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Letter from the Director

Anthony E. Hechanova, Ph.D.
Director, UNLV Transmutation Research Program

UNIVERSITY OF NEVADA LAS VEGAS

It is my pleasure to present the UNLV Transmutation Research Program’s seventh annual
report that highlights the academic year 2007-2008. Supporting this document are the
many technical reports and theses that have been generated over the past seven years,
which can be found on our program’s website at http://aaa.nevada.edu.

In the seventh year of our program, we continued to see growth in the Radiochemistry
Ph.D. program with a total of 20 students in the fourth year of the program (we antici-
pated twelve in the program proposal). Since our inception, the program has sponsored
to their conclusion 48 M.S. and 6 Ph.D. degrees. The program supported 53 graduate
students, 11 undergraduates, and eight post-doctoral scholars in eight academic depart-
ments across the UNLV scientific and engineering communities in the academic year
2007-2008.

Our research tasks span the range of technology areas for transmutation, including sepa-
ration of actinides from spent nuclear fuel, methods of fuel fabrication, reactor-
accelerator coupled experiments, corrosion of materials exposed to lead-bismuth eutectic,
and special nuclear materials protection and accountability.

We continued our emphasis on molten metal technology and actinide chemistry in our
enhancements to UNLYV this year to build a foundation in areas that are in line with
UNLV’s strategic growth and our ability to address student-appropriate research in the
transmutation program.

Finally, I believe that through the Transmutation Research Program, UNLV has estab-
lished itself as the core university participant in transmutation research with active col-
laboration with national laboratories, universities, and international institutions.

I congratulate our students and faculty on a job well done and I look forward to the op-
portunities and challenges of this exciting research endeavor.

Sincerely,




UNLV Transmutation Research

The UNLV Transmutation Research Program was established in
March 2001 as part of the national transmutation program
(currently called the Global Nuclear Energy Partnership of the
U.S. Department of Energy, Office of Nuclear Energy) to develop
the technologies necessary for the ecological and economical
treatment of spent nuclear fuel.

The goal of the UNLV program is to develop a sustainable and
robust research community at UNLV that is able to contribute to
and support the national effort through faculty-supervised, stu-
dent-conducted research. In establishing the UNLV program, four
basic principles were followed: peer review, program focus, inte-
gration with the national program, and commitment to the long-
term goals of the university.

The primary role of the UNLV program in the national effort is
the training of post-doctoral fellows and graduate and undergradu-
ate students in nuclear engineering and other related fields to sup-
port the augmentation of the human infrastructure for transmuta-
tion technologies. However, the research conducted by UNLV
faculty and students is also an integral part of the national research
effort. This is accomplished through the direct involvement of
students in collaborative research supporting the national transmu-
tation research and development program.

Twenty-seven independent student research tasks, supporting 53
graduate students and 11 undergraduates, were initiated, ongoing,
or concluding this academic year. The UNLV program includes
the involvement of 30 faculty in eight academic departments.

UNLYV research tasks span the range of technology areas for trans-
mutation: separations of used fuel materials, fuel fabrication, ac-
celerator design, materials corrosion and performance, neutron
multiplicity and transport simulations and experiments, lead-
bismuth eutectic technology development, material protection,
accounting, and control, and waste forms.

Student research and training is the primary focus of the UNLV
Transmutation Program. To support this focus, the student re-

Atomic-Testing Museum

UNLYV hosted the Nuclear Science Merit Badge Day at UNLV and
the Atomic Testing Museum on November 3, 2007.

o r

Post-doctoral scholar Frederic Poineau (left) and Los Alamos
National Laboratory scientist Efrain Rodriguez (right) prepare
glassware to be used in experiments with technetium.

search program is augmented by the remaining components of the
UNLV Transmutation Research Program: Research Infrastructure
Augmentation, International Collaboration, and Program Support.

These components are responsible for all aspects of the program
that are not directly related to the student research projects, in-
cluding the expansion of the research faculty, bringing new re-
search equipment to campus, assisting in the development of new
student research projects, coordination with the national and inter-
national programs, as well as handling the administrative details
required for a program of this size.

The primary goals of these components are to support the current
UNLYV research efforts in transmutation technologies, to augment
faculty and staff, and to increase research infrastructure necessary
for the strategic growth of the UNLV research mission.

. N

UNLV Radiochemistry Ph.D. graduate student (and Eagle Scout)
Troy Robinson explains atomic and nuclear science to Boy Scouts
at the Nuclear Science Merit Badge Day at UNLV and the Atomic
Testing Museum on November 3, 2007.



Program Overview

Student Research
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UNLV Transmutation Research Program Components

UNLV Radiochemistry Ph.D. graduate student Rich Gostic pre-
sents his research at the Second Integrated Symposium between
UNLV and NSTec (the M&O contractor to the Nevada Test Site)
on February 22, 2008.

UNLYV students and faculty and other participants from Nevada
preparing to tour the San Onofre Nuclear Generating Station in
Southern California on August 9, 2007.

UNLV Radiochemistry Ph.D. graduate student Narek Gharibyan,
displays a model of a used nuclear fuel canister-containing truck
at the Town of Pahrump Fall Festival held October 5-7, 2007.

The program support component sponsored a number of work-
shops and meetings this year between UNLV researchers and sci-
entists from our national laboratory partners and the international
community for the development of transmutation technologies, as
well as sponsoring the participation of UNLV students in the
American Nuclear Society Student Conference at Texas A&M in
College Station, TX, and the American Chemical Society’s Na-
tional Meeting in New Orleans, LA.

The 2007-2008 academic year was a busy year that included extra-
curricular activities organized by the students such as a field trip to
three nuclear facilities in the San Diego, CA, area: the San Onofre
Nuclear Generating Station, the General Atomics DIII-D Fusion
Facility, and the USS Topeka Nuclear Submarine, August 9-11,
2007; an annual outreach at the Town of Pahrump Fall Festival
from October 5-6, 2007; and, a Radiochemistry Recruiting event
February 28-29, 2008.

UNLYV graduate students touring the DII1-D Fusion Facility at the
General Atomics site in La Jolla, CA, August 10, 2007.



Transmutation at a Glance

Introduction

Over 20% of the electricity generated in the U.S. is provided by
nuclear power reactors. It is estimated that the amount of used
nuclear fuel in the U.S. will reach 140,000 tons by the end of the
operational period of current reactors.

Many countries take different approaches to the management and
recycling of used nuclear reactor fuel. The U.S. is pursuing a
strategy of waste management that would place used nuclear fuel
in deep geologic repositories for a long time, separating it from the
biosphere and allowing the radioactive isotopes of the waste to
decay to more stable progeny.

Transmutation is an alternative waste management strategy under-
going research and development in the U.S. The new national
program was authorized by Congress to begin in fiscal year 2001,
as the Advanced Accelerator Applications program. In fiscal year
2002, the national program was continued and expanded by Con-
gress, and renamed the Advanced Fuel Cycle Initiative (AFCI). In
February 2006, the Bush administration announced a broad pro-
gram named the Global Nuclear Energy Partnership (GNEP) that
effectively expanded the AFCI program (which was renamed Ad-
vanced Fuel Cycle Research and Development (R&D)) and accel-
erated the development of commercial-scale facilities. The goals
of the GNEP program are to:

e Provide abundant energy without generating carbon emissions
or greenhouse gases.

e Recycle used nuclear fuel to minimize waste and reduce pro-
liferation concerns.

o Safely and securely allow developing nations to deploy nu-
clear power to meet energy needs.

The Global Nuclear Energy Partnership logo. More information
about the national program can be found at
WWW.gnep.energy.gov.

e Assure maximum energy recovery from still-valuable used
nuclear fuel and reduce the number of required U.S. geologic
waste repositories to one for the remainder of this century.

This concept could provide a dramatic shift in the U.S. waste man-
agement strategy by lessening the inventory of residual radioactiv-
ity, allowing recycling of fuel, providing optimization of final
waste forms, and potentially removing much of the material from
Nevada.

What is Nuclear Transmutation?

For centuries, alchemists have been trying to transform elements
into other elements, primarily lead into gold. With modern nu-
clear science, this can finally be accomplished. Scientists are us-
ing nuclear transmutation to change one isotope into another more
favorable isotope by changing its nuclear structure. This process
for waste management is aimed at plutonium, other actinides, and
long-lived fission products, with the ultimate goal of converting
them into short-lived isotopes that can be managed over a reason-
able timeframe.

Transmutation can be done with two different processes: neutron-
induced fission and neutron capture. Both processes start with the
target nucleus absorbing an incident neutron. After the neutron is
absorbed by the target nucleus, the nucleus can either fission
(splitting of the nucleus) or go through another nuclear transmuta-
tion process such as radioactive decay. Both processes lead to the
same final result: transmutation of waste. These processes are
illustrated in the figure below.

Neutron
Neutron-Induced Fission

Neutron
Neutron

Neutron

Neutron Capture

Neutron Beta Particle Non-radioactive

This picture illustrates how neutrons are used to transmute acti-
nides and fission products.

Neutron-Induced Fission (top): a neutron is captured by a fissile
actinide (e.g. Plutonium-239) and is induced to split (or fission).

Neutron Capture (bottom): a neutron is captured by a nucleus
(e.g. lodine-129). A new nucleus is produced, lodine-130, which
decays into Xenon-130 which is a stable isotope (i.e., not radioac-
tive). This decay process is complete within a few days.



Multi-tier Transmutation Concept

Used Fuel Rods
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The above figure shows how used nuclear fuel could be managed under a multi-tiered transmutation strategy. In the first tier, plutonium
(and other fissile actinides) would be recycled from used fuel and transmuted in an advanced thermal reactor. In the second tier, re-
maining long-lived radioactive isotopes would be transmuted using a fast spectrum reactor. The GNEP program is currently focused on
sodium-cooled fast burner reactors to transmute the recycled transuranic actinides (such as plutonium and americium).

RECYCLE, REDUCE, RESEARCH

Benefits from Transmuting Nuclear Waste

Many benefits are obtained from transmutation of nuclear waste.
Some of them are:

(1) The initial amount of high-level radioactive waste will be re-
duced by virtue of separation (only two percent of used nuclear
fuel is highly radioactive, the rest, if separated, can be classified as
low-level or non-radioactive).

(2) The radiotoxicity of the residual waste will be reduced such
that it could be less radiotoxic after 300 years than direct disposal
of used nuclear fuel after 100,000 years.

(3) Usable energy is produced by destroying hazardous compo-
nents of used nuclear fuel. Plutonium and other isotopes can be
continuously recycled.

(4) Someday other used nuclear fuel materials, such as uranium,
may be reused. It is possible that other isotopes separated from
nuclear waste could have a useful purpose in medicine and indus-

try.
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Incentives for recycling used nuclear fuel and ““closing™ the nu-
clear fuel cycle include lowering the radiotoxicity of the residual
waste, shortening the time frame of concern, smaller amounts of
radioactive waste, the elimination of plutonium, and the ability to
make optimized waste forms.
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Task 1
Design and Analysis of a Process for Melt Casting Metallic Fuel
Pins Incorporating Volatile Actinides
Y. Chen, D.W. Pepper, and R. Clarksean

BACKGROUND

The incorporation of non-fertile actinides into a fuel matrix for a
transmuter blanket is of interest to the Advanced Fuel Cycle
Initiative. One of three proposed candidate matrices for the
transmuter is a metallic alloy fuel matrix. Metallic fuels are an
outstanding candidate for a transmutation fuel due to excellent
irradiation performance and ease of fabrication. However,
incorporating a volatile constituent during fabrication of these or
other fuel pins presents a challenge.

Volatile actinides, particularly americium, are susceptible to rapid
vaporization during the traditional metal fuel casting processes.
The actinide vapors boil off, and flow out of the system into the
off-gas recovery system, resulting in only a fraction of the volatile
actinide charge being incorporated into the fuel pins. The loss of
these actinides from the fuel greatly complicates the task of
preparing them for transmutation, requiring additional recovery
and fuel fabrication steps to try to incorporate the volatile
actinides into the transmuter fuel.

