RESEARCH RESULTS FOR HIGH-BURNUP BWR FUEL
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Abstract

LOCA-relevant steam oxidation kinetics and LOCA Integral Test results
are reported for high-burnup BWR cladding. Zircaloy-2 samples heated
to 1000-12000C in saturated steam exhibit weight gain values consistent
with Cathcart-Pawel model predictions, as well as with data for other
cladding alloys. The 10-jim coolant-side oxide layer on this cladding
appears to be non-protective during high-temperature steam oxidation.
LOCA Integral Test fueled samples (300-mm-long) are stabilized in Ar
at 300'C, heated (50C/s) in saturated steam to 1204'C, held at 1204'C
for 1-10 minutes, slow-cooled (30C/s) to 800'C and water quenched.
Results for irradiated and unirradiated test specimens are similar: burst at
-750'C and =8 MPa, =40% burst strain, and =l3x2.5-mrn burst opening.
These results indicate excellent permeability for high-bumup BWR fuel.
High-burnup results differ from those of unirradiated specimens in: axial
extent of ballooning (shorter), burst shape (oval vs. dog bone), ejection
of volatile fission products and/or fuel fines during burst, and fallout of
fuel particles during post-burst testing and post-test handling.

Introduction

Argonne National Laboratory (ANL) is conducting research on high-burnup BWR and PWR fuel to
provide data for assessing the licensing criteria for Loss of Coolant Accident (LOCA) events. LOCA-
relevant research includes fuel and cladding characterization, cladding high-temperature steam oxidation
kinetics studies, LOCA Integral Testing of fueled segments, post-quench ductility testing of LOCA
Integral specimens and post-quench ductility testing of unirradiated zirconium-based cladding alloys
(Zircaloy-2, Zircaloy-4, ZIRLO, and Zr-lNb alloys). The work completed on samples from Limerick
BWR fuel rods (=56 GWd/MTU) is reported.

The LOCA licensing criteria (10 CFR 50.46) limit peak cladding temperature to 2200'F (1204'C) and
maximum Equivalent Cladding Reacted (ECR) to 17% to ensure adequate ductility during the Emergency
Core Cooling System quench and during possible post-LOCA events (e.g., seismic). High bumup
phenomena that may affect cladding response during ballooning and burst, steam oxidation, water quench
and post-quench events are: loss of cladding base metal thickness due to oxidation, hydrogen pickup,
inner-surface oxide-layer formation, decreased fuel permeability and tight fuel-cladding bonding, and the
effective thickness, oxygen content, hydrogen content and hydride morphology of the prior-beta-phase
layer following steam oxidation. The LOCA Integral Tests are being conducted with high burnup fueled
cladding segments in order to include all of these high-burnup characteristics.
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Limerick cladding is Zr-lined Zircaloy-2 (Zry-2) from the GE-I 1 9x9 assembly design. The in-reactor-
formed outer-surface oxide layer is =10 pm. Axial variation of layer thickness is minimal compared to
circumferential variation (3-18 glm) for rod locations from which samples have been taken. The tenacious
crud layer thickness is =5-10 jm and varies inversely with the oxide thickness. The inner-surface oxide
layer is =10 gm. Oxygen and hydrogen contents are =0.7 wt.% and =70 wppm, respectively.

The outer surface of defueled cladding samples has been exposed to saturated steam at high-temperature
to determine weight gain, ECR, and layer thicknesses as functions of time at temperature. As reported in
Ref. 1, 21 tests have been conducted (1000-1200'C) using unirradiated Zry-2 (9 tests) and irradiated high-
burnup Zry-2 (12 tests). Weight gains deduced from detailed metallographic analysis of the 1200'C
samples are consistent (within =5%) with the Cathcart-Pawel (CP) model predictions. Based on an
assessment of the databases for Zry-2, Zry-4, ZIRLO and Zr-1%Nb alloys, these cladding materials
exhibit about the same weight gain kinetics in steam at 1 00-1500'C, consistent with the ANL data and
the CP model predictions. Detailed metallographic analyses are in progress to determine the weight gain
kinetics and layer thicknesses of the ANL Zry-2 samples tested at 1000 C and 1 IOOC.

The CP model has been used to plan the LOCA Integral Test times-at-temperature to achieve desired
ECR values. The tests have the following sequential steps: stabilization at 300'C and =8.3 MPa internal
pressure in Ar purge followed by saturated steam flow, temperature ramp (5YC/s) through ballooning and
burst to 1204'C, hold at 1204'C for 1-10 minutes, slow-cooling (3'C/s) to 800'C, and initiation of water
quench at 800'C. Four-point bend tests will be used to determine overall specimen integrity. Ring
compression tests will be used for local ductility determination. The fueled LOCA specimens are =300-
mm long with a 270-mm fuel column and a 13-mm top plenum connected to a He gas line (=10 cm3).
Temperature variations in the middle 100 mm of the specimen are 15'C at 1204-C.

The LOCA Integral Test Apparatus was built and tested out-of-cell using archival Zry-2 samples filled
with loose-fitting (0.1-mm radial gap) zirconia pellets. For the reference conditions, unirradiated Zry-2
bursts in the alpha phase at =750'C for a peak internal gauge pressure (i.e., pressure difference across the
cladding wall) of =8.8 MPa with a peak burst strain of =50410%. A second apparatus of the same design
was built and installed into an Alpha-Gamma Hot Cell Facility (AGHCF) workstation. The in-cell and
out-of-cell units share the same instrumentation and control system and can perform oxidation-kinetics
and LOCA Integral tests. A schematic of the LOCA Integral Test Apparatus is shown in Fig. 1.

Because of the interest in high-bumup fuel permeability, ballooning, burst and possible fuel relocation,
the first series of LOCA Integral Tests are being conducted in the following sequential steps: A) room
temperature and 300C pressurization to quantify fuel permeability, followed by ramping to burst; B) full
LOCA sequence up to the cool-down to 800'C, followed by slow furnace cooling; and C) full LOCA
sequence including water-quench initiation at 800'C. Tests A and B have been completed.

Oxidation Kinetics and LOCA Inte2ral Test Apparatus

The oxidation kinetics tests require a test train holder for the cladding sample, a quartz tube test chamber,
an argon gas line to purge the test chamber, a steam supply system, and an argon line to purge the inner
volume of the sample to inhibit possible inner-surface steam oxidation and hydrogen pickup. This inner
purge line is at a higher pressure than the saturated steam. Test samples are 25-mm-long unirradiated and
defueled-irradiated cladding. One-sided, outer-surface oxidation tests have been performed. Details of
the oxidation test train are given in Ref. 1.
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Fig. 1. Schematic of Oxidation Kinetics and LOCA Integral Test Apparatus; test train is for LOCA Integral Test.



The LOCA Integral Tests require features beyond those needed to conduct oxidation tests: a high-
pressure internal He gas line, a condenser/filter unit, and a quench system. Because of the similarities of
the oxidation and LOCA systems, they have been combined into one unit. Currently, a full
Oxidation/LOCA-Integral Test Apparatus is positioned out-of-cell. The in-cell Oxidation Test Apparatus
has been expanded to include most of the features required to run the full LOCA Integral Test sequence.
Once the quench system has been installed in the AGHCF workstation, the out-of-cell and in-cell test
apparatuses will be the same, both sharing the same out-of-cell control unit. Figure 2 shows an overview
of the out-of-cell LOCA Integral Test Apparatus. In the background (upper right of center) is the shield
window of Workstation 6, behind which is the in-cell apparatus.