RESEARCH OBJECTIVES AND METHODS

The goal of this project was to investigate the casting processes
for metallic fuels to help design a process that minimizes the loss
of the volatile actinide elements from the fuel. The research effort
centered on the development of advanced numerical models to
assess conditions that significantly impact the transport of volatile
actinides during the melt casting process and represents a joint
effort between researchers at UNLV and Argonne National
Laboratory (ANL). Assessing critical equipment and process
variables is required to build a successful system that will operate
efficiently.

RESEARCH ACCOMPLISHMENTS

Development of the induction-heating model

Modeling efforts centered on the development of the governing
equations, incorporating these equations into computer codes,
setting up a test problem, and making preliminary calculations for
the geometry of interest. Detailed analyses were conducted for an
induction skull melter previously built and tested by ANL.

Modeling of casting process

Efforts continued to improve a model for the casting of fuel pins.
Work considered the flow of the melt into the mold and heat
transfer into the mold during solidification (after flow has
stopped). Results from an energy balance model indicate that the
thermal mass would typically be greater than needed to solidify

the melt within the mold. The results of this simple model have
aided in designing a mold to hold and solidify the fuel pins.
Detailed flow and heat transfer models show how the melt flows
into the mold and ultimately solidifies.

In order to test the impact of process parameters (temperature,

pressure, alloying elements, etc.) on the casting process,
parametric studies were carried on different processing
parameters. These studies centered around model development

and analysis of the impact of mold preheating on heat transfer into
the model. Results will assist with determining which process
parameters are critical in manufacturing a suitable metallic fuel

pin.

Americium Transport Models

A model that analyzes the transport of americium from the melt to
the vapor phases above the crucible was also developed. The
model considers mass transport in the melt, vaporization at the
surface, and transport through the vapor phase. Parametric studies
were performed to evaluate the impact of different properties or
situations on the transport of americium from the melt.

Develop Prototype Furnace Design

A preliminary furnace design that can be built and tested with
surrogate materials is critical in order to assess the viability of
metal fuels. A preliminary analysis of potential surrogate
materials was completed. Manganese appears to be an acceptable
surrogate material.  Discussions will be held with Argonne
National Laboratory staff members to insure that no health and
safety issues prevent manganese from being used.
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Axial velocity profile for constant inlet pressure of 20 kPa (Mold
temperature = 400 °C, initial melt temperature = 1500 °C, interfa-
cial heat transfer coefficient = 2,000 W/m?-K).



TASK 1 PROFILE

Start Date: June 2001
Completion Date: June 2004

Theses Generated:

Xiaolong Wu, M.S., Mechanical Engineering, “Design and
Analysis for Melt Casting Metallic Fuel Pins Incorporating
Volatile Actinides,” August 2002.

Taide Tan, M.S., Mechanical Engineering, “Design and
Simulation of an Induction Skull Melting System,” May
2004,

Journal Article:

T. Tan, R. Clarksean, Y. Chen, S. Hsieh, and M. Meyer, 2004,
“Simulation of the Casting Process for Melt Casting a
Metallic Fuel Pin,” submitted to Nuclear Engineering and
Design.

Conference Proceedings:

T. Tan, R. Clarksean, Y. Chen, S. Hsieh, and M. Meyer,
“Analyzing for Casting Volatile Actinides,” 6th International
Topical Meeting on Nuclear Reactor Thermal Hydraulics,
Operations and Safety, Nara, Japan, October 4-8, 2004.

T. Tan, R. Clarksean, Y. Chen, S. Hsieh, S., and M. Meyer,
“Numerical Simulation Induction Heating Processing an

Induction Skull Melting Furnace,” International Symposium
on Advances in Computational Heat Transfer, Norway, April
19-24, 2004.

. Tan, R. Clarksean, Y. Chen, S. Hsieh, and M. Meyer,

“Simulating the Casting Process for Melt Casting a Metallic
Fuel Pin,” 12th International Conference on Nuclear
Engineering (ICONE-12), Arlington, VA, 25-29, 2004.

. Tan, R. Clarksean, Y. Chen, S. Hsieh, and M. Meyer,

“Simulating the Induction Heating Process in an Induction
Skull Melter for Casting Metallic Fuel,” ICONE-12,
Arlington, VA, April 25-29, 2004.

. Tan, R. Clarksean, Y. Chen, D. Pepper, and M. Meyer,

“Simulation and Analysis for Melt Casting a Metallic Fuel
Pin Incorporating Volatile Actinides” International
Mechanical Engineering Congress and Exposition,
Washington, DC, November 16-21, 2003.

. Wu, R. Clarksean, Y. Chen, D. Pepper, and M.K. Meyer, “An

Analysis of the Melt Casting of Metallic Fuel Pins,”
International Mechanical Engineering Congress and
Exposition, New Orleans, LA, November 17-22, 2002.

. Wu, R. Clarksean, Y. Chen, and D. Pepper, “Design and

Analysis for Melt Casting Metallic Fuel Pins Incorporating
Volatile Actinides,” International Youth Nuclear Congress,
Daejeon, Korea, April 16-20, 2002.

. Wu, R. Clarksean, and Y. Chen, “Design and Analysis for Melt

Casting Metallic Fuel Pins Incorporating Volatile Actinides,”
International Congress on Advanced Nuclear Power Plants,
Hollywood, FL, June 9-13, 2002.
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Contour plot and surface plot of field variable S in the induction field.
Peak occurs near the top edge of the melt region.

Research Staff

Students
Yulien Chen and Paul Lawson, Undergraduate Students

Collaborators

Yitung Chen, Principal Investigator, Associate Professor, Mechanical Engineering Department
Darrell W. Pepper, Professor, Mechanical Engineering Department; Director, Nevada Center for Advanced Computational Methods
Randy Clarksean, Adjunct Professor, Mechanical Engineering Department

Taide Tan and Xiaolong Wu, Graduate Students, Mechanical Engineering Department

Mitchell K. Meyer, Leader of Fabrication Development Group, Nuclear Technology Division, Argonne National Laboratory
Steven L. Hayes, Manager of Fuels & Reactor Materials Section, Nuclear Technology Division, Argonne National Laboratory




Task 2
Modeling, Fabrication, and Optimization of Niobium Cavities
R.A. Schill, Jr., M.B. Trabia, and W. Culbreth

BACKGROUND

One of the key technologies for the deployment of accelerator-
driven transmutation systems is the accelerator itself. Elliptical
superconducting niobium cavities are used to increase the
efficiency of the high-power accelerators needed to support the
transmutation mission.

One of the major sources of energy loss from a superconducting
accelerator cavity is a process known as multiple impacting (or
“multipacting”) of electrons.  This phenomenon limits the
maximum amount of energy and power that the niobium cavity
can store. As a result, the maximum power available for
accelerating the desired charge, as well as the overall performance
of the accelerator is reduced. Furthermore, the energy absorbed as
a result of multipacting eventually turns into heat. This negatively
impacts the performance of both the superconducting cavity and
the accelerator.

RESEARCH OBJECTIVES AND METHODS

This project was tasked with examining the impacts of the design
and fabrication technologies for these elliptical niobium cavities
on their performance. Niobium was selected primarily due to its
behavior at low temperatures.

One objective of this study was to experimentally model the fluid
flow resulting in the chemical etching of niobium cavities with the
aid of a baffle. Numerical analyses tend to show that the current
etching process with a baffle does not uniformly etch the cavity
surface. Multiple cavity cell geometries were investigated.
Optimization techniques were applied in search of the chemical
etching processes, which would lead to cavity walls with near

Side view of the secondary electron emission system. The com-
ponents from top to bottom are: electron gun end, electron beam
tube, particle position detector, micro-channel plate stack, busi-
ness end of the manipulator arm, top of cryostat, and cryostat
thermal guard.

ideal properties.

A Monte Carlo secondary electron emission (SEE) code was
modified to provide a statistical study of electron impact from Los
Alamos National Laboratory (LANL) cleaned niobium samples at
near cryogenic temperatures in an ultra high vacuum environment.
A one-of-a-kind secondary electron emission test stand was
developed to study, in part, the dynamics of the emitted particles
subjected to an electron beam. Coordinating code studies with
experiments offers a wealth of knowledge regarding the surface
physics of the material that can enhance modeling codes at
LANL.

Modeling codes, optimization techniques, and experimentation
provided UNLV researchers with a well-rounded study to
examine existing and novel niobium cavity designs and cleaning
processes for the superconducting radio frequency high-current
accelerator.

RESEARCH ACCOMPLISHMENTS

Monte Carlo SEE Code Development and Modifications: A
Monte Carlo secondary electron emission code based on the
“Single Scatter” approach was obtained from Dr. David Joy of
both Oak Ridge National Laboratory and the University of
Tennessee. The “Single Scatter” approach follows the primary
electron and each generation of secondary electron through the
entire cascade. The code was modified to allow for surface layer
contaminants in the hopes to verify experimental studies. The
code only offers approximate results since the inherent
mechanisms internal to the code are valid at higher primary beam
energies. A SEE code was used to study the initial particle
trajectory conditions of the secondary electron released by the
primary electron impacted niobium sample. Results were
compared with experiments.

SEE Studies: Niobium samples were cleaned both at LANL and
Cornell University and used for experimentation.  Two types of
cleaning procedures have been used: electro-polishing and
buffered chemical polishing. In situ pictures of the sample
surface were taken with a long-range light microscope for future
comparisons.

The experimental setup is unique offering further insights to the
SEE process not attained elsewhere. Individual electrons are
detected and mapped over the detector surface. With the aid of
particle tracking codes, knowledge of the final condition of the
electron suggests a family of initial particle trajectory conditions
of the emitted electron. Using the Monte Carlo SEE code, the
family of initial conditions were evaluated. =By March 2004,
many of the components of the experimental study reached
UNLV with some assembly accomplished. The first SEE
measurement was made from the surface of a Faraday cup in
September 2004. In December of 2004, the software for the
particle positioning detector was finally up and running. The
integrity of the code and detector were fine-tuned and initial



experiments were completed by April 2005. Experiments on the
surface cleaned samples were completed in May of 2005
experimental studies were completed on the samples provided by
LANL.

Revised Etching Process: The current etching method, which uses
a baffle to direct the etching fluid toward the surface of the cavity,
partially succeeded in achieving its task. However, flow was
restricted to the right half of the cavity with very limited
circulation in the left half. An alternative design was proposed
and modeled. The exit flow is now parallel to flow inlet. Results
show that flow circulation was eliminated. The flow is now closer
to the surface of the cavity. Optimization techniques were used to
improve this design.

Developed Flow Visualization System: To confirm the
predictions from the fluid flow models used to analyze the etching
process, the UNLV team developed and deployed a flow
visualization system. A complete experimental setup, including a
computer-controlled x-y traverse and digital camera, was
assembled.  Flow visualization experiments using a plastic
prototype of the niobum cavity used dye injection. Dye injection
provided quantitative verification that laminar flow exists within
the niobium cavities during etching. Additionally, it verified the
absence of re-circulation pockets with in the cavities.
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Typical secondary electron emission detected when a 100 ms
pulse, 1 keV electron beam impinges on a 30 degree incline,
virgin surface of niobium before in situ sample baking. Each
pixel represents a spatial bin on the detector. The color of the
pixel corresponds to the number of electrons detected at that
position. The sample was buffered chemically polished. Single
count events have been removed to enhance the scattering ten-
dency.
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Task 3
Corrosion of Steel by Lead Bismuth Eutectic
J.W. Farley, A. Johnson, and D.L. Perry

BACKGROUND

There is an active international interest in lead-bismuth eutectic
and similar liquid lead systems because of the relevance to the
transmutation of nuclear waste, fast reactors, and spallation
neutron sources.

Materials in these systems must be able to tolerate high neutron
fluxes, high temperatures, and chemical corrosion. For lead-
bismuth eutectic (LBE) systems, there is an additional challenge
because the corrosive behaviors of materials in LBE are not well
understood. Most of the available information on LBE systems
has come from the Russians, who have over 80 reactor-years
experience with LBE coolant in their Alpha-class submarine
reactors. The Russians found that the presence of small amounts
of oxygen (on the order of parts per million) in the LBE
significantly reduced corrosion.  However, a fundamental
understanding and verification of its role in the corrosion of steels
is incomplete.

RESEARCH OBJECTIVES AND METHODS

This research program has analyzed various steel samples that
have been exposed to lead bismuth eutectic as part of the national
program to develop LBE and allied technologies. The goal of this
research was to understand the basic science of corrosion in the
steel/LBE system. This information will be paramount in
developing engineering efforts to control, avoid, and/or minimize
the effect of corrosion of steels by LBE in transmuter and LBE
systems. Additionally, this program provided UNLV researchers
with hands-on experience that will be crucial in developing the
UNLYV molten metal program.

Investigators performed post-experiment testing and analysis on
steel samples that have been exposed to lead bismuth eutectic.
Surface analysis techniques were employed that included
microscopy, energy dispersive X-ray

Photoelectron Spectrometer.

spectroscopy, X-ray photoelectron spectrometry, and laser Raman
spectrometry.

These techniques, applied to the steel surface, have probed the
surface morphology, elemental composition, and oxidation states
as a function of position. Chemical alterations and resulting
chemical species were studied at the steel surface. Additionally,
the experimental facilities at the Advanced Light Source
(Lawrence Berkeley National Laboratory) and the Advanced
Photon Source (Argonne National Laboratory) were used to
characterize the systems. This allowed spectroscopic
characterization of the stainless steel before and after interaction
with LBE to determine its composition.

RESEARCH ACCOMPLISHMENTS

Several samples were compared having the same or similar
compositions (standard nuclear grade 316/316L) but different
surface preparation, including cold-rolled, annealed and a special
low-corrosion treatment, “D-9.” The cold-rolled sample had an
order of magnitude less corrosion (i.e., both lower oxidation and
less weight change) than the annealed sample.

Sputter depth profiling of the exposed annealed sample and cold-
rolled sample showed a marked difference in oxide layer
composition between the annealed and cold-rolled sample. The
annealed sample showed a complex oxide structure (iron oxide
over chromium/iron oxide mixtures) of tens of microns thickness,
while the cold-rolled sample was covered with a simple, primarily
chromium oxide layer approximately one micron thick.
Interestingly, the D-9 material behaved more like the annealed
than the more resistant cold-rolled material. In addition to these
studies of 316/316L steel, other compositions of steel such as HT9
were also studied. These studies show the importance of surface
preparation in resistance to corrosion by LBE.

Another alloy studied in the Institute for Physics and Power
Engineering in Obninsk, Russia series was EP823, an alloy
similar to HT9 but with added silicon to improve corrosion
resistance. A study of silicon in iron was undertaken to investigate
the role of silicon in steels for LBE service. A series of silicon-
containing iron samples were examined that were exposed to LBE
at Idaho National Laboratory. Several unique features were
observed: at low silicon concentrations in the starting alloy, the
silicon was found as a silicate (SiO3;7). As the concentration of
silicon increased in the starting alloy, a layer containing silica
(Si0,) was found also. Under the oxide layer, the silicon
concentration in the metal was found to be decreased by
approximately 30%. These were model systems, and the oxide
layers that formed were not very protective. In all cases, pockets
of LBE were found underneath the oxide layer, potentially
corroding the steel.
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Sputter Depth Profile of annealed 316/316L stainless steel sam-
ple. Note iron oxide at the surface.
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Task 4
Environment-Induced Degradation and Crack-Growth Studies of
Candidate Target Materials
A.K. Roy

BACKGROUND

The primary objective of this task was to evaluate the effects of
environmental and mechanical parameters on environment-
induced degradations of candidate target structural materials for
applications in spallation-neutron-target systems. The materials
selected for evaluation and characterization were martensitic
stainless steels including Alloys HT-9, EP-823, and 422.

Accelerator-driven transmutation systems involve bombarding a
target material such as molten lead-bismuth eutectic (LBE) by a
proton beam, thereby producing neutrons. The molten LBE target
will be contained in a subsystem structural container made of a
suitable material such as Alloys HT-9, EP-823, and 422. During
the transmutation process, the target structural material may
become susceptible to different types of environment-induced
degradations such as stress corrosion cracking (SCC), hydrogen
embrittlement (HE), and localized (pitting and crevice) corrosion.
While the performance of these candidate materials in the
presence of a molten LBE is yet to be evaluated, substantial work
has been performed in this task to evaluate the corrosion behavior
of these alloys in aqueous environments of interest. These
baseline data can eventually be utilized to compare them to those
yet to be generated in the molten LBE environment.

RESEARCH OBJECTIVES AND METHODS

This investigation was focused on the evaluation of the
susceptibility of all three martensitic alloys to SCC, HE, and
localized corrosion in neutral and acidic aqueous environments at
ambient and elevated temperatures. State-of-the-art experimental
techniques including constant-load (CL), slow-strain-rate (SSR),
and cyclic potentiodynamic polarization were employed to
evaluate these corrosion phenomena. The susceptibility of these
alloys to HE was evaluated by applying cathodic potential while
the test specimens were loaded in tension by the SSR method.
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Optical microscopy and scanning electron microscopy (SEM)
were used to analyze the metallurgical microstructures and
fractography, respectively of the tested specimens.

RESEARCH ACCOMPLISHMENTS

The significant results derived from this task are summarized as
follows:

o No failures were observed in smooth specimens of Alloys EP-
823 and 422 in the neutral solution when tested at CL.
However, Alloy HT-9 showed failure in the 90°C neutral
solution at an applied stress (c,) of 112 ksi.

o All three alloys exhibited failure in the 90°C acidic solution at
95% of their yield strength (YS) values. Alloys HT-9 and 422
also showed failures at o, of 90 and 85% of their YS values,
but no failure was observed with Alloy EP-823 at stresses
below 0.95 YS.

e The magnitudes of the threshold stress (oy,) for cracking for
Alloys EP-823, HT-9 and 422 were 100, 95, and 98 ksi (689,
655, and 676 MPa), respectively based on CL testing in the 90
°C acidic solution. The presence of a notch in the test
specimen reduced the oy, values in all three alloys.

e The results of SSR testing in the acidic solution involving
smooth specimens showed gradual reduction in ductility
parameters (percent elongation - %EI and percent reduction in
area-%RA), time-to-failure (TTF), and true failure stress (o)
with increasing temperature, indicating a synergistic effect of
pH and temperature in enhancing the cracking susceptibility.
The presence of a notch in the specimen produced enhanced
SCC susceptibility due to the stress concentration. However,
the o7 value was increased due to plastic constraint resulting
from triaxial stress field at the notch.

e The magnitude of %EIl, %RA, TTF, and ¢ was reduced under



an applied potential of -1,000 mV (Ag/AgCl) compared to
those obtained without an applied potential.

e The failure mode at the primary fracture face of the specimen
tested in the neutral solution, determined by SEM, was
characterized by dimpled microstructure, indicating ductile
failures. However, intergranular and/or transgranular brittle
failures were observed in the acidic environment.

e Secondary cracks with branching were observed by optical
microscopy on all three tested materials along the gage section
of the specimens tested in the acidic solution.
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Task 5
Modeling Corrosion in Oxygen Controlled LBE Systems with
Coupling of Chemical Kinetics and Hydrodynamics
S. Moujaes and Y. Chen

BACKGROUND

The corrosion of structural materials is a major concern for the use
of lead-bismuth eutectic (LBE) systems for nuclear applications
such as in transmuter targets or fast reactors. Corrosion in liquid
metal systems can occur through various processes, including, for
example, dissolution, formation of inter-metallic compounds at the
interface, and penetration of liquid metal along grain boundaries.
Predicting the rate of these processes depends on numerous system
operational factors: temperature, system geometry, thermal gradi-
ents, solid and liquid compositions, and velocity of the liquid
metal, to name a few. Corrosion, along with mechanical and/or
hydraulic factors, often contributes to component failure.

The goal of this project was to develop a corrosion model that
combines the chemical kinetics and hydrodynamics in the system
to predict corrosion rates. In this effort, these models were devel-
oped for the Delta test loop at Los Alamos National Laboratory
(LANL) and a theoretical LBE accelerator target system. The
resulting models are predictive tools that can be validated with
corrosion test data and used to systematically design tests, inter-
pret the results, and provide guidance for optimization in LBE
system designs.

RESEARCH OBJECTIVES AND METHODS

There were two subtasks to this research. The first subtask devel-
oped the necessary tools to predict the levels of oxygen and corro-
sion products close to the boundary layer using Computational
Fluid Dynamics (CFD) modeling. The second subtask predicted
the corrosion process kinetics between the LBE and structural ma-
terials by incorporating pertinent information from the first sub-
task.
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STAR-CD software was used to model the corrosion and precipi-
tation rates in the LBE loop. This allowed researchers to compare
the theoretical analysis with available experimental results. The
surface corrosion analysis is being developed as a user supplied
subroutine to STAR-CD. The information obtained from this
analysis theoretically predicts likely locations for corrosion and
precipitation along the axial lengths of the test loop.

The first subtask involved performing a series of parametric runs.
Models prepared from the earlier work were used as guides for the
parametric studies. Variables investigated included the average
eutectic flow velocity, average mean bulk eutectic flow, inlet tem-
peratures, and average inlet oxygen concentrations in the three
geometries: a straight flow section, an elbow bend, and a tee sec-
tion. The thermal-hydraulics study involved using a 3-D CFD
code simulation to obtain averaged values of stream-wise velocity,
temperatures, and oxygen and corrosion product concentrations at
various axial locations close to the walls of several partial loop
sections within the LBE loop. The oxygen and corrosion products
inside the test loop were simulated to participate in chemical reac-
tions with the eutectic fluid as it diffused towards the walls. De-
tails of the geometry of these loops were obtained from scientists
at LANL. These values acted as a set of starting boundary condi-
tions for the second task.

The second subtask focused on the kinetics of the dissolution/
deposition process as a function of temperature, flow velocities,
dissolved metal concentrations, oxygen potentials of the system,
the kinetics of film formations in the presence of oxygen, and the
kinetics of metal transport through the oxidized surface film.

RESEARCH ACCOMPLISHMENTS

Geometries and flow conditions similar to experimental results in
the literature were set up and used to benchmark the models as-
sembled using the STAR-CD software. Test case studies indicated
that the outcome from STAR-CD was correct and that numerical
modeling is applicable to the research in this problem.

Using these models, concentration flux profiles were obtained for
both laminar and turbulent profiles in a straight pipe. This infor-
mation was then used for the chemical kinetics analysis for corro-
sion on the inside walls of the LBE loop.

Several CFD runs were made to simulate flow in pipe fittings.
These include sudden contraction, sudden expansion and a T-joint.
Testing of a new turbulent model was also performed using the k-¢
Chen model which works better with high Re number flows and
predicts some of the peculiar flow features relevant to sudden ex-
pansions where eventually vortex generation is expected at the
backward step.



The k-¢ Chen model which works better with high Re number
flows and predicts some of the peculiar flow features relevant to
sudden expansions where eventually vortex generation is expected
at the backward step.

A user subroutine was developed that simulated the corrosion/
precipitation processes and predicted their maximum/minimum
location in a typical LBE loop. A chemical reaction subroutine
dealt with surface chemistry. The Arrhenius Equation was used to
calculate the reactant reaction rate but some constants and coeffi-
cients used in calculating chemical reaction rate were updated us-
ing some empirical data found in chemical reaction research pa-
pers and textbooks.

The location in the loop with the highest concentration occurred in
the baffle cell which is adjacent to the iron surface while the area
with lowest concentration occurs around the central line of the
pipe. It can be inferred that after Fe;O, is formed, it diffuses to the
fluid area close to the central line of pipe. But, overall, the con-
centration value was very low.

Similar to the concentration gradient, the area with the highest
temperature occurs in the baffle cell which is adjacent to iron sur-
face while the area with lowest temperature occurs around the
central line of the pipe. It is obvious, based on the model, that
heat was transferred from inner wall to central area of the pipe due
to the setting of constant heat flux boundary conditions in the baf-
fle cells.