The LOCA test train is shown in Fig. 3. This test train is supported at the top to minimize specimen
bowing. The quartz tube encasing the test train provides an enclosed volume for steam flow and water
quench, both of which are introduced through the bottom of the unit. The test train is centered within the
quartz tube by means of two perforated spacer disks. Centering is very important as four vertical infrared
lamps are focused within the furnace to heat the specimen. Swagelok fittings are used above the
specimen to connect to the high-pressure gas line and top pressure gauge and below the specimen to
connect to the lower pressure-gauge line. The total gas volume above the fuel column is 10 cm3, most of
which is outside the heated zone. Four Type S thermocouple lead wires are fed in through the top. Two
of the thermocouples are spot-welded at the specimen midplane, 180° apart. The other two are spot
welded 50-mm above and 50-mm below the midplane at the same angular orientation as one of the
midplane thermocouples. These thermocouples are accurate to +30C at 1200'C. The signal from the top
thermocouple is used to control the furnace power to achieve the desired temperature ramp and hold
temperature. The system is designed to allow switching of the control thermocouple in case the top one
fails. For the out-of-cell tests, hands-on assembly is straightforward and bare-wire thermocouple beads
are directly welded to unirradiated tubing. For remote in-cell assembly, outer-surface oxide is removed at
the thermocouple locations and an iridium pad is welded to the thermocouple bead to provide the stiffness
needed to position the thermocouples for welding to the specimen. The Ir pad also inhibits the Pt-Zr
eutectic from forming.

Remote in-cell specimen preparation and test train assembly are more challenging than conducting the
LOCA Integral Test. A drill with both rotary and cyclic horizontal motion is used to remove =13 mm of
fuel from the bottom of the specimen (space for end-cap welding) and =20 mm of fuel from the top of the
specimen (=7 mm for end-cap welding and 13 mm for clearance). Following end-cap welding, the
specimen is inserted into the Test Train Assembly Apparatus for attaching the Swagelock fittings, for
outer-surface oxide removal, for positioning the thermocouples and for spot-welding the thermocouples.
A simplified assembly device currently in-cell has been designed for making the Swagelok attachments
and for strapping two thermocouples to the specimen =50-mm above the midplane. This device was used
for the first two LOCA Integral Tests. The Test Train Assembly Apparatus has being tested in a cold-cell
with remote handling capability. Also, thermocouple (TC) readings from the TCs welded to the sample
through iridium pads have been compared to readings from TCs directly welded to the Zry-2 tubing in
order to optimize the process and benchmark the results. The Apparatus is ready for transport into, and
operation within, the hot cell.

130



Stea

Fig. 2. Overview of the out-of-cell LOCA Integral Test Apparatus. The in-cell unit is located at Workstation 6 behind the hot-
cell shield window.



Fig. 3. LOCA Integral Test Train Assembly and Quartz Tube.
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Summary of Oxidation Kinetics Results

Test conditions, along with predicted and measured sample weight gain, have been reported in Ref. 1.
For the one-sided, ANL tests conducted at sample temperatures of =1200'C, the normalized weight gains
for unirradiated Zry-2 and high-burnup Limerick BWR Zry-2 are in excellent agreement. At this
temperature, the in-reactor-formed oxide layer of =10 glm appears to be transparent to steam oxidation.
The primary difference observed between the behavior of high-burnup Zry-2 and unirradiated Zry-2 is the
non-uniformity of the alpha-beta interface for the steam-oxidized irradiated Zry-2 samples.

The 1200'C sample weight gains determined from the oxygen content of the measured oxide, alpha and
beta layer thicknesses agree quite well with the predictions of the Cathcart-Pawel (CP) model [2]. Figure
4 summarizes the direct comparison of ANL Zry-2 weight gain data to the CP-model predictions.
Cathcart and Pawel also did one-sided oxidation tests and used metallographic analysis to determine
sample weight gain normalized to the outer surface area. The points labeled "Loi 6-8 Zry-2 (in cell)" are
from oxidation tests (5, 10 and 20 minutes) of high-burnup Zry-2 tested in hot-cell Workstation #6. The
points labeled "Lou 11-13 Zry-2 (in-cell)" are from oxidation tests of unirradiated Zry-2 conducted in the
same in-cell apparatus for the same oxidation times. The other points in Fig. 4 were determined from the
results of tests conducted out-of-cell. For the Zry-2 sample thickness of 0.715 mm, nominal test times at
1204'C resulted in "measured" ECR values of 8.5%, 11%, and 15% for the 5-, 10-, and 20-minute tests,
respectively. As will be shown in the next section, a LOCA Integral Test with a 10-minute hold time at
1204'C results in a peak ECR of =30% due to wall thinning and double-sided oxidation in the ballooned
and burst region.

Although the weight gains determined from the ANL tests are in very good agreement with the CP model
prediction, the measured alpha layer thickness is considerably higher (=40%) than predicted. Figure 5
shows that the combined oxide-plus-alpha layers measured for the in-cell Loi 6-8 and Lou 11-13 tests are
=25% higher than predicted by the CP-model. It is assumed that the transport of oxygen from the beta
layer to the alpha layer during the LOCA-relevant cool-down in the ANL tests results in a thickening of
the oxygen-stabilized alpha layer. The cool-down rate from 1200C to 800C was =50 C/s in the ANL
tests, whereas the CP cool-down rate was much faster. In a few tests conducted with slower cool-down
rates, Cathcart and Pawel also observed alpha layers thicker than predicted by their model.

Based on a review of the extensive database for high-temperature steam oxidation of cladding alloys, it is
evident that, in the temperature range of 1100-15000 C, differences in databases are more the result of
differences in experimental and analytical methods than the result of different materials (Zry-2, Zry-4,
ZIRLO [3], M5 and El 10). Major differences in techniques are: one-sided vs. two-sided tests, internal vs.
external heating, fast vs. slow heating/cooling rates, direct vs. indirect temperature measurements, and
weight gain determined from sample weight change vs. weight gain determined from oxygen pickup
deduced from metallographic analysis. In Fig. 6, the Baker-Just correlation [4] for Zr, the Leistikow
correlation [5] for Zry-4, the Urbanic correlation [6] for Zry-4, ANL and EdF [7] data for Zry-2 (same
heat), M5 data [8] and E110 data [9] are normalized to the CP-model predictions for the purpose of
comparison. With the exception of the Baker-Just correlation, which clearly represents an upperbound
correlation, data and correlations for the cladding alloys of interest are reasonably consistent in the
temperature range of 1100-15000C. Below 11000 C, differences in alloy composition and phase-change
temperatures, as well as steam-pressure effects, become more significant with regard to steam oxidation.
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Fig. 5. Measured vs. CP-model-predicted Xi (oxide + alpha) layers after steam-oxidation tests (5, 10 and
20 minutes at =120 0°C) of irradiated (LOI 6-8) and unirradiated (LOU 11-13) Zry-2.
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LOCA Integral Tests: Out-of-Cell Results

During the development of the out-of-cell LOCA Integral Test Apparatus, numerous thermal benchmark
tests were run to aid in the optimization of the apparatus and the test train for remote operation in the hot
cell. These tests were conducted with specimens made from archival Limerick Zry-2 tubing (300-mm
long, 11.2-mm OD and 0.715-mm wall) filled with dense zirconia pellets leaving a cold radial gap of =0.1
mm. Early designs used a bottom supported -test train that resulted in specimen bowing due to
compressive loads. For the quad-elliptic radiant-furnace, specimen bowing induces significant axial
(AT.) and circumferential (ATe) variations in temperature. This problem was solved by supporting the
test train at the top (see Fig. 3 for "hanging" test train). With the top-supported test train, the midplane
ATe = :d50 C (based on the readings from 4 TCs, 900 apart) and the axial AT, = +15'C within 4100 mm
of the midplane. In addition to thermal benchmarking, metallographic analysis was used to verify that the
oxide layers formed in steam at =1200°C were consistent with oxidation kinetics test results.

Additional modifications were made based on the test results for specimens with 5-15 cm3 of gas volume
(7-9 MPa) above the pellet column, as well as the limitations imposed by remote in-cell operations. The
last set of tests prior to in-cell testing of irradiated fuel segments was used to generate baseline data for
ballooning and burst conditions and characteristics, oxygen and hydrogen pickup axial profiles and ECR
axial profiles. These out-of-cell (OCL) tests were characterized by conditions relevant to the planned in-
cell (1CL) LOCA Integral Tests: 300 mm cladding length, 15-mm clearance between top end-cap and
pellet stack, 10 cm3 of gas volume above the pellet stack (mostly in the high pressure line outside the
heated zone), room-temperature gauge pressure = 8.62 MPa, stabilization at 300°C in Ar purge,
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restabilization at 300'C in flowing steam, 50C/s temperature ramp in saturated steam to 1204'C, 5-to-10
minute hold time at 1204'C, 30C/s cool-down to 800'C, and =5 mm/s water quench initiated at 8000C.
The gas volume is the minimum that can be achieved in-cell and less than the room-temperature void
volume (30 cm3) measured for a full Limerick BWR rod. The pressure differential (Pg) across the
cladding wall is an upperbound for these Limerick BWR rods during a large-break BWR LOCA if the
rods had achieved the full 62 GWd/MTU, as opposed to the 56 GWd/MTU for the F9 rod used to prepare
the LOCA Integral Test specimens. However, the primary reason for choosing this pressure was to
induce large ballooning and burst in the alpha phase (T<800'C), so that fuel relocation - if it did occur -
could be characterized. The 1204'C peak temperature was chosen to test the adequacy of the LOCA
Acceptance Criteria in 10 CFR50.46.

The results of the 10-minute OCL#3 and OCL#4 tests are summarized in Table 1. OCL tests run as
companion tests to the ICL tests are discussed in the next section. The only difference in test apparatus
for the OCL#3 and OCL#4 was the improvement in the valve connecting the LOCA Apparatus pressure
line to the line leading to the gas cylinder control valve. This tighter valve inhibited gas back flow from
the LOCA line to the cylinder line in OCL#4 during heating. The OCL#3 gauge pressure (P,) peaked at
9.24 MPa; burst occurred at =760'C and •8.4 MPa. With OCL#4 having a more tightly sealed gas line,
P. rose from 8.62 MPa at RT to 9.66 MPa after stabilization at 3000C to a peak value of 10.27 MPa
during the temperature ramp. Burst occurred at a lower temperature (-730'C) and a higher Pg value (59.4
MPa). The burst location and the axial extent of ballooning were comparable for the two samples.

Although the OCL#3 sample survived quench and remained intact throughout disassembly and post-test
nondestructive testing, the measured peak ECR at the center of the burst location is 29%, as compared to
33% calculated with the CP-model and 43% calculated with the Baker-Just correlation. These values are
based on the circumferentially averaged wall thickness prior to oxidation and the circumferentially
averaged oxygen pickup determined from metallography. Low and high magnification photographs of
the cross-section at the burst location are shown in Fig. 7. Axial profiles of ECR, oxygen pickup and
hydrogen pickup are shown in Fig. 8 for the OCL#3 sample. At this high ECR level, it is not surprising
that OCL#4 experienced post-quench failure (see Fig. 9) in the furnace at -100°C under dead-weight
loading (265 g).

Based on the experience gained from these two tests, the hold time for the in-cell test was reduced from
10 to 5 minutes, and the procedure was changed such that the specimen would be repressurized to P,
8.3 MPa at 300°C. This repressurization gives a peak Pg of =8.6 MPa during the temperature ramp.
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Table 1 Out-of-Cell (OCL) LOCA Integral Test Results for Archival, Unirradiated Zry-2 Cladding
Filled with Undersized (I 0-mm radial Gap at RT) Zirconia Pellets

Parameter OCL#3 OCL#4

Internal Pg at RT, MPa 8.62 8.62

Intemal Pg at 3000C, MPa 8.97 9.66

Temperature Ramp from 300'C, 'C/s 5 5

Peak Internal Pg, MPa 9.24 10.28

Internal Pg Just Prior to Burst, MPa '8.4 <9.4

T at Burst, OC 760±10 730+10

Hold Temperature, 'C 1204 1204

Hold Time, minutes 10 10

Cool-Down Rate to 800'C, 'C/s 3 3

Quench Initiation Temperature, 'C 800 800

Specimen Condition following Quench Intact Failed
(see Fig. 9)

Burst Center Relative to Midplane, mm -13 -10

Burst Shape Dog Bone Dog Bone

Burst Length, mm 13

Max. Burst Width, mm 2

Length of Balloon, mm 150 =150

(AD/D0 ),,,, % 58±5---

(AC/Cm'max X% 61

Reference Minimum Wall Thickness 0.45
for ECR Calculation, mm

Maximum ECR, %
Calculated (CP-Model) 33

Measured 29

aFrom profilometry at 0° and 900 relative to burst; includes outer-surface oxide
bMidwall circumferential strain determined from low-magnification photographs (see Fig. 7a)
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(a)

(b)

Fig. 7. Low (a) and high (b) magnifications of OCL#3 sample cross-section at the burst location after 10
minutes in steam at =1200'C. The oxide layer in the top section of (b) is 80 pm.
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Fig. 8a. OCL#3 test specimen after 10 minutes in steam at l2040C, 30C/s cool-down to 8000C and water
quench initiated at 8001C.
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Fig. 9. OCL#4 test specimen after 10 minutes in saturated steam at 1204'C, slow-cooling to 800NC and
quench water flow initiated at 800C. Specimen failed at =100 0C under dead-weight loading
(265 g).

LOCA Inte2ral Tests: In-Cell Results

Test Sequence

The testing sequence for the first set of in-cell LOCA Integral Tests was determined by four factors:
goal of generating results that would allow direct comparisons between the responses of high-burnup
fueled cladding and unirradiated specimens, LOCA Integral Apparatus components operable in-cell,
auxiliary devices operable in-cell for specimen preparation and test-train assembly, and windows of
opportunity for performing tests in the hot cell. Because of unresolved issues regarding the behavior of
high-bumup fuel during LOCA transients, the Phase A test (ICL#1A) was designed to explore: fuel
permeability at room temperature (RT) and 300C; ballooning and burst behavior during the 50C/s
temperature ramp in slow flowing argon; and the degree of fuel relocation during ballooning and burst.
The test results would also yield an unambiguous axial profile of cladding thickness prior to high-
temperature steam oxidation (as defined in 10 CFR5O.46 Appendix K) for calculating the maximum ECR
vs. hold time at temperature for future tests. The test was performed on August 15, 2002.

The plan for the Phase B test (ICL#IB) called for ramping at 5'C/s in steam through burst to a control
temperature of 1204'C, holding at 1204'C for 5 minutes, slow-cooling at 30C/s to 800NC followed by
slow furnace cooling. The test was run on September 23, 2002. During the month prior to running the
test, the condenser unit was added to the In-Cell LOCA Integral Test Apparatus, as well as filters and
traps to minimize the release of fuel particles and fission products to the hot-cell environment. This test
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was designed to yield results on the axial profile of oxygen and hydrogen pickup. Based on the axial
profile of oxide layer thickness, the cladding thickness prior to steam oxidation can be determined vs.
axial location by using the Pilling-Bedworth ratio (assumed to be 1.56). The oxygen pickup determined
from metallographic analysis and LECO results and the reference wall thickness determine the maximum
ECR, as well as the ECR axial profile. As ballooning and burst location and characteristics are highly
dependent on cladding temperature and ATo, it is important to determine the reference ECR for each test
based on post-test examination. The thermal-hydraulics associated with flowing steam vs. slow flowing
argon can impact the axial temperature profile and the ballooning and burst location and characteristics.

The plan for the Phase C test (ICL#IC) is identical to the Phase B test up through the slow cooling to
800'C. For the Phase C test, the quench water flow will be initiated at 800'C to determine the quench-
resistance of high-bumup BWR fuel. It is expected that the oxide, alpha and prior-beta layers and oxygen
contents will be essentially the same for the Phase B and Phase C specimens, but that the hydride
precipitates may be different following quench. The distribution and morphology of these hydrides are
important factors in determining the post-quench ductility of the high-burnup cladding. The Phase C test
will be conducted after the quench system and the Test Train Assembly Apparatus are operable in-cell.

Specimen Preparation and Test Train Assembly

As the behavior of high-burnup fuel during a LOCA sequence may have a significant effect on
ballooning, burst, fuel and/or fission product emission during burst, and fuel relocation, it is important
that the fuel column not be disturbed during specimen preparation, test train assembly, transport, and
loading into the LOCA Test Apparatus. Two 150-mm-long samples were cut from the upper end of Grid
Span 6 and the lower end of Grid Span 7 of Limerick Rod F9 to demonstrate the remote in-cell fuel
removal and end-cap welding, as well as to verify that the fuel column would not be disturbed by these
processes. Cross-sections were examined by optical metallography at axial locations of--20 mm and =60
mm from the end of a drilled fuel column. Macro- and micro-cracking patterns, as well as the nature of
the fuel-cladding bond, are consistent with results presented by Tsai and Billone [10] for cross-sections of
Limerick F9 fuel that had not been subjected to fuel removal and end-cap welding. Thus, the integrity of
the fuel column in the LOCA specimens is not compromised by the preparation techniques.