The chemical reaction model subroutine worked well and this sim-
ple CFD model roughly simulated the chemical reaction, diffu-
sion, and heat transfer condition inside the LBE piping. Since the
subroutine works well, it can be used in much more complex mod-
eling.
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Task 6

Neutron Multiplicity Measurements of Target/Blanket Materials
D. Beller

BACKGROUND

The U.S. Advanced Fuel Cycle Initiative (AFCI) is a program to
develop economic and environmental methods to reduce the im-
pact of waste from commercial nuclear fuel cycles. One concept
for near-complete destruction of waste isotopes from used nuclear
fuel is accelerator-driven transmutation. High-power accelerators
would be used to produce high-energy charged particles, which
then collide with heavy metal targets to create a cascade of neu-
trons. These neutrons then cause nuclear reactions in subcritical
systems.

To design these systems, complex reactor physics computer codes
and highly detailed data libraries are used to compute the reactiv-
ity of systems, reaction rates, destruction rates, and nuclear-
induced damage rates to materials. In this project, a Russian-built
detector system was used to make measurements of neutrons gen-
erated in a central target by a variety of accelerators.

RESEARCH OBJECTIVES AND METHODS

A prototype modular Neutron Multiplicity Detector System
(NMDS) with 64 ®He gas counting tubes was developed to meas-
ure the neutron multiplicity of scaled lead accelerator targets. Its
modularity allows it to be configured for a variety of experiments
to measure neutron multiplicity from different sources: protons,
electrons, high-energy neutrons, or even cosmic particles such as
muons.

This system may be used to measure neutron production in a vari-
ety of configurations, on a variety of targets, with a variety of
source particles, and over a range of energies (10 to 800 MeV) to
produce a large database that may be used to validate neutron mul-
tiplicity predictions. This should enable the quantification of sys-
tematic errors in the latest version of MCNPX and its accompany-
ing data libraries. Time-dependent measurements of neutron pro-
duction in the NMDS should provide a systematic set of precise
data that will enable direct comparison with code calculations.

Comparison of results from the NMDS may decrease uncertainties
and allow the derivation of relative measurements in the few per-
cent range at the 95 percent confidence level. In addition, discrep-
ancies that are discovered with this system can contribute to the
improvement of the codes and data libraries. Improved models of
beam line experiments, accelerator targets, and detector designs
will result from these code improvements.

RESEARCH ACCOMPLISHMENTS

Initial work in this project included the development of geometric
models of the target-detector assemblies for use with the MCNPX
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radiation transport code to optimize the design of the NMDS. Ra-
diation transport calculations of neutron detection efficiency were
completed and interpreted prior to developing designs of the neu-
tron detection systems needed to perform multiplicity measure-
ments. Following completion of the modeling, a fabrication effort
was initiated. A series of MCNPX models were developed at
UNLYV for a cylindrical target. Another generic model was created
to examine response times, collection efficiencies, and escape
probabilities. In addition to modeling at UNLV, colleagues at the
V.G. Khlopin Radium Institute (KRI) completed preliminary ra-
diation transport modeling using the CONTROL code developed
by KRI researchers.

The 64-element *He-detector-based NMDS was fabricated by KRI
and shipped to UNLV. It was assembled at UNLV in the “CUBE”
geometry (30 cm x 30 cm x 30 cm of lead inside and 8 to 12 de-
tectors on each of the 6 sides of the cube. Detection efficiencies in
®He as well as fractional capture in Pb and polyethylene were cal-
culated. A ?*2Cf source was used to calibrate the NMDS. Meas-
ured efficiencies were comparable to calculations and measure-
ments were completed at KRI.

Lead target 3He counters

Polythene u
INM2 moderator position
General H designation
layout

NMDS in the INM2 (*“CUBE”’) geometry.

ISU-1AC Experiments

To evaluate its usefulness for measurement of spallation neutrons,
the NMDS was transported to the ldaho Accelerator Center at
Idaho State University where it was used in conjunction with a
linear accelerator to determine its performance.

An americium-beryllium (AmBe) source with a neutron produc-
tion rate of 2500 n/s £10% was placed against the face of the Pb in
all 5 configurations to measure the overall efficiency of the sys-
tem. This weak source exceeded the counting capacity of the
NMDS, such that its efficiency was reduced to 3.5% compared to
earlier values at UNLV of 20-30% with source strength of ~600 n/
s. This was the first indication of a severe count-rate limitation of
the NMDS.

To accommodate this limitation, the accelerator was “de-tuned” to



reduce the neutron production rate within the boundaries of the
detectors. All results from the ISU-IAC accelerator-driven experi-
ments were influenced by a count-rate limitation that is inherent in
the NMDS hardware and software.

Accelerator-based testing commenced with the electron beam and
several parameters and results were examined and compared to
radiation transport predictions in these studies. These parameters
include the neutron absorption time or lifetime, efficiencies of the
systems and individual detectors, and multiplicity distributions.

NTS-RSL Experiments

In an effort to determine system contributions to dead-time, a
dead-time measurement experiment was conducted at the Remote
Sensing Laboratory (RSL) of the Nevada Test Site (NTS). Results
indicated that the performance of individual detectors depends
upon the number of detectors operating as well as the source
strength. The individual detectors were determined to have a dead-
time coefficient of a few ms, which would indicate a capability of
the total system to count several thousand neutrons per second.
However, the system has never counted more than 200 n/s, even
with strong neutron sources. Each system component contributes
to dead-time. In the final analysis, however, these experiments at
ISU-IAC and NTS-RSL demonstrated that the performance of the
system is critically limited by the Russian hardware and, as a con-
sequence of these experiments, a modern data acquisition system
was acquired that will support the maximum performance of each
detector and all the detectors combined.

Graduate student Shruti Patil checks signals on one of the 8-
detector control boxes of the NMDS.
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Task 7
Development of Dose Coefficients for Radionuclides
Produced in Spallation Targets
P.W. Patton and M.J. Rudin

BACKGROUND

Ensuring the safety of workers at accelerator-driven nuclear facili-
ties is paramount before these systems can be deployed for nuclear
transmutation or any other mission. Spallation neutron sources
produce as many as 660 rare radionuclides in either the target or
blanket during the spallation process. No data exists for many of
these radionuclides in the current radiation protection guidelines
and standards. This research program seeks to address this prob-
lem through generating internal and external dose coefficients
(DCs) for these “new” isotopes.

Dose coefficients permit simple determination of radiation dose
associated with various exposure scenarios, and ultimately permit
radiation safety personnel to assess the health risks to workers in a
nuclear facility. Specifically, radiation safety personnel use dose
coefficients to determine the radiation dose incurred to a tissue or
organ system from a given exposure. These parameters are often
expressed in terms of Annual Limits on Intake (ALIs) and Derived
Air Concentrations (DACSs).

RESEARCH OBJECTIVES AND METHODS

Results from this study will be used to produce ALIs and DACs
for these rare radionuclides created by spallation target systems
that are not included in Federal Guidance Report (FGR) No. 11.
Additionally, DCs developed will augment the radiological data in
Publications 68 and 72 of the International Commission on Radio-
logical Protection (ICRP), contributing to the safe operation of
accelerator-driven nuclear systems.

A Dose Coefficient Working Group was established in 2001 (the
first year of the project) to direct and oversee consortium activi-
ties. Representatives from the Dose Coefficient Working Group
developed and verified a methodology to determine internal and
external dose for select radionuclides. The first step involved ob-
taining radiological data from the ENSDF nuclear physics data-
base developed at Brookhaven National Laboratory. Data col-
lected included decay modes, decay energy levels, and radiation
energies and intensities.

The DC working group prioritized a list of radionuclides projected
to be released via air emissions or in the inventory of a mercury
target following a lengthy irradiation period. Only radionuclides
with a half-life greater than one minute were considered. These
81 radionuclides were then categorized into three distinct catego-
ries, based on half-life, available information, and other technical
factors.

All Category 2 radionuclides were investigated to determine
which database was most current. However, this task was not
straight forward and thus both databases were used to calculate all
radionuclides that had complete data. Dose coefficients were then
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generated for the Category 2 radionuclides using both ENSDF and
NUBASE. The results were compared and showed good agree-
ment. Metabolic models and data from ICRP publications (30 and
66) were applied in order to use the best technology available and
to maintain consistency with current standards. In accordance
with FGR No. 11, dose coefficients were evaluated for an adult
male with the target tissues of gonads, breast, lung, red marrow,
bone surface (endosteum), thyroid, remainder, and total committed
effective dose equivalent (this considers total dose incurred to spe-
cific organs or tissues with respect to radiation type over a period
of 50 years). Following determination of these variables, values
of ALIs and DACs were then calculated for each radionuclide.

The consortium investigated the competing databases to determine
the most appropriate one to use for dose coefficient calculations.
However, conflicting data made it unclear which was better suited
for this task, therefore the previously calculated coefficients were
reported. Additionally, time was devoted to trying to acquire
missing nuclear data for radionuclides in category three. The con-
sortium believes large scale accelerator driven experiments are
needed to accomplish this goal.

RESEARCH ACCOMPLISHMENTS

The research consortium comprised of representatives from sev-
eral universities and national laboratories has successfully gener-
ated internal and external dose conversion coefficients for twenty
radionuclides produced in spallation neutron sources. These dose
coefficients fill data gaps exist in Federal Guide Report No. 11
and in Publications 68 and 72 of the International Commission on
Radiological Protection, and two articles containing the data have
been accepted for publication in the Journal of Health Physics.
Currently, more nuclear data is needed for the rare radionuclides
produced from a mercury target. While attempting to develop a
workable plan to acquire this missing data, Q-value discrepancies
were investigated and reported. A detailed plan was developed to
start a research effort at Idaho State University to produce rare
radionuclides. This process will allow for the investigation of the
missing nuclear data needed to complete dose coefficients.
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Task 8
Development of a Systems Engineering Model

of the Chemical Separations Process
Y. Chen, D.W. Pepper, and S. Hsieh

BACKGROUND

The chemical processing of used nuclear fuel is an integral com-
ponent of any strategy for the transmutation of nuclear waste. Due
to the large volume of material that must be handled in this first
step of the transmutation process, the efficiency of the separations
process is a key factor in the potential economic viability of trans-
mutation strategies. The ability to optimize the chemical separa-
tion systems is vital to ensure the feasibility of the transmutation
program.

Systems analysis, or total systems modeling, is one of the strong-
est tools available to researchers for understanding and optimizing
complex systems such as chemical separations processes. Systems
analyses permit researchers to present decision-makers concise
evaluations of system options and their characteristic features.
The primary goal of this project was to develop a systems model
that can be used to parameterize and optimize chemical separa-
tions processes.

RESEARCH OBJECTIVES AND METHODS

This work includes reviewing and analyzing the Argonne Model
for Universal Solvent Extraction (AMUSE) code structure, exam-
ining other possible implementations, defining software activities,
developing a verification plan, and modifying and improving the
software. This work also involves redefining the graphical user
interface (GUI) to increase the utility of the AMUSE code suite as
a stand-alone analytical package.

Developing a systems engineering model required discussions
with Argonne National Laboratory personnel to identify pertinent

components of the chemical separations process. Each step re-
quired model development to establish its significance with re-
gards to the overall process. Comprehensive model development
involved defining the inputs and outputs from individual models
and establishing how each connected to the other within in the
chemical separations process.

RESEARCH ACCOMPLISHMENTS

This project developed software for a general-purpose systems
engineering model named Transmutation Research Program Sys-
tem Engineering Model Program (TRPSEMPro) that will be used
to improve productivity in the design process. The system model
also includes various numerical optimization technologies and
“Design of Experiments” study technologies.

Object-Oriented Analysis and Design was used for developing and
implementing the TRPSEMPro system. A graphical notation,
Unified Modeling Language, was employed to express object-
oriented designs. Microsoft.Net architecture was used for system
development and Visual Basic.NET was the major programming
language behind the system. XML (Extensible Markup Language)
was used widely to describe data and sets of elements and attrib-
utes that can be defined by researchers. XML Schema was used
for describing the structure of the system engineering model.
XML Database was used to store all the run-time data for the
AMUSE module. Since significant experimental data will be gen-
erated and require systematic analysis, MS SQL Server 2000 data-
base was selected for housing all run-time parameters and simula-
tion results.