The axial locations from which the ICL#1A and ICL#IB samples were cut correspond to the
middle of Rod F9 Grid Spans 6 and 5, respectively. Detailed fuel characterization at an axial location
between the specimens is given by Tsai and Billone [10]. The fuel appears to be tightly bonded to the
cladding. However, there also appears to be sufficient void space in the macro- and micro-cracks, as well
as the separations at pellet-pellet interfaces near the cladding wall, to enhance gas flow though the fuel
column. The results of the LOCA Integral Tests will resolve whether or not the resistance to gas flow is
low enough to allow rapid flow of gas from the plenum region of a fuel rod to the potential ballooning
and burst location.
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Results of 1" In-Cell LOCA Integral Test: Phase A (ICL# IA)

The ICL#IA test train was assembled in-cell in the simplified test train assembly. Two Type S
thermocouples (TCs), 180° apart, were strapped to the specimen with the TC tips =50 mm above the
specimen midplane. After assembly, the test train with the quartz tube was positioned in the In-Cell
LOCA Integral Test Apparatus furnace and final connections, including the electrical connection for the
lower pressure ,transducer, were made. During this stage, the lower pressure transducer failed. However,
it was decided to proceed with the test because enough fuel-permeability information could be obtained
from the upper pressure transducer reading, the ballooning and burst characteristics, the depressurization
rate following burst, and the comparison of results with out-of-cell companion tests OCL#5 and OCL#8,
which were run under the same experimental conditions.

As part of the operating procedure for the OCL#IA test, the system was pressurized at room
temperature (RT) with He in stages to 10 MPa. The upper pressure transducer was calibrated to a
mechanical pressure gauge during this increase. The pressure remained steady during the hold times at
the intermediate pressures. The system was depressurized, heated to 300C and stabilized before
repressurizing to P. = 8.28 MPa. During the 15-minute stabilization phase, P. increased to 8.56 MPa due
to heating of a small portion of the gas within the specimen and the 15-mm-long plenum at the top of the
specimen. The cladding control temperature (T) was then ramped at 50C/s until burst was achieved,
followed by slow furnace cooling. Based on the thermocouple readings (741'C and 7680 C) =40 mm
above the burst center, the circumferentially averaged burst temperature (TB) is estimated to be '7551C.
The ">" sign implies that T; at 10 mm above the specimen midplane may be greater than the T measured
50 mm above midplane. Histories for Pg and T during the ramp are shown in Fig. 10. Pg increased to a
maximum of 8.96 MPa during heating and decreased to 8.61 MPa just before burst. The change in Pg
prior to burst is determined by the competing effects of the heating of gas that flows to the ballooned
region and the increase in volume due to ballooning. Pg dropped from 8.61 MPa to 4 MPa in 0.2 s. As
the data frequency was only 5 Hz, no intermediate Pg value was recorded. Thus, the burst pressure (PB) is
assumed to be •8.61 MPa. The Pg history for ICL#IA is compared to that for companion test OCL#5 in
Fig. 10. The results are very similar down to 4 MPa. The P. decrease from 4 MPa to 0 is very fast for the
OCL#5 specimen, whereas the presence of the fuel in the ICL#lA specimen slows down the gas release
in this regime. In general, the results indicate that high-bumup BWR fuel has high enough permeability
for gas flow to sustain the growth of the balloon through the burst phase.

Nondestructive results are shown in Figs. 11-12 for the ICL#lA and OCL#5 test specimens.
Results for these tests, as well as companion test OCL#8, are summarized in Table 2. All three tests were
ramped to burst in slow-flowing argon. With the exception of the oval burst shape and the shorter axial
extent of ballooning for the ICL#1A specimen, the high-burnup test specimen behavior is remarkably
similar to that of the OCL#5 unirradiated test specimen. With regard to ballooning strain, the difference
between the two out-of-cell specimens (OCL#5 vs. OCL#8) is greater than the difference between the
ICL#1A and OCL#5 specimens. The maximum burst width for the ICL#IA specimen is =3 mm. Fuel
particles larger and smaller than 3-mm x 3-mm cross-section are evident in the burst region (Fig. 11).
The particle sizes are consistent with the size of reported macro-crack sizes [10]. Although some fine
particles may have been emitted during burst, no attempt was made to collect these particles. However,
during post-test transport and handling, the specimen was rotated from the vertical to the horizontal
position, as well as rotated about its axis. The fuel particles that fell onto the quartz tube were collected
and weighed. The measured 5.2 g of fuel particles (=25% of a pellet) represents a lower bound on the
sum of the fuel emitted during the test and the fuel fallout during post-test transport and handling.
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Fig. 10. Pressure and temperature histories for the Phase A I"S LOCA Integral Test (ICL #1A) compared
to pressure history for companion out-of-cell test OCL #5. The OCL#5 specimen had a room-
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Fig. 11. Profilometry traces for specimen outer diameter (OD) after the In-Cell LOCA Integral Test
ICL#lA and companion out-of-cell LOCA Integral Test OCL#5. Angular orientation is
relative to the circumferential location of the burst opening.

Although the fuel rods are in a vertical position during LOCA, thermal-hydraulic phenomena induce
significant vibration of these rods. Depending on the size of the balloon and burst opening, the potential
exists for fuel to fall out of the burst opening. The amount of fuel that might be emitted would have an
insignificant effect on coolability. However, the effect of fuel fallout might have a significant effect on
decay heat and cladding temperature reduction in the ballooned region.

In additional to the fuel particle behavior, the high-bumup test resulted in a dark film-like deposit on the
quartz tube opposite the burst opening and covering an area of >900 circumferentially and =50 mm
axially. It is likely that this deposit contains volatile fission products (e.g., Cs) and perhaps some fine fuel
particles. The deposit became lighter over time and has all but disappeared since August 15th. Figure 13
shows the dark deposit a week after the test was run and some of the fuel particles that fell out of the burst
area and settled on the quartz tube while the test train was rotated in the horizontal position. Additional
handling since that time has resulted in more fuel fallout.
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Fig. 12. Comparison of burst openings for (a) In-Cell LOCA Integral Test ICL#1A specimen from high-
burnup Limerick BWR Rod F9 and (b) out-of-cell companion test OCL#5 specimen from
archival Zry-2 cladding. Burst lengths are both =13-mm long.
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Table 2 Comparison of Results from In-Cell Phase A (ICL#IA) and Phase B (ICL#IB) LOCA Integral
Tests with High-Bumup Limerick BWR Fueled Specimens and of Results from Companion
Out-of-Cell Tests OCL#5, OCL#8 and OCL#I I with Archival Unirradiated Zry-2 Specimens
Filled with Zirconia Pellets. ICL#IA, OCL#5 and OCL#8 are ramp-to-burst tests in slow-
flowing argon. ICL#lB and OCL#l 1 are ramped to 1204'C in steam, held for 5 minutes at
1204'C, cooled at 3YC/s to 800'C and slow-furnace-cooled to room temperature.

Parameter ICL#lA OCL#5 |JOCL#8 ICL#1B OCL#1 1

Environment Argon Argon Argon Steam Steam

Hold Temperature, 'C _ 1204 1204

Hold Time, minutes _ _ _ 5 5

(Pdgn, MPa 8.96 8.96 8.62 8.87 8.61

T at (Pg)dx,, C 733 660 687 728 680

Burst Pressure (PB), IC <8.61 '8.26 57.67 •8.01 57.93

Burst Temperature (TB), OC >755 733±5 766+17 >750 753±22

Burst Center Relative to +10 +20 -10 +25 +35
Specimen Midplane, mm

Burst Shape Oval Dog Bone Dog Bone Oval Dog Bone

Burst Length, mm 13 13 17 14 11

Max. Burst Width, mm 3 2.5 2.5 3.5 1

Length of Balloon, mm 70 100 140 90 140

(AD/D.)~a", % 38±9 44±10 60±10 394±10 434±10

(AC/Cm)max % TBD TBD 60 TBD TBD

Reference Minimum Wall -0.518 =0.497 0.434 =0.514 =0.500
Thickness for ECR, mm (TBD) (TBD) (TBD) (TBD)

Maximum ECR, %
Calculated 0 0 0 =20 =21
Measured 0 0 0 TBD TBD

aFrom profilometry at 0° and 900 relative to burst
bMidwall circumferential strain determined from low-magnification photomicrographs
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I

Fig. 13. Dark deposit (left) on quartz tube and fuel particles (right) that fell out of the burst opening
during post-test transport and handling for the ICL#IA sample. Quartz tube diameter is 50 mnm.

Results of lI' In-Cell LOCA Integral Test- Phase B (ICL#IB)

For the Phase B LOCA Integral Test, both the upper and lower pressure transducers were operable.
They were calibrated to a manual pressure gauge during the staged pressurization process at RT. Because
of the flow resistance of the 270-mm-long fuel column, the lower pressure transducer lagged the upper
transducer by <0.5 MPa from 0-4 s up to Ps 1 MPa. From 1.0 to 8.6 MPa, the lower and upper pressure
readings tracked very well. The system was depressurized by opening the valve between the gas cylinder
control valve and the LOCA pressure line. During depressurization (Fig. 14), both pressure transducer
values decreased rapidly down to =2 MPa. For upper transducer readings of 2 MPa to 0 MPa, the lower
pressure transducer values decreased more slowly, with a maximum differential of 0.6 MPa.
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Fig. 14. Upper and lower pressure transducer histories for ICL# I B sample during RT depressurization.
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The ICL#IB specimen was stabilized at 300'C in slow flowing argon before repressurization to =8.0
MPa. During the early stages of the pressurization (0-2 MPa), the lower transducer lagged the upper
transducer by <1 MPa during the initial 0-4 s. There was excellent gas communication during the staged
rise from 2 to 8 MPa. During the hold time at 300'C, the pressure rose to 8.4 MPa. Steam flow was
initiated and stabilized. The response of the lower pressure transducer during pressurization is marginally
slower at 300'C than at RT, but sufficiently rapid that fuel resistance to gas flow is not likely to affect
ballooning and burst during the temperature ramp. Also, during the ramp, the cladding plastically
deforms away from the fuel, thereby providing more flow area and even less resistance. The responses of
the pressure transducers at 300'C are compared in Fig. 15.

Relative to the fuel column, the high-pressure line (890-mm-long with 7.3_mm cross-sectional area)
provides negligible resistance to gas flow. The resistance is proportional to the ratio of length (L) to flow
area (A). For the gas line L/A = 122 nfl. Thus, for the 270-mm high-burnup fuel column, A < 2 MM2.
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Fig. 15. Responses of the pressure transducers above (upper) and below (lower) the 270-mm-long fuel
column during pressurization of the line above the 300'C ICL#lB test specimen. The upper
transducer is =430 mm above the fuel column; the lower transducer is just below the column.
The pressurization line is =890-mm-long with a cross-sectional flow area of 7.3 mm2 .
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During the ICL#IB temperature ramp, P. peaked at 8.87 MPa (T = 7280 C) and burst occurred at T >
750'C and P. S 8 MPa. Figure 16 shows the P. and T histories during the ramp for the upper pressure
transducer and the control TC (36 mm above burst center), respectively. The pressure decrease following
burst is also comparable to the ICL#lA test results with a rapid pressure decrease down to -3 MPa,
followed by a slow decrease to P. = 0. The lower pressure transducer output is not shown in Fig. 16
because it became unreliable after steam was introduced and the temperature was ramped. This
transducer goes out of calibration as it heats up, whereas the upper transducer is far enough away from the
heated zone to remain cool. Also, the second TC located 1800 from the control TC gave unreliably high
readings and may have been damaged during assembly.

The ICL#lB specimen burst characteristics are illustrated in Fig. 17 and compared to the results of the
out-of-cell companion test (OCL#I 1) specimen. The results are summarized in Table 2. Cladding outer-
diameter strains in the burst region are comparable. As with tests ICL#IA vs. OCL#5, the burst shape for
ICL#IB (oval) is significantly different from that of the OCL#1 I specimen (dog bone). The ICL#IB
specimen has less fuel in the burst region than observed in the ICL#1A specimen (Fig. 12a). The
profilometry results for the ICL#IB specimen are given in Fig. 18. A side view of the ICL#IB specimen
is shown in Fig. 19. The peak ballooning strain for ICL#IB specimen is comparable to that of ICL#IA
and slightly smaller than that for OCL#5 and OCL#1 I specimens. Also, the axial extent of ballooning is
less for the irradiated specimens.
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Fig. 16. Temperature and pressure histories during ramp for high-burnup BWR LOCA Integral Test #1:
Phase B (ICL#IB).
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Fig. 17. Comparison of burst openings for (a) high-burnup BWR ICL#lB specimen; and (b) unirradiated
Zry-2 sample after 5 minutes in saturated steam at 12040C.
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Fig. 18. Cladding outer-diameter strain for high-burnup BWR ICL#IB specimen following 5 minutes in
saturated steam at 1204'C. Orientation is relative to burst opening.

Fig. 19. Side view of the high-burnup BWR ICL#1B specimen after 5 minutes in steam at 1204'C.
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Discussion

A series of out-of-cell LOCA Integral Tests (OCL) have been conducted using archival, unirradiated
Limerick BWR Zry-2 cladding filled with undersized (0.1-mm radial gap) zirconia pellets and internally
pressurized to 8.3-8.6 MPa (gauge). Peak pressures during the temperature ramp (50C/s) ranged from
8.6-10.3 MPa. With these internal pressures, burst occurred in the alpha phase at 750±20'C. A few of
these tests were ramped to burst in argon and stopped in order to obtain a clear picture of ballooning and
burst characteristics. Most tests were ramped to 1204'C in steam, held for 5-10 minutes, slow-cooled at
30C/s to 800SC and water quenched at 800'C. Based on detailed metallographic analyses, oxygen
determination (LECO) and hydrogen determination (LECO), tests conducted for 10 minutes in steam
result in high enough oxygen pickup to give a "measured" maximum ECR = 30% (vs. 33% calculated
using the Cathcart-Pawel model and 43% calculated using the Baker-Just correlation). Although the
oxidation kinetics is the same for these tests, the ECR varies with the reference wall thickness determined
after ballooning and burst and prior to steam oxidation. This reference wall thickness decreases with the
as the ballooning circumferential strain (•50±10%) increases. Based on the results of the OCL#4 test
(Fig. 9), which failed in the furnace shortly after quench, the 10-minute hold time at 1204'C embrittles
the cladding such that it barely survives the water quench. Test results are summarized in Table 1. It was
also confirmed that the unirradiated cladding picks up significant hydrogen (1200-3000 wppm) generated
from the oxidation of the cladding inner surface. This region of enhanced hydrogen pickup extends at
least 60 mm beyond the burst center. Based on the results of the 10-minute tests, the first series of In-Cell
LOCA Integral Tests (ICL) were designed for a 5-minute hold time in steam at 1204'C to give a
maximum ECR = 20%.

Two in-cell tests (ICL#lA and ICL#IB) with specimens prepared from 56-GWd/MTU Limerick BWR
Rod F9 have been conducted, along with several companion tests. Test ICL#lA was designed to reveal
information about high-bumup fuel permeability (at room temperature and 300'C), ballooning strain and
axial extent and burst characteristics. The specimen was internally pressurized to 8.62 MPa (gauge) at
room temperature (RT) and depressurized. The specimen was stabilized at 300'C, repressurized to 8.28
MPa (gauge) and ramped to burst. A similar initial procedure was used for test ICL#lB. However, this
sample was ramped through burst in steam to 1204'C, held at 1204'C for 5 minutes, slow-cooled at 3YC/s
to 800'C and then furnace-cooled to RT. A 3'd test (ICL#1C) is planned to follow the ICL#1B history up
to the point of the cool-down to 800'C, at which point water-quench flow will be initiated.