The model is combined with commercial software packages
MATLAB OPTIMIZATION tool-

Diagram for the Structure of the Database Design.
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cation. The demonstration code from AMUSE macros is kept
intact during all system development stages. AMUSESimulator,
is the middleware software package which was designed and im-
plemented to serve as a bridge between the AMUSE code, and the
systems engineering model, TRPSEMPro. Such an approach can
reduce the time-consuming modification on the system model side
and keep flexibility on the simulation modules development side.

Further system enhancement allowed the user to select various
process types. An interface for conducting multiple runs was cre-
ated. The GUI included a list of variables, a range for those vari-
ables, all of which provide an envelope of end results.
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Task 9
Design and Evaluation of Processes for Fuel Fabrication
G. Mauer

BACKGROUND

The safe and effective manufacturing of actinide-bearing fuels for
any transmutation strategy requires that the entire manufacturing
process be contained within a shielded hot cell environment. To
ensure that the fabrication process is feasible, the entire process
must be designed for remote operation. The equipment must be
reliable enough to perform over several decades, and also easy to
maintain or repair remotely. The facility must also be designed to
facilitate its own decontamination and decommissioning. In addi-
tion to these design factors, the potential viability of any fuel fab-
rication process will also be impacted by a number of variables,
such as the current state of technology, potential problem areas,
deployment scaling, facility safety, and cost.

RESEARCH OBJECTIVES AND METHODS

The goal of this research project was to provide technical support
to process designers working on the development of the fuel cy-
cles for transmutation applications. Detailed process models were
developed to better define the impact of fuel choice on the trans-
muter fuel cycle, including relative process losses, waste genera-
tion, and plant capital cost. These process models provide insight
regarding required plant size and number of plants needed to mesh
with the fuel recycling line. They also determine requirements for
automation.

Manufacturing models for large-scale production in a hot cell en-
vironment were also developed. Combined, these two models
allow the assessment of plant layout, and provide the framework
for estimation of plant capital and operating cost estimates, and for
feasibility in general. The need for development in the areas of
robotic and sensor technology was assessed. The manufacturing
technology developed for hot cell applications was also applicable
to other, more general uses, where occupational hazards prevent
human presence near processes.

The Wéelischmiller robot inserts the fuel pins in the cladding
tube.
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Friction Force (N) between Second Pin and Cladding Tube vs.
Time (sec) during Insertion.

The research work was divided into several tasks and subtasks:

Methods and Processes — A literature survey and detailed analysis
of the research and development pertaining to candidate processes
for transmuter fuel manufacture was performed. Industry stan-
dards were used to refine equipment, instrumentation, and control
specifications, and assessed the reliability and safety of operations.

Simulations — This task modeled manufacturing processes to gen-
erate a realistic assessment of plant layout, size, feasibility, and
technology development required for large-scale remote fabrica-
tion of fuel. Modeling of the candidate fuel manufacturing proc-
esses was conducted using the MSC.visualNastran and ProEngi-
neer simulation software tools. The modeling of powder-
processed fuels was completed, and the modeling of other fuel
types (metallic, TRISO etc.) was initiated.

Process and Equipment for Autonomous Manufacturing — This
task developed an understanding of the cost and capability of cur-
rent generation remotely operated equipment suitable for use in
radiation environments. Monitoring of the market for equipment
and components with regard to suitability for automated manufac-
turing under hot cell conditions was conducted.

Sensors, Controls, and Operational Safety — This task determined
the adequacy of current technology and the need for suitable sen-
sor technology development for deployment in hard radiation en-
vironments. A means to identify the precise location and spatial
orientation of all parts in the robot’s work envelope were imple-
mented. The ability to position and handle materials along with
trouble shooting techniques were evaluated. Radiation hardened
vision systems appear to be promising technologies.

Cost, Feasibility, and Large Scale Deployment — This task devel-
oped the database necessary to provide cost estimates and differ-
ential cost for various fuel manufacturing options. Efforts were
initiated to tabulate and quantify estimates regarding projected
cost, reliability, and plant life.




RESEARCH ACCOMPLISHMENTS

A special simulation model with a Waelischmiller hot cell robot
was developed and coupled with MatLab control software. Mat-
lab provides the interface with the robot and is used to control the
system. This renders a realistic simulation of the forces and
torques present during robot motion. A 3-D manufacturing proc-
ess simulation using computer aided design models and the New-
tonian dynamics of the moving components was developed.

Results exist in the form of movies, data sets, and images. Simu-
lations for several robot types were developed and their proper
kinematic configuration was verified. The simulations permit the
detailed analysis of forces and torques in any modeled part or
component.

While the simulation process generally worked flawlessly, the
simulation time rose considerably as more details were added to
the simulation. The speed of the simulation has been increased
about 100-fold by moving to fast dual-processor computers.

Efforts to develop a vision-based methodology for locating and
identifying objects within the robot’s workspace were conducted
using the Artificial Intelligence algorithm for object identification.

Another accomplishment involved the development of algorithms
for knowledge based pattern recognition using IF (a set of condi-
tions is satisfied) THEN (a set of consequences can be executed)
routines. Other simulation variables established included pattern
matching using clustered indexing vectors containing information
about an object and feature vector indexing, where a 3-D object is
segmented into a set of simple geometric features. Each feature is
stored with its vector segmentation and geometry information
(magnitude, inner angle, etc.).
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Visual Nastran Analysis of Pellet accelerations. The simulation
verified that pellet’s acceleration did not exceed a specified maxi-
mum of 20 m/s?,
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Task 10
Development of a Mechanistic Understanding of
High-Temperature Deformation of Alloy EP-823
A. K. Roy and B.J. O’'Toole

BACKGROUND

During the transmutation process, a significant amount of heat can
be generated in a molten lead-bismuth eutectic (LBE) target,
which will be contained in a subsystem structural container made
of a suitable martensitic iron-chromium-molbdenum (Fe-Cr-Mo)
stainless steel such as Alloys EP-823, HT-9 and 422. These mate-
rials will be subjected to high tensile stresses while they are in
contact with the molten LBE at temperatures ranging between 400
and 600°C. Therefore, a research program was conducted to
evaluate the deformation characteristics of all three alloys in prop-
erly heat-treated conditions at temperatures relevant to the operat-
ing conditions.

RESEARCH OBJECTIVES AND METHODS

Experimental heats of Alloys EP-823, HT-9 and 422 were vac-
uum-induction-melted, followed by forging and hot rolling. The
hot-rolled bars were subsequently thermally treated to produce a
fully tempered and fine-grained martensitic microstructure without
any retained austenite. They were austenitized at 1010°C, oil-
quenched, and tempered at 621°C. The tempering operation was
performed for 1.25, 1.75, and 2.25 hours, respectively, to study the
effect of tempering time on the tensile properties. The hardness of
all materials, before and after tempering, was measured using the
Rockwell hardness scale. The tensile properties were determined
at temperatures ranging from ambient to 600°C using smooth cy-
lindrical specimens at a strain rate of 10° sec™ according to the
American Society for Testing and Materials (ASTM) Designation

E 8. A minimum of two specimens were tested under each condi-
tion, with the average value recorded. The metallurgical micro-
structures of the tested specimens were evaluated by optical mi-
croscopy. The primary fracture surface of the tensile specimens
was analyzed by scanning electron microscopy (SEM) to deter-
mine the extent and morphology of failure. The resultant data in-
clude the percentage elongation (%El), percentage reduction in
area (%RA), yield strength, and ultimate tensile strength as func-
tions of the testing temperature and thermal-treatments. At least
two specimens per material were tested under each of the three
metallurgical conditions at the desired temperatures.

RESEARCH ACCOMPLISHMENTS

The significant conclusions drawn from this investigation are sum-
marized below:

e The hardness of all three austenitized and quenched alloys
were significantly reduced due to tempering, showing a
gradual reduction with increasing tempering time.

e  The magnitude of the yield, ultimate and failure stress were
gradually reduced with increasing temperature, showing
significant reductions at temperatures above 400°C.

e The extent of ductility in terms of %EIl and %RA was re-
duced to some extent in the temperature regime of ambient
to 300°C due to strain hardening. However, beyond 300°C,
the magnitude of these parameters was enhanced due to
increased plastic flow.
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e The morphology of failure was characterized by increased
plastic deformation at elevated temperatures. Reduced
cracking and dimpled microstructures were observed on the
fracture surfaces indicating improved ductility at higher
temperatures.

e The tempering time did not influence the metallurgical mi-
crostructure and the resultant tensile properties to any great
extent irrespective of the testing temperature.
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Task 11
Nuclear Criticality, Shielding, and Thermal Analyses of Separations

Processes for the Transmutation Fuel Cycle
W. Culbreth and D. Beller

BACKGROUND

The first step in any transmutation strategy is the separation of
radionuclides in used nuclear fuel. The current separation strategy
supporting the Advanced Fuel Cycle Initiative (AFCI) program is
based on the use of a solvent extraction separation process to sepa-
rate the actinides, fission products, and uranium from used com-
mercial nuclear fuel, and on the use of pyrochemical separation
technologies to process used transmuter fuels. To separate the
fission products and transuranic elements from the uranium in
used fuel, the national program is developing a new solvent ex-
traction process, the Uranium Extraction Plus, or UREX+, process
based on the traditional solvent extraction reprocessing technolo-
gies.

Preparing fuel for possible burn up in light water reactors, fast
reactors, or accelerator-driven systems involves various chemical
processes to partition the transuranics (neptunium, americium,
plutonium, and curium) from the fission products. This results in
waste streams that are highly radioactive and require radiation
shielding for safety. These transuranic elements pose varied criti-
cality, thermal, and radiation risks during storage and handling.
Additionally, the radioactive decay of strontium and cesium waste
products of the UREX+ technique produce roughly half of the
thermal products and gamma radiation emissions in spent fuel.
These radioisotopes require storage for approximately 300 years
before heat and radiation hazards decrease to a safe level.

Cylinder wall made
of 1/8” thick 316 SS

Interior filled with homogeneous
mix of TRU, Process Salt, and
Fission Products

Cylindrical problem with TRU, process salt, and fission prod-
ucts.
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As the volume of waste requiring treatment increases, a higher
probability exists that fissionable isotopes of plutonium, neptu-
nium, and curium can accumulate and form a critical mass. Criti-
cality concerns warrant an assessment of the effective neutron
multiplication factor, or ke, to prevent a possible sustained fission
reaction. Maintaining ke below a safe level (<0.95) prevents
criticality events. This parameter can be computed for any combi-
nation of fuel and geometry using Monte Carlo neutron transport
codes. Monte Carlo simulations establish the best means of exam-
ining the criticality safety of the proposed separation processes,
and allow engineers to develop proper safety measures for the
reprocessing and fabrication of actinide fuels.

Candidate storage containers also require analysis to assess the
need for radiation shielding. Since minor actinides generate sig-
nificant amounts of heat through radioactive decay, proposed con-
tainment measures must be designed to avoid excessive tempera-
tures. Radioactive decay also generates heat that can lead to melt-
ing of the fuel during storage and handling.

RESEARCH OBJECTIVES AND METHODS

The primary goal of this research program was to provide the nu-
clear and thermal modeling support for the development of this
new separation process. The assessments of nuclear criticality,
radiation for shielding, and thermal analyses of wastes in the Cs/
Sr, Pu/Np, and Cm/Am waste streams will assist in designing the
UREX+ process. This project was identified as a critical R&D
need of the Chemical Technology Division (CTD) at the Argonne
National Laboratory (ANL) as safety concerns associated with
criticality, shielding, and heat buildup must be addressed prior to
further development of the UREX+ process.

UNLV students used nuclear analysis codes to perform
assessments of ke at different points in the separation processes
that have been identified by the project collaborators at ANL-
CTD. They also worked on problems to assess the need for
radiation shielding and to develop software to assess the
possibility of excessive temperatures due to radioactive decay in
separated wastes. ANL-CTD has provided sample fuel process
geometries and compositions for calculation of ke as a function of
the relative concentrations of process salt, transuranics, and fission
products.