The results from the ICL#1A and ICL#1B tests indicate that high-burnup BWR fuel has adequate
permeability to initiate and sustain ballooning and to generate a significant burst opening. Burst occurs at
about the same temperature (=750'C) and pressure (=8 MPa gauge) as for the OCL unirradiated Zry-2
specimens. Peak outer-surface diametral strains (z40%) are somewhat less, but comparable, to those
measured (40-60%) for OCL cladding specimens. Burst lengths and maximum openings are also
comparable. The major differences observed in the data obtained to date for high-burnup BWR
specimens exposed to the LOCA Integral Test sequence are:

Pressurization: The pressure increase at the bottom of the 270-mm-long fuel column lags the pressure
at the top of fuel column by •1 MPa for •4 s. The pressure transducers equilibrate at
higher pressures, indicating very good fuel permeability for the high-bumup fuel at
RT and 300'C.
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Depressurization:

Ballooning:

Burst Shape:

Fuel Behavior:

Depressurization following valve opening and/or burst is as rapid for high-burnup fuel
as for the unirradiated specimens down to -4 MPa. Below that, the depressurization
rate for the high-burnup specimens is much slower.

The axial extent (region over which AD/D. > 2%)of ballooning (70-90 mm) is less
than for unirradiated specimens (100-140 mm).

The high-burnup cladding burst opening is oval in shape, as compared to the dog-bone
shape observed for unirradiated Zry-2 cladding specimens.

For the high-burnup specimens, volatile fission products and/or fine fuel particles
form a dark deposit on the quartz tube following burst. It is anticipated that this film
contains cesium compounds, but this needs to be verified through gamma scanning.
The dark deposit, initially covering axial and circumferential dimensions of >50 mm
and >900, respectively, fades with time. Some fuel particles (<I g) are blown through
the burst opening following burst. There is significant fuel fallout (>4 g) during test
train transport, handling and post-test examinations. The amount collected to date
represents less than one BWR pellet (=7 g). The particles have a maximum effective
diameter <3 mm, based on the burst opening. This particle size is consistent with the
size of fuel macro-cracks observed from metallography of the Limerick BWR fuel
cross-section at several axial locations.

It is anticipated that high-burnup fuel cladding may experience less inner-surface oxidation and hydrogen
pickup than measured for unirradiated specimens. Detailed metallographic and oxygen-determinator
analyses will be performed on the ICL#IB cladding within the axial region between the burst center and
60 mm above the burst center. The results will be compared to those for out-of-cell companion test
OCL#I 1. Based on previous OCL test results, significant double-sided oxidation is observed throughout
the ballooned region, peaking at the center of the burst and decreasing towards the neck of the balloon.
This profile is opposite to the profile observed for hydrogen pickup.

A significant goal of the current research is to determine the adequacy of the ECCS acceptance criteria for
high-burnup fuel in terms of protecting fuel rods from fragmentation both during quench and following
quench (i.e., ensuring post-quench ductility). Following water quench (Test ICL#1IC), the high-burnup
samples will be exposed to four-point bend tests to determine the failure bending moment, the failure
mode and the degree of cladding fragmentations vs. ECR and hydrogen content. Previous experience
with post-quench LOCA Integral Test specimens from the out-of-cell tests indicates that failure will occur
within the burst region at fairly low bending moments.: The bending failures for post-quench unirradiated
specimens are similar to the failure shown in Fig 9. The failure mode is mixed in that the material is
brittle near the burst opening and becomes more ductile approaching 1800 from the burst opening. The
failure appears to be confined in axial extent to the burst-opening region. It will be interesting to
determine the failure mode for post-quench high-bumup specimens vs. ECR and hydrogen content.

As the high-burnup BWR cladding has a thin oxide layer and low hydrogen content, the primary focus of
the BWR LOCA Integral testing is the effects of high-bum-up fuel on cladding response during and
following the LOCA sequence. Following the BWR tests, high-burnup PWR specimens, with thicker
(50-100 gim) oxide layers and higher (400-800 wppm) hydrogen contents, will be tested to determine their
effects on cladding oxidation and response to quench and post-quench loading.
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Conclusions and Future Work

Steam oxidation tests have been completed for unirradiated (archival) and high-burnup (56 GWd/MTU)
BWR cladding samples at 1200, 1100 and 10000C. For the 1200'C samples, which have been analyzed
in detail, the weight gain determined from oxygen concentrations in the oxide, alpha and beta layers is in
excellent agreement with the Cathcart-Pawel model predictions. The in-reactor-formed oxide layer (=10
gm) on the high-burnup cladding appears to be nonprotective for high-temperature steam. The primary
difference observed is the highly non-uniform alpha-beta interface seen in high-burnup Zircaloy-2.
Comparison of the ANL data with data and correlations for Zircaloy-4 and data for Zr-lNb and Zr-lSn-
lNb alloys indicates essentially the same weight-gain kinetics for all cladding alloys at 1 100-1500'C.

Two In-Cell LOCA Integral Tests have been completed using high-burnup BWR fueled samples from
Limerick Rod F9. The Phase A test focused on fuel and cladding behavior during a 50C/s temperature
ramp-to-burst without steam oxidation. The Phase B test was ramped in steam through burst to 1204'C,
held for 5 minutes at 1204'C and slow-cooled to provide data on oxygen and hydrogen pickup for high
burnup fuel. Based on the Cathcart-Pawel-predicted oxygen pickup and the calculated wall thinning for
this test, the estimated maximum ECR is =20%. The permeability of high-burnup fuel, as well as the
plastic expansion of the cladding away from the fuel, is sufficient to sustain ballooning out to a maximum
circumferential strain of =40% and to induce burst at =750'C and =8.3 MPa internal pressure. These
values are consistent with those obtained from companion out-of-cell tests using unirradiated Zircaloy-2
specimens. Significant differences in the behavior of high-burnup test specimens are: axial extent of the
ballooned region (-80 mm vs. =125 mm for unirradiated Zry-2), burst-opening shape (oval vs. dog bone
for unirradiated Zry-2), ejection of volatile fission products and/or fuel fines that form a dark film on the
quartz tube surrounding the specimen (as compared to no dark film from the dense zirconia pellets in the
out-of-cell tests), emission of <1 g of fuel particles from the burst opening following burst, and fuel
fallout (- 4 g) during post-test transport, handling and nondestructive testing.

In future work, the Phase C test will be conducted with quench-water flow initiated at 800'C following
30C/s cool-down from 1204'C to 800'C. Fuel particles released during the test will be quantified. Also,
the isotopic composition of the dark deposit on the quartz tube will be investigated by gamma
spectroscopy. Post-quench ductility tests (4-point-bend and ring-compression) will be conducted on this
sample if it survives quench without fragmentation. Based on these results, LOCA Integral Tests will be
conducted at lower and/or higher ECR values to determine the ECR and hydrogen content corresponding
to the post-quench fragmentation threshold. For the two LOCA Integral Tests already conducted, the
Phase A test specimen will be examined metallographically to determine the condition of the fuel column
near the ends of the sample. The Phase B test sample will be evaluated using metallography, LECO
oxygen determination and LECO hydrogen determination to map out the axial variation of ECR and
hydrogen content. These results will be compared to those for the companion, unirradiated specimen to
determine if there are indeed differences in inner-surface oxygen and hydrogen pickup for high-burnup
fuel.

Following the BWR tests, high-bumup PWR specimens with high hydrogen content will be tested to
determine the effects of 400-800 wppm hydrogen on oxidation kinetics, quench and post-quench
fragmentation thresholds.
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Characterization of High-Burnup PWR and BWR Rods,
and PWR Rods after Extended Dry-Cask Storage

H. Tsai and M. C. Billone

Argonne National Laboratory
Argonne, Illinois 60439 U.S.A.

Abstract

In support of ongoing research programs on fuel performance under
Loss-of-Coolant Accident (LOCA) and dry storage conditions, pretest
fuel and cladding characterization has been performed. The fuels include
H. B. Robinson PWR rods at 67 GWd/MTU, Limerick BWR rods at 56
GWd/MTU, and Surry PWR rods at 36 GWd/MTU after 15-y storage in
a dry cask.

The condition of all rods examined appears to be sound. The H. B.
Robinson rods have a relatively thick cladding oxide layer (up to =110
pm) and a hydrogen content up to -750 wppm. Hydrides precipitates in
the cladding, mostly circumferentially oriented, form a dense band
adjacent to the OD oxide layer. Away from the OD, the density
diminishes with distance. Fission gas release is low and normal, <5%.
The fuel/cladding gap is closed with little corrosion of the cladding ID.
The thickness 'of the fuel high-fission "rim" is =600 gm.

For the high-burnup Limerick rods, both oxide layer thickness and
hydrogen uptake are small. ID cladding corrosion is minimal. The
fission-gas release (-17% max.) is relatively high; the cause may be the
numerous microtears seen in the gassy region of the fuel that provided
long-range connectivity.

For the post-storage Surry rods, there appears to be little or no
incremental cladding deformation (creep), fission-gas release, cladding
corrosion, hydrogen uptake, or fuel microstructure evolution during the
15-y dry-cask storage.

Introduction

High-burnup PWR and BWR rods and dry-cask-stored PWR rods were acquired by Argonne
National Laboratory (ANL) under the sponsorship of the U.S. Nuclear Regulatory Commission, the U.S.
Department of Energy, and the Electric Power Research Institute to conduct a range of research programs
on fuel rod performance. These programs include Loss-of-Coolant Accident (LOCA) relevant tests [1],
thermal creep tests [2] of as-irradiated and post-dry-storage cladding, and cladding mechanical properties
tests relevant to both LOCA and Reactivity-Initiated Accidents. Since the as-irradiated condition of the
fuel rods is the prerequisite for test planning and data evaluation, characterization of these fuel rods was
undertaken. The characterization data will also be valuable for burnup extension assessment and dry-cask
licensing renewal.
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During reactor operation, the chemical reaction between the Zircaloy cladding and water coolant
causes a corrosion layer to form on the cladding. In addition to the reduction of the load-bearing cladding
thickness, the absorption of some of the released hydrogen from the reaction may further affect the
cladding performance. If hydrogen were absorbed in sufficient quantities, precipitates of zirconium
hydride would form. Due to the significant differences in strength and ductility between the hydrides and
the Zircaloy, the morphology of the hydride precipitates may become important - radially-oriented
hydrides are potentially more harmful than circumferentially-oriented ones [3]. As cladding behavior is
central to fuel rod performance, the determination of oxide thickness, hydrogen content, and hydride
morphology is a focal point of the characterization effort.

Fission-gas release, as affected by fuel microstructure evolution during irradiation, will impact
the rod's internal pressure, which could influence cladding creep in dry-cask storage and cladding burst
rupture in a LOCA. Furthermore, the degree of connectivity between the high-pressure plenum and the
fuel column region, via either fuel cracks or the fuel/cladding gap, plays an important role in cladding
rupture in a LOCA event. For these reasons, investigating those factors that impact fission-gas release are
also important

High-Burnup H. B. Robinson PWR Rods

Description

The high-burnup PWR rods examined were from a 15 x 15 assembly of the H. B. Robinson plant
Unit 2 [4]. They operated for seven cycles and reached a rod-average hurnup of 67 GWd/IvTU (73
GWd/MTU peak pellet). The fuel enrichment is 2.90%. The nominal fuel pellet dimensions are 9.06 mm
dia. x 9.93 mm height and the active fuel height is 3.66 m. The cladding is cold-worked/stress-relieved
Zircaloy-4, 10.77 mm OD x9.25 mm ID, with a nominal tin content of 1.42%. The rods were pressurized
with helium to 2.0 MPa during fabrication.

The rods began operation at a peak linear power of =26 kWMm; the linear power decreased to -= 1
kW/m at end-of-life.

Results

Extensive poolside nondestructive examination (NDE) was performed by the plant operator and
fuel vendor. The results [4] showed peak cladding oxide thickness of 87 - 110 pm; axial rod growth of
0.95 - 1.15%; cladding creep-down of 0.6 - 1.1%; and fission-gas release of 1.4 - 2.4%.

At ANL, the condition of the fuel column and axial fission product migration were evaluated with
scanning gamma spectroscopy for selected rods. The results are shown in Fig. 1 for one of the rods, BO I.
The gross distribution, which mimics the core power profile, shows no unusual features such as fuel
column disruption or excessive fission product migration. Slight dips were noted at the grid spacer
locations owing to flux depression. In expanded scale, pellet configuration can be readily identified.
Isotopic scans show axial migration of volatile fission products to be minor and localized.
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Fig. 1. Gross gamma scan profile for H. B. Robinson Rod BO13. The profile is the composite of five
scans as the rod was pre-sectioned into five segments (A through E).

The condition of the H. B. Robinson fuel was evaluated with ceramography. The cross-section
of the fuel, shown in Fig. 2 for Rod A02, reveals the typical network of start-up and shut-down cracks.
Also apparent are modest fuel restructuring in the center, a gassy "rim" on the fuel periphery, and a closed
fuelcladding gap. These features are typical for high-burnup fuel[5,6]. Thickness of high-fission rim is
-600 gm, based on optical data. Figure 3 shows the structure of the fuel in the rim region and the fission-
product deposit that filled the fuel/cladding gap. As can be seen, fuel-cladding chemical interaction is
minirral.

Typical morphology of the cladding oxide layer is shown in Fig. 4 for a location 0.7 m above the
midplane. The thickness at this axial elevation is =100 glm, in good agreement with the poolside NDE
data. Within the layer, circumferentially-oriented microvoids as well as occasional radial cracks can be
seen. Oxide spallation, however, is not prevalent.

Hydrogen contents in the cladding were analyzed using a fusion/thermal conductivity technique.
The results show hydrogen contents of -580 wppm at axial midplane and =750 wppm at 0.7 m above the
midplane. While these concentrations are substantial, they are consistent with the observed oxide layer
thickness, corresponding to a hydrogen uptake ratio of =23%. With the cladding in etched condition, as
shown in Fig. 5 for the 0.7-m-above-midplane elevation, a dense hydride band adjacent to the OD oxide
layer can be seen. The density of hydrides, as expected, diminishes towards the cladding ID. Orientation
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of the precipitates is mostly circumferential. Since the terminal solubility of hydrogen [7] in the cladding
is =200 wppm at the operating temperature, some of the precipitates existed in the cladding during
operation. In the on-going mechanical properties tests, determination of the effect of hydrides on
cladding properties is a key objective.

Fig. 2.
Cross-sectional photocomposite
of H. B. Robinson Rod A02 at an
elevation 0.7 m above the fuel
axial midplane.

S. �

Fig. 3. H. B. Robinson Rod A02 fuel showing the "rim" and the fission
product deposit (gray phase) in the fuel/cladding interface.
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Fig. 4.
Oxide layer on H. B. Robinson Rod A02
cladding at an elevation 0.7 m above the fuel
axial midplane.

Fig.5.
Hydride precipitates in H. B. Robinson Rod
A02 cladding at an elevation 0.7 m above the
fuel axial midplane. The OD oxide layer is at
the right.
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High-Burnup Limerick BWR Rods

Description

The high-burnup BWR rods examined were from a 9x9 assembly of the Limerick-I plant. The
rods were exposed for three cycles and reached rod average burnup of 56 GWd/MTU bumup (64
GWdIMTU peak pellet). The nominal active fuel height is 3.71 m, of which 3.35 m is enriched. The
cladding was Zr-lined Zicaloy-2, recrystallized-annealed, with an OD of 11.18 mm and an ID of 9.75 mm.
The rods were pressurized with helium during fabrication. The peak linear power is estimated to be
-22 kW/m over life.

Results

Limited poolside inspection was performed on the Limerick rods. The results show the rods to be
in good condition with only minor cladding creep-down and oxide/crud corrosion.