RESEARCH ACCOMPLISHMENTS

An investigation and analysis of criticality and thermal effects for
the safe storage of curium was completed. The assessment in-
volved determining ke as a function of fuel burnup, initial enrich-
ment, and time since irradiation. Additionally, since curium gen-
erates a substantial quantity of decay heat, an analysis was com-



pleted to determine the mass of curium that will lead to tempera-
tures high enough to melt the metal. A spherical geometry was
used in the analysis. Heat removal from the sphere was assumed
to be a combination of natural convection and radiation heat trans-
fer. This heat transfer analysis was also modified and resulted in
an analysis that utilized a more sophisticated and suitable cylindri-
cal container. A report developed for Dr. Laidler at ANL de-
scribed the in-depth investigation regarding the criticality and
thermal properties of curium. The heat transfer spreadsheet was
used for other combinations of minor actinides as indicated by
ANL.

Investigators also investigated the properties of the other minor
actinides, including plutonium and americium. A study was con-
ducted on the values of kerand ultimate temperature for varying
combinations of plutonium, americium, and the remaining minor
actinides.

UNLV students used nuclear analysis codes SCALE 4.4 and/or
MCNPX to perform assessments of ke at different points in sepa-
ration processes that have been identified by ANL-CTD. They
also worked on problems to assess the needs for radiation shield-
ing and develop software to assess the possibility of excessive
temperatures due to radioactive decay in separated wastes. ANL-
CTD has provided sample fuel process geometry and composition
for calculation of ke as a function of the relative concentrations of
process salt, transuranic actinides (TRU), and fission products.
The research team analyzed the cesium/strontium waste stream,
the plutonium/neptunium waste stream, and the americium/curium
waste stream.
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Cm Metal Cylinder | Criticality Heat Transfer
rad (cm) | mass (kg) | rad (cm) |mass (kg)
bare 46 82.52 1.1 1.129
water 2.7 16.69 3.3 30.48
Cm, O3 Cylinder Criticality Heat Transfer
rad (cm) | mass (kg) | rad (cm) |mass (kg)
bare 54 125.59 155 274
water 3 21.53 225 8.37
Am, O3 Cylinder Criticality Heat Transfer
rad (cm) | mass (kg) [ rad (cm) [mass (kg)
bare 11.2 1032.28 1.6 3.01
water 10.5 850.58 1.9 5.04
AM,;03+Cm, 03 Criticality Heat Transfer
Cylinder rad (cm) mass (kg) [ rad (cm) [mass (kg)
bare 10 737.9 1.4 2.02
water 9.3 593 .54 2 5.88

Recommendations for Cm and Am oxide inventories based on
criticality and melting temperature.
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Task 12
Radiation Transport Modeling using
Parallel Computational Techniques
W. Culbreth and D. Beller

BACKGROUND

One of the most significant tools available for the design and
analysis of accelerator-driven systems, such as the systems pro-
posed for transmutation, is the high-energy particle transport code
MCNPX. The MCNPX code suite, developed by the national
laboratories, allows researchers and engineers to model the com-
plex interactions of high-energy particles with the target and re-
lated systems, including the spallation reaction and subsequent
neutron multiplication expected in the accelerator targets.

The next stage in the development of the MCNPX code suite is to
validate the code by comparing the theoretical predictions from
the models with experimental observations. Additionally, the nu-
clear database, particularly the cross sections (i.e., reaction prob-
abilities) for high-energy particle interactions, needs to be revis-
ited to reduce the uncertainties associated with key nuclear proper-
ties.

The Department of Energy, through its national laboratories, has
initiated several experiments geared towards removing uncertain-
ties in the MCNPX libraries, with more in the planning stages.
These experiments utilize the proton and neutron beam lines at the
LANSCE proton accelerator at the Los Alamos National Labora-
tory (LANL) to irradiate a target, producing a pulse of neutrons
which are observed by the experimenters. The results of these
experiments are then compared against the predictions from the
MCNPX models of the system. By comparing the predicted sys-
tem behavior to the data acquired from the experiments, the ex-
perimenters will be able to validate the MCNPX code and its nu-
clear data libraries.

Robert O’Brien (left of center) and Daniel Lowe (far right) are
both undergraduate Mechanical Engineering students working
on the project.

Through this project, UNLV researchers were involved in support
of these experiments by developing the system models in MCNPX
and benchmarking/validating the models against the experimental
results. UNLV students were also involved in conducting experi-
ments at LANL and in assisting researchers in designing new ex-
periments.

RESEARCH OBJECTIVES AND METHODS

This project involved modeling several aspects of the LANCSE
beam experiments:
e Modeling targets of varying diameter in air, in a vacuum,
and in the presence of humid air;
e Modeling various proton beam profiles;
e Modeling the effects of off-axis proton beam impinge-
ment on the target;
e Modeling the asymmetry introduced by the steel table
below the target;
e Modeling the effect of varying ratios of Pb to Bi and the
effect of impurities; and
e Modeling the system, including other structures within
the test room.

With the experience gained through modeling these systems, the
UNLYV researchers developed, with the assistance of their national
laboratory collaborators, a benchmark program for the neutron
leakage tests and other tests related to transmuter development. A
comprehensive three-dimensional computer-aided design (CAD)
image of the LANSCE experiments was prepared using ProEngi-
neer to help benchmark the experiments and provide accurate geo-
metric data for MCNPX modeling.

RESEARCH ACCOMPLISHMENTS

Undergraduate student Daniel Lowe worked on neutron spallation
tests at the LANSCE facility (Summer 2002). He performed
MCNPX runs and worked on calculations for initial benchmarking
data. His early MCNPX calculations helped the experimenters
determine where foil packets should go and what types of neutron
flux to expect from these foils. He also prepared foils to deter-
mine neutron flux from the experiment and assisted in radiation
counting of the foils. Mr. Lowe completed Solid Works CAD
models of the Blue Room at LANSCE and conducted MCNPX
simulations of the summer experiments when he returned back to
UNLV. His MCNPX runs included estimations of the effect of
the proton beam striking the target at positions slightly off of the
centerline. He also estimated the neutron energy spectra expected
from the time-of-flight neutron detectors.

Through MCNPX simulations of the neutron leakage from lead-
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bismuth targets, the UNLYV team was able to assist in the design of
the experimental configurations for the LANCSE experiments.
These models were also used to predict the results for the experi-
ments, and assist in positioning detectors for measuring the leak-
ing. Similar computational support was also provided for proton
activation experiments in sodium coolant.

Extensive studies on how MCNPX performs with respect to MPI
(Message Pass Interface) and PVM (Parallel Virtual Machine)
have been run. PVM was no longer supported by the LANL team
after 2005, hence more emphasis was placed on how MCNPX
runs with MPI on a Beowulf system.

Parallelization of MCNPX for a Parallel Virtual Machine was
completed. MPI bugs and compiling problems were resolved.

Analysis of linearization characteristics on a Beowulf cluster was
completed. Work was then focused on characteristics of the Su-
percomputing Center and the linearization of criticality studies.

Benchmarking and optimization of MCNPX to run on multiple
platforms was performed. This insured that the user will not be
limited to a specific system type when running simulations. In
addition, the MCNPX simulations of experiments was performed.

User guides were developed for future users. These will describe
how to implement an optimized version of MCNPX on a heteroge-
neous cluster using a Message Passing Interface. Efforts to in-
crease the speed of MCNPX on parallel clusters of computers was
conducted and a preliminary graphical user interface (GUI) for
MCNPX using open source code and tools was developed. The
GUI interface is written in Visual Basic allowing easy integration
into Excel codes that contain databases of results from criticality
and heat transfer studies of waste storage containers.

.

Schematic of the experimental facility at LANSCE used for mod-
eling.

With the help of Trevor Wilcox, a doctoral student in mechanical
engineering, the MCNPX software was ported to a Beowulf clus-
ter located in the Tiberti Laboratory at UNLV. The cluster has
between 32 and 50 processors available to run a single MCNPX
job.
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Task 13
Developing a Sensing System for the Measurement of
Oxygen Concentration in Liquid Pb-Bi Eutectic
Y. Jiang and B. Fu

BACKGROUND

Although liquid lead-bismuth eutectic (LBE) is a good candidate
for the coolant that can be employed in a subcritical transmutation
blanket, it is known to be very corrosive to stainless steel, the ma-
terial used in the containment structure. To mitigate this problem,
trace levels of oxygen can be introduced into the system, causing
the formation of a protective oxide layer at the interface between
the LBE and steel. The proper formation of this oxide layer
largely depends on the accurate measurement and subsequent con-
trol of the oxygen concentration in liquid LBE.

Yttria Stabilized Zirconia (YSZ) oxygen sensors, using molten
bismuth saturated with oxygen as the reference, have been utilized
to accurately measure the concentration of oxygen dissolved in
LBE. By measuring the voltage difference across the YSZ sensor,
the oxygen concentration in test solutions can be determined rela-
tive to that in the reference solutions (the potentiometric method).
The theoretical model for calculating oxygen concentration based
on voltage measurements from YSZ sensors in static conditions is
well understood. The real world performance of these systems,
however, is less predictable.

RESEARCH OBJECTIVES AND METHODS

The research objectives of this project were as follows:

« To generate calibration curves of voltage versus oxygen con-
centration for the YSZ oxygen sensor system under various
temperatures in liquid LBE.

« To determine the sensor characteristics of the YSZ sensor
system.

« To determine oxygen dissolving rates in LBE under different
temperatures in vitro.

« To study the effects of unwanted electrical conductivity, con-
tributed by the mobility of the electrons at high temperatures,

« To study alternative and promising oxygen measuring meth-
ods.

RESEARCH ACCOMPLISHMENTS

The first experimental set up consisted of a temperature controlled
U-shape container, gas supplies and exhaust, a residual gas ana-
lyzer (RGA), a high-impedance electrometer, and a computer for
data acquisition. The container is tightly sealed from the outside
atmosphere using a conflat flange except for gas inlet and outlet,
and openings for insertion of thermocouple or RGA signal wire.
Flexible heating tapes around the container heated the liquid metal
to the required temperature under the control of a temperature con-
troller. Meanwhile, the thermally insulated container is placed on a
rocker to provide fluid motion that promotes mixing and homog-
enization of oxygen concentration in LBE.

Although some calibration results were obtained using this setup,
it had several shortcomings. For instance, it was impossible to heat
the system to reach the desired high temperature (up to 750 °C). In
addition, direct injection of O,/H, method adopted in this system
is unlikely to produce a required extremely low oxygen level (ppm
to tens of ppb) in liquid LBE. These problems in part were solved
by developing a new apparatus. Some noticeable features of this
apparatus were:

« Instead of using a steel tube, this apparatus incorporates a
cylindrical crucible made of Magnesia Stabilized Zirconia
(MSZ), and the liquid LBE is contained in this MSZ crucible.
MSZ was chosen because of its desirable material properties.

e The MSZ crucible sits on a stainless steel beaker. The beaker
acts as a pressure boundary, and it can distribute the weight of
the molten metal and crucible to the outer support. Back-up
materials are used to fill the gap between the inner crucible

for more accurate oxygen measurement.
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many other ceramic materials, SizN, has good mechanical
strength.

Oxygen Sensor Calibration Results

Calibration curves were obtained from two oxygen sensors. After
some initial transients, voltage-temperature curves first follow
constant oxygen concentration lines according to the Nernst equa-
tion, and then turn to the concentration saturation line.

The slopes of experimental and theoretical curves are almost iden-
tical, ranging from 0.33 to 0.5. This indicates that the YSZ sensors
are of high sensing quality. Overlapping of the calibration curves
for the two sensors indicates consistency in the sensors of the
same design.

Experimental results show that tantalum oxidizes at high tempera-
ture around 480°C after running for a certain amount of time. This
directly causes tantalum wires to lose electrical conductivity, and
consequently, the sensor fails to provide meaningful signal output.
This effect was demonstrated. In the first trial experiment cycle,
molybdenum, stainless steel (SS) and tungsten were tested for this
purpose. When introducing hydrogen and helium mixture into the
system to clean excessive oxygen in the LBE container, it was
found that Mo responds a little faster than SS.

It had been suspected that different combinations of Bi or Bi,O3
may have affected the sensor response. During Phase Il of this
project, several experiments were performed and it was deter-
mined that there are no evident effects on the sensor response.
Experiment results further confirmed that even a small amount of
residual oxygen inside sensor tubes will be sufficient for Bi to be
oxidized.

Commercial FEM (finite element method) software, FEMLAB
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Schematic of the second sensor calibration experimental setup.

was used to simulate the oxygen dissolving process and the distri-
bution in liquid LBE for the new system under three different
boundary conditions. Simulation results show that the oxygen con-
centration distributes evenly in the whole flow field due to the
strong convection flow in LBE. These simulation results with the
experimental measurements help to not only determine the oxygen
dissolving rate and the diffusion coefficient under different tem-
peratures, but also provide suggestions for better experimental
design.
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Task 14
Use of Positron Annihilation Spectroscopy for

Stress-Strain Measurements
A. K.

Roy

BACKGROUND

Engineering metals and alloys, when subjected to tensile loading
beyond a limiting value, undergo plastic deformation resulting in
lattice defects such as voids and dislocations. These imperfections
interact with the crystal lattice, producing a higher state of internal
stress, also known as residual stress, which can be associated with
reduced ductility. Residual stresses are also generated in welded
structures due to rapid solidification and resultant dissimilar met-
allurgical microstructures between the weld and the base metals.
Development of these internal stresses is often influenced by in-
compatible permanent strain resulting from thermal and mechani-
cal operations associated with welding and plastic deformation.
These types of operations can cause premature failures in struc-
tural materials unless these stresses are relieved by thermal treat-
ments, which are commonly known as stress-relief operations.

During the past academic year, this project was focused on the
characterization of residual stress in welded specimens consisting
of austenitic and martensitic stainless steels using an activation
technique based on the Positron Annihilation Spectroscopic (PAS)
method. The extent of residual stress was expressed in terms of
three line-shape parameters (S-, W- and T-). Further, efforts were
made to characterize linear lattice defects such as dislocations in
the vicinity of Fusion-Line (FL), Heat-Affected-Zone (HAZ), and
the base material of the welded specimens using Transmission
Electron Microscopy (TEM). The metallurgical microstructures at
these three regions have also been evaluated by optical micros-

copy.
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RESEARCH OBJECTIVES AND METHODS

The primary objective of this task was to evaluate the feasibility of
the characterization of residual stresses in plastically-deformed
and welded structural materials using a new nondestructive tech-
nique based on PAS. The residual stresses measured by a modified
PAS method have been compared to those measured by three
other techniques, namely the Ring-Core (destructive), X-Ray Dif-
fraction (non-destructive), and Neutron Diffraction (non-
destructive).

All four techniques have been used to evaluate residual stresses in
cold-worked, plastically deformed and welded specimens of aus-
tenitic Type 304L Stainless Steel (SS), and martensitic Alloys EP-
823 and HT-9. Alloy EP-823 is a leading target structural material
to contain the molten lead-bismuth eutectic nuclear coolant needed
for fast spectrum operations of an Accelerator-Driven Transmuta-
tion System. Type 304L SS is a universally-known corrosion re-
sistant low-carbon iron-nickel-chrome alloy having optimum
formability and weldability. Alloy HT-9 is known for its superior
high temperature tensile properties. The metallurgical microstruc-
tures and the nature of defects have been analyzed by optical mi-
croscopy, scanning electron microscopy, and TEM.

RESEARCH ACCOMPLISHMENTS

The significant results obtained from this investigation during the
past academic year are summarized below.

e For welded specimens consisting of similar materials on both
sides, the residual stress in terms of the S-, W-, and T-
parameters was maximum at the FL. A gradual drop in resid-
ual stress was observed with these specimens at locations
away from the FL.

e The extent of residual stress was higher in martensitic Alloy
EP-823 compared to that of austenitic Type 304L SS, irre-
spective of the weld configuration.

e Compressive residual stresses were observed in Alloy EP-
823, when welded to Type 304L SS.

e The magnitude of dislocation density (p) was substantially
higher at the HAZ compared to that of the base material of the
welded specimens consisting of similar materials (Type 304L
SS or Alloy EP-823) on both sides.

e In the case of the welded specimen of dissimilar materials
(Type 304L SS and Alloy EP-823) on the opposite side, the
concentration of dislocation in terms of p was greater at the
HAZ on the Alloy EP-823 side of the weld.

e The enhanced value of p at the HAZ on the Alloy EP-823 side
of the weld may be attributed to the faster rate of solidifica-
tion of this alloy compared to that of the austenitic SS.

e The sizes of the HAZ on the Alloy EP-823 sides of the
welded specimens were relatively larger, irrespective of the
weld configuration.
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Optical micrographs of welded specimens of similar materials. (a)
Type 304L SS/Type 304L SS, HNO3;+CH3COOH+C3Hs(OH)s; (b) Al-
loy EP-823/Alloy EP-823, Fry’s reagent.
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Dislocation density () in welded specimens of different configurations

Weld configuration P [110.!1112}

Base material HAZ
304L SS/304L SS 5.1 x 1013 2.4 % 10!
EP-823/EP-823 7.6 x 1013 1.3 x 10"
304L SS side of 304L SS/EP-823 1.7 x 1013 3.2 % 1013
EP-823 side of 304L SS/EP-823 6.5 x 1013 2.2 % 101
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Task 15
Immobilization of Fission lodine by Reaction with a Fullerene
Containing Carbon Compound and Insoluble Natural Matrix
S.M. Steinberg, G.S. Cerefice, and D.W. Emerson

BACKGROUND

The recovery of iodine released during the processing of used nu-
clear fuel poses a significant challenge to the transmutation of
nuclear waste. lodine-129, a long-lived fission product formed by
both commercial nuclear power generation and nuclear weapons
production, is released when reprocessing nuclear fuel. Since io-
dine can be concentrated in the human thyroid, any uncontrolled
release of iodine may result in an increased rate of thyroid cancer
in the exposed population. For this reason, recovery of iodine is
important for implementing any nuclear transmutation strategy.

The first step in any transmutation strategy is the processing of the
used nuclear fuel. This step involves separating the used fuel into
its constituent elemental components, allowing the recovery of the
uranium, transuranic actinides, long-lived fission products, and
other components, depending on the strategy and processes in-
volved.

When used fuel rods are dissolved in concentrated nitric acid in
preparation for actinide recovery, iodine is released from the fuel.
A significant fraction of the iodine is lost to the vapor phase dur-
ing this process, where it may potentially become a fugitive emis-
sion and be released from the plant. To avoid this, specialized
filtration systems are used to try to trap and sequester the released
iodine (and other fission product gases).

The primary goal of this research is to capture and immobilize the
iodine released from these processes in a form that can easily be
converted to a suitable target for neutron-induced transmutation.
The investigators believe that iodine released during fuel reproc-
essing can be immobilized in a Fullerene Containing Carbon
(FCC) compound or a Natural Organic Matter (NOM) matrix.

NOM (such as spaghnum moss, peat or brown coal) is an inexpen-
sive and a renewable resource. Further processing of the trapped
iodine using simple desorption or combustion processes should be
able to produce iodine in a form suitable for transmutation. Fur-
thermore, collaborators at the Khlopin Radium Institute (KRI) in
St. Petersburg, Russia, have proposed that the iodine-loaded FCC
material, when combined with ceramics, is stable enough for use
as a long-term storage form, and may be usable as a transmuter
target matrix.

RESEARCH OBJECTIVES AND METHODS

The stability of the association of iodine with FCC and NOM
products were studied. Product distributions for the various matri-
ces under various reaction conditions were examined in order to
maximize the binding of iodine. The recovery of the iodine from
the sequestration matrices was also examined, along with the con-
version of the iodine to matrices more suitable for geological stor-
age and/or use as transmutation targets.
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Sequestration of iodide (10*M) in the presence of sphagnum
peat and MnO,. The solution was circulated through a column
at 5 mL/min.

The following are the specific research objectives and goals:
« Develop bench-scale experimental set-up and procedures for

simulating plutonium extraction process (PUREX) head-end

vapor phase.

Develop experimental procedures for evaluating iodine se-

questering methods using bench-scale procedures.

Develop FCC bearing material as potential iodine sequestra-

tion matrix.

Determine binding of iodine to FCC and NOM.

Examine alternate iodine sequestration matrices using tech-
niques developed for FCC and NOM studies.

Examine the effect of reaction conditions on binding.
Elucidate the nature of the reaction products (volatile, hydro-
phobic, soluble, insoluble).

Develop methodology and host matrix for converting seques-

tered iodine to solid matrix for evaluation as transmutation

target and/or disposal matrix.

« Examine recovery of iodine from sequestration matrices.

The FCC compounds were developed and prepared by the KRI
Research Industrial Enterprise (KIRSI). The KRI-KIRSI team
researched the impacts of process parameters on sorption of io-

dine, and examined the material properties, such as how iodine

attaches to the FCC compounds. The KRI-KIRSI team also exam-
ined the conversion of the iodine loaded FCC compound to a sta-
bilized matrix (similar to ceramic) for potential use as a disposal

form, acceptable transportation material, or potential target mate-
rial.

RESEARCH ACCOMPLISHMENTS

Observations related to the oxidation of iodide to iodine (l;) or
hypoiodic acid (HIO) by MnO, were continued. The formation of
triiodide presumable involves the adsorption of iodide onto the
MnO, surface (perhaps displacing a surface hydroxyl group). The



iodide should be subsequently oxidized and released back into
solution as IOH or I,, which rapidly forms I5. The kinetic data
has been modeled as a first order process. First order rate con-
stants have been obtained for the formation of iodine in the pres-
ence of MnO,. The increase in iodide oxidation rates with MnO,
concentration is evident in the data. The reaction rate increases
with iodide concentration although the dependence is not first
order (an order of 1.4 appear to fit the data). The oxidation rate
also increases with temperature and has a apparent activation
energy of 16.2 kJ/mol.

The total yield of iodine form these materials was compared
with the resulting Mn (1) concentration to estimate the oxygen
to manganese ratio (MnQ,) for the starting material. This ratio
(x) is a function of the average oxidation state of the material
and is given by:

|3

Mn+2

X=1+

The rate of iodide oxidation can be seen to vary significantly for
the various preparations.

It is clear that some manganese oxide can oxidize iodide to io-
dine under mild pH and temperature conditions. By comparison,
laboratory grade MnO, reacted sluggishly under these condi-
tions. Because of the wide distribution of this mineral in nature,
it is believed that the oxidation of iodide by manganese oxide
may result in the formation of organic iodine bonds in sedimen-
tary and soil organic matter.
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April 3-7, 2006.
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Task 16
Evaluation of Fluorapatite as a Waste-Form Material
D.W. Lindle, O. Hemmers and D.L. Perry

BACKGROUND

High Temperature Gas-cooled Reactor (HTGR) systems are being
designed and evaluated as part of the Advanced Fuel Cycle Initia-
tive. HTGR designs use a TRISO-coated fuel (a silicon-carbide
and pyrocarbon composite coating) to provide much of the passive
containment for radionuclides.

Argonne National Laboratory has proposed a new extraction pro-
cedure to handle TRISO-coated fuels, the Fluoride Extraction
Process (FLEX). The FLEX process is designed to separate the
uranium in the fuel from the actinides and most fission products
by taking advantage of the unique properties of uranium
hexafluoride (UFg). In the FLEX process, the used TRISO fuel is
reacted with zirconium fluoride salt, forming UFg and the fluoride
salts of the actinides and fission products. At process tempera-
tures, the UFg volatizes into a gas, and is released from the molten
salt mixture. This leaves behind the actinides and most fission
products in a fluoride salt, which is subsequently processed using
pyrochemical techniques to recover the actinides and other long-
lived fission products for transmutation. The UFg is then cooled,
causing it to sublime into solid form, which is then further proc-
essed for disposal or reuse.