Seven of the rods were punctured for fission-gas release measurements. The release fractions,
ranging from 5 to 17%, are slightly higher than the published BWR database [8], as shown in Fig. 6. The
reason may be related to the irradiated fuel microstructure, to be discussed later.
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Fig. 6.
Comparison of fission gas release in
Limerick rods with published database
(Van Swan et al. 1997 Portland).
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Axial gamma scans were performed to evaluate the condition of the Limerick fuel column. The
result is shown in Fig. 7 for Rod F9. The gross distribution of the fission products, mimicking that of the
power profile, shows no disruptions in the fuel column or other unusual behavior. Slight dips were noted
at the grid spacer locations due to flux depression. Isotopic scans show that there was negligible axial
migration of fission products, including the volatile cesium.
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Fig. 7. Gross gamma scan profile for Limerick Rod F9. The profile is a composite of five scans as the
rod was pre-sectioned into five segments.

The cross-section of the F9 fuel at an axial elevation of =0.8 m above the midplane, shown in Fig.
8, reveals modest restructuring with discontinuous and off-centered temperature-related features The off-
center restructuring may be partially due to the edge location of the F9 rod in the assembly. Figure 9
shows the typical fuelcladding interfacial condition in the F9 rod at a higher magnification. The fuel
cladding gap is closed and a fission product phase can be seen in the interface. Also observed is a fission-
product deposit at the tip of a radial fuel crack. Microprobe analysis of the deposit confirmed the
presence of cesium and lanthanides fission products. Transport of the species down the temperature
gradient via the radial crack appears to be the mechanism for forming the crack-tip deposit. Reaction
between fission product phase and the cladding liner, however, is negligible.

Numerous microtears can be seen in the gassy outer region of the Limerick fuel, as shown in Fig.
9. These microtears developed along the fuel grain boundaries weakened by fission-gas bubbles and can
extend long-range connectivity between fuel pellets. This may be the cause for the observed high fission-
gas release in the rods. Limerick fuel contains a well-defined "rim" with varying thickness along the
circumference; the fuel grains in the rim are small and laden with fine fission-gas bubbles.

The oxide layer on the Limerick cladding surface is thin, =10 Pm average, with a circumferential
variation of =5 to 25 pm. This thickness is within the published database [8] for BWR fuel. Oxide
spallation is not evident. At locations where the oxide thickness is low, a thin tenacious crud (=5-10 jim)
can occasionally be found over the oxide. The crud contains zinc, apparently related to the zinc injection
procedure used in Limerick plant for dose-buildup control [9].

Measured hydrogen content in the cladding is low, -70 wppm, and consistent with the observed
oxide thickness. Figure 10 shows the typical distribution of the hydride precipitates in the cladding. Due
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to the difference in terminal solubility [10] in the low-oxygen zirconium liner and high-oxygen Zircaloy,
hydrogen preferentially precipitated in the liner. The precipitates in the Zircaloy are small and relatively
uniformly distributed across the thickness. Overall, the Limerick cladding appears to be in excellent
condition with no apparent deleterious effects of the high-burnup operation.

Fig. 8
Cross-sectional photocomposite of
Limerick Rod F9 at an elevation
=0.8 m above the fuel axial

-~<.n midplane. Not all restructuring
~ ~ features are symmetric to fuel

center.

Fig. 9 Photomicrograph of Limerick Rod F9 showing fission product deposit (A) at a crack tip and
numerous fuel microtears (B) in the gassy region of the fuel.
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* ~ Fig. 10
- ' 7 . .~ Distribution of hydride precipitates in the

at ~ .~; ,m4 Limerick cladding. The band on the left side
is the zirconium liner.

Dn -Cask-Stored Surrm PWR Rods.

Description

The Surry rods examined were from one of the fuel assemblies loaded in a Castor-V/21 dry cask
in the mid-1980s for benchmarking the thermal and radiological codes for dry-cask storage [11]. After
the benchmarking tests, the cask was left undisturbed with an inert atmosphere (He/<I% air) for 15 years
until the rod retrieval for the present work. The retrieved rods have an average burnup of 36 GWd/MTU
(40 GWd/MTU peak pellet) and attained near the highest cladding temperatures among the rods in the
cask during the benchmark tests ('415'C peak for several days). The fuel enrichment is 3.1% and the
nominal fuel pellet dimensions are 9.29 mnn dia. x 15.2 mm height, with an active fuel height of 3.66 m.
The cladding is Zircaloy-4, cold-worked and partially annealed, with a dimension of 10.72 mm OD x 9.50
mm ID. The rods were pressurized with helium to 2.9 MPa during fabrication.

Results

Profilometry of 12 of the post-storage rods shows the cladding creep-down to be =0.6% [12]. As
this value is typical of PWR rods at this bumup [13,14], the result suggests no significant outward creep
of the cladding during the benchmarking tests or the extended cask storage.

Fission-gas release was measured for four rods and the results show release fractions ranging
from 0.39 to 1.08%. These values are within the data band for as-irradiated PWR rods of this type and
burnup without a dry-storage history.

The condition of the post-storage fuel is shown in Fig. 11 for Rod H9. All features appear to be
normal with no evidence of degradation from the extended storage. As expected for rods of this bumup,
fuel restructuring is only minor. The fuel/cladding gap is open and fuel/cladding chemical interaction and
fission product deposit in the gap are both insignificant.

165



, i ' *~ \ Cross-sectional photocomposite of
v post-storage Surry Rod H9 at the

l A_ I axial midplane. No storage-induced
effects are apparent.

Average cladding oxide thickness in the post-storage Surry rods ranged from =25 gm at the axial
midplane to =40 ptm at 1 m above the midplane. These values are within the normal range [13,14] for
PWR rods of this bumup and suggest that no additional oxidation during cask loading or storage.
Measured hydrogen contents in the cladding are =250 wppm at the axial midplane and =300 wppm at
0.5 m above the midplane. These readings are consistent with the observed oxide thickness.

Hydride morphology in the cladding is illustrated in Fig. 12. In spite of the internal pressure
loading and the temperature cycling during the benchmark tests, the precipitated hydrides are aligned
mostly in the circumferential direction with no evidence of harmful radial reorientation. Probably
because of a lack of strong radial temperature gradient while in the cask, the distribution of the hydrides is
fairly uniform across the thickness of the cladding.
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Fig. 12
Distribution of hydride precipitates in post-
storage Surry Rod H9. The axial elevation

we is 0.5 m above the midplane. The gray band
on the left is the OD oxide layer.

Conclusions

Aside from the relatively high hydrogen content in the cladding, the overall condition of the H. B.
Robinson rods examined appears to be sound. Fission-gas release is low and fuel/cladding chemical
interaction is minimal. The extended operation resulted in a maximum cladding OD oxide layer of =100-
110 pm and a cladding hydrogen content of =750 wppm. Although the oxide contains numerous
circumferentially-oriented microvoids, spallation appears to be minimal. Hydrides in the cladding form a
dense band adjacent to the OD oxide. Away from the OD, the density of hydrides diminishes with
distance. Possible effects of this relatively high hydrogen concentration on the mechanical properties of
the cladding will be studied in tensile, bend, and possibly ring compression tests, as well as in thermal
creep tests.

Fission gas release fractions in the Limerick rods range from 5 to 17%. The relatively high
release may be related to the numerous grain-boundary microtears found in the gassy region of the fuel;
such tears promote connectivity with the rod plenum. Fission product deposits can be seen in the now
closed fuel/cladding gap as well as at the ends of major radial fuel cracks. In spite of the deposits,
reaction between the fission products and the cladding's zirconium liner is minimal. The OD oxide in the
Limerick rods is thin, =10 gtm average. Tenacious crud was found at some locations, but the thickness is
only =5-10 gm. Consistent with the thin oxide layer, the density of hydrides in the Limerick cladding is
low. The general condition of the Limerick BWR fuel appears to be excellent at the high bumup.

The Surry fuel rods were examined after the 15-y storage in a dry cask. Elevated cladding
temperature, up to =415TC for several days, resulted from the cask thermal benchmark tests prior to the
long-term storage. In the post-storage characterization of the rods, little evidence of deleterious effects,
such as additional oxidation, fission gas release, or cladding creep, could be discerned. There is no
evidence of hydride reorientation in the cladding.
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