The primary waste stream from the FLEX process is the fission
products from the fuel, which are in a zirconium fluoride salt at
the end of the process. Due to the fluorine in this waste stream,
the fluoride salts are unsuitable for conversion into the traditional
borosilicate waste glass. Therefore, without a suitable disposal
form, this process can not be deployed.

RESEARCH OBJECTIVES AND METHODS

The following were the specific research objectives:

To develop a waste matrix for the disposal of the fission prod-
uct waste stream from the FLEX process;

To develop a process to make synthetic fluorapatite that incor-
porates the FP-bearing ZrF, salt;

To develop a fundamental understanding of the chemistry of
this new waste form in order to better predict its long term
behavior in a repository environment; and,

SEM micrograph of Ca,SrFap (annealed sample).
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e To develop a fundamental understanding of natural, fluoride-
bearing mineral phases to use as natural analogs to bound the

predicted behavior of the FLEX fission product waste stream.

The research effort was divided along two parallel paths: the Fab-
rication Path, led by collaborators at the Khlopin Radium Institute
(KRI) in St. Petersburg, Russia; and the Characterization Path,
led by researchers from UNLV.

The Fabrication Path focused on examining and evaluating various
techniques for fabricating synthetic fluorapatite; synthesizing syn-
thetic fluorapatite; and examining the impacts of waste loading
and other fabrication process factors on the performance of the
synthetic fluorapatite as a potential waste form.

The Characterization Path focused on adapting and refining the X-
ray spectroscopy techniques currently used to characterize boro-
silicate glass for use in examining the fluorapatite system. This
path also encompassed the examination of the ceramic and syn-
thetic mineral waste forms created at KRI, with subsequent exami-
nation of these techniques to develop a molecular-level under-
standing of natural fluorapatite and other fluorine-bearing natural
phases as natural analogs for the waste form. These techniques
were also be used to examine the changes in surface chemistry
caused by environmental degradation of these materials.

RESEARCH ACCOMPLISHMENTS

Microscopy Techniques:

The microstructure of as-synthesized fluorapatite samples
were characterized by transmission electron microscopy
(TEM). The phase purity and crystallographic structure of
these samples were first verified by X-ray powder diffraction
with the help of Rietveld analysis.

Different methods (solution-drop and microtome cutting)
were used to make the samples for TEM analysis. The solu-
tion-drop method was suitable to analyze the crystallographic
structure of the fluorapatite by high resolution TEM. Further-
more, the solution-drop method was successfully used to
study the particle morphology of fluorapatite.

The microtome cutting method allowed studying both particle
shape and cross-sectional morphology of fluorapatite crystals.
Microtome cutting, however, introduced periodical fringe
artifacts in high resolution TEM imaging due to deformation
effects on the material. Therefore, in order to completely
characterize the microstructure and morphology of fluorapa-
tite-type particles a combination of both sample preparation
techniques was necessary.

Calcium Substitution by Zinc:

Substitution of calcium in fluorapatite by zinc is possible and
was demonstrated to be concentration dependent. The phase
purity of fluorapatite in the samples decreases with the
increase in zinc substitution.

A 25 mol % of zinc substitution leads to a single-phased
fluorapatite, but the formation of a secondary phase was
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identified when the zinc level increased to 50 mol %. A
fluorapatite phase could not be identified in samples with 75
mol % and 100 mol % zinc substitution.

e The two samples synthesized using 25 mol % and 50 mol %
of zinc showed some similar morphological and micro-
structural properties to that of phase-pure fluorapatite.
However, the closest similarities to pure fluorapatite were
identified in the 25 mol % sample.

e The 50 mol % sample shows a lower thermal stability that
decreases with increasing zinc level. The low thermal stability
of the 50 mol % sample is most likely due to the identified
secondary chemical phase.

e The sintering properties of the 25 mol % sample are similar to
pure fluorapatite. However, complete decomposition of the
zinc-incorporated fluorapatite chemical phase in the calcined
25 mol % sample results in lower thermal stability than for
phase-pure fluorapatite.

Calcium Substitution by Strontium:

e The synthesis of foreign cation-incorporated fluorapatite, in
this case strontium ions, was achieved successfully. XRD
powder patterns of fluorapatite and Sr-fluorapatite showed
identical peaks except for slight peak shifts and peak merging.

e Increasing strontium content showed a linear relationship with
unit cell dimensions, the relationship of which can allow one
to measure unknown percentages of strontium in fluorapatite.

e It has been shown that Sr occupies only Ca sites and not P or
O sites.

e Scanning electron microscope images of strontium-
incorporated fluorapatite showed the formation of hexagonal
crystals on the surfaces of most samples. Formation of

fluorapatite crystals has not been observed in the same
samples before annealing at 1200 °C.

e Re-synthesis of apatite using natural fluorapatite as a starting
material was achieved. The final product contained fluorapa-
tite, chloroapatite and hydroxyapatite phases and it is incon-
clusive as to which was the major component.
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Lindle, “Evaluation of Fluorapatite as a Waste Form,” ANS
Student Conference, UW at Madison, WI, April 1-3, 2004.

G.W.C. Silva, D.L. Perry, A.L. Johnson, O. Hemmers, and D.W.
Lindle, “Characterization of the thermal stability of apatites
containing different cations,” ANS Student Conference, Univer-
sity of Wisconsin at Madison, W1, April 1-3, 2004.

G.W.C. Silva, D.L. Perry, A.L. Johnson, O. Hemmers, and D.W.
Lindle, “Characterization of the thermal stability of apatites
containing different cations,” Graduate and Professional Student
Research Forum, UNLV, Las Vegas, NV, April 17, 2004.

G.W.C. Silva, O.A. Hemmers, and D.W. Lindle, “Characterization
of the Thermal Stability of Zinc-containing Fluorapatite,” ANS
Student Conference, Columbus, OH, April 2005.

C.P. Rodrigo, O.A. Hemmers, and D.W. Lindle, “Characterization
of Fluorapatite as a Waste Form,” ANS Student Conference,
Columbus, OH, April 2005.
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Task 17
Interaction between Metal Fission Products
and TRISO Coating Materials
C. Heske

BACKGROUND

This project focuses on the chemical bonding and interface forma-
tion of metal fission products with the coating materials used in
tri-isotropic (TRISO) fuel particles for gas-cooled reactors. By
combining surface- and bulk-sensitive spectroscopic and micro-
scopic methods, intermediate chemical phases at the interface,
intermixing/diffusion behavior, and the electronic interface struc-
ture for different coating materials and metals are examined.

In detail, the project studies the interface formation of Pd, Cs, and
Ag with SiC and pyrolytic carbon. Using SiC single crystals and
highly-ordered pyrolytic carbon (HOPG) as substrates, interfaces
are prepared under controlled conditions in an ultra-high vacuum
environment and are studied with a combination of experimental
methods, including Photoelectron Spectroscopy, Auger Electron
Spectroscopy, X-Ray Emission Spectroscopy, and X-Ray Absorp-

equipped with a state-of-the-art electron analyzer, an X-ray
source, an ultraviolet (UV) source, and an inverse photoemission
setup consisting of a low-energy high-flux electron gun and a UV
detector. The preparation chamber is used for cleaning samples
with an ion source and for the deposition of metal films with an
electron-beam evaporator (Pd, Ag) or a dispenser element evapo-
rator (Cs).

RESEARCH ACCOMPLISHMENTS

In the past year, emphasis was placed on a detailed analysis and
description of the Cs/SiC and Cs/HOPG interface formation proc-
esses. Here, some of the results for Cs/HOPG will be briefly de-
scribed.

A series with Cs films of different thickness on HOPG were pre-
pared. UV photoemission (UPS), x-ray photoemission (XPS), and

tion Spectroscopy. Furthermore, micro- in-vacuum atomic force microscopy
scopic techniques (in particular Atomic . : : ndepostion  (AFM) experiments were performed for
Force Microscopy) are being employed. n}{ﬂp SK = 3d Mo qs [time each Cs film thickness. HOPG substrates
_E N __J_ 200 = were prepared by cleaving under nitrogen
RESEARCH OBJECTIVES AND + heating  iN the glove box directly connected to the
METHODS surface analysis system at UNLV and then
M. TR P, directly introduced into the UHV apparatus
By combining results for the electronic and L J without any air exposure.
chemical structure of the fission product/ ——A=l270 & ]
TRISO layer interfaces, the research results \ | In the figure to the left, the XPS survey
give information about failure mechanisms pal s spectra for different Cs evaporation times
of TRISO particles and fission product h | (and hence different Cs film thicknesses)
transport. are shown. The cleaving of the sample
= b I} g0 s under nitrogen clearly results in a very
Furthermore, they can be used to derive '@ clean and nearly adsorbate-free surface, as
strategies to tailor the interface properties @ k U isns can be seen from the weak O 1s line in the
for an optimization of TRISO particles in &= L I b_ottom-most spectrum. After Cs evapora-
terms of, e.g., chemical and long-term sta- 120 = tion, all expected Cs lines can be found in
bility. L | the spectra. The intensity of the lines,
(100 = which can be related to the film thickness,
The experiments use two different experi- h || a0 s increases for increasing deposi_tion time, as
mental set-ups. First, a multi-chamber ul- expected. In parallel, the lines of the
tra-high vacuum system at UNLV houses h | P HOPG substrate (i.e., the C 1s photoemis-
the majority of surface-sensitive methods. | sion line and the C KVV Auger line) de-
Second, the soft X-ray fluorescence (SXF) e = 40 s crease in intensity due to the attenuation by
endstation at Beamline 8.0 at the Advanced ' l the covering Cs layer.
Light Source, Lawrence Berkeley National — |¢Y=
Laboratory is used to perform X-ray ab- - Focus was also placed on understanding
sorption and emission spectroscopy. The 5. L 0= the HOPG surface morphology changes
apparatus at UNLV consists of two differ- when annealing the Cs/HOPG interface at

ent surface spectroscopy chambers, a
preparation chamber, and an ultra-high
vacuum (UHV) scanning probe micro-
scope. Samples can be introduced into the
machine through a glove box with inte-
grated load-lock and then transferred to
each of the chambers via a distribution

chamber. The analysis chambers are each tions.

1000 300 GO0 400 200 O
Binding Energy (V)
XPS survey spectra of an HOPG substrate,

as well as after stepwise deposition of Cs
and subsequent heating under inert condi-

600 °C. A series of stepwise Cs deposi-
tions was performed on a cleaved HOPG
surface at room temperature under ultra-
high vacuum conditions and monitored
with photoelectron spectroscopy. After 300
seconds of Cs deposition, the surface was
imaged by UHV-AFM. The AFM image
clearly shows Cs atoms forming clusters
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on the HOPG surface, which is corroborated by a detailed inten-
sity analysis of X-ray photoelectron spectroscopy (XPS) data.
Next, the sample was removed from UHV, annealed in a furnace
in air (600 °C) for 60 minutes, and reintroduced into UHV. The
center image (below figure) shows the AFM image after anneal-
ing. As again corroborated by the XPS data, most of the Cs atoms/
clusters are removed from the surface. Furthermore, a significant
formation of craters and voids were found that can act as diffusion
pathways for various metallic species (e.g., for fission products
diffusing through pyrolytic carbon layers in TRISO fuel). To ver-
ify whether the crater formation is induced by the presence of Cs
clusters on the surface, a second HOPG sample was prepared that
was cleaved, characterized, and annealed in the exact same fash-
ion as the first sample (but not exposed to Cs). The right image
(see figure below) shows a corresponding AFM image of the
HOPG surface after annealing. Similar cracks are observed as in
the Cs/HOPG samples, but no evidence of crater formation could
be found (in any of the AFM images). This supports the conclu-
sions (a) that Cs grows in a cluster-like fashion on HOPG (at room
temperature), and (b) that the presence of Cs clusters on the sur-
face of pyrolytic graphite can lead to the formation of crater- and
crack-like diffusion pathways during annealing at 600 °C, while
the annealing of pyrolytic graphite only leads to the formation of
cracks, but not craters.

FUTURE WORK

The experiments on Cs/SiC and Cs/HOPG will be completed, in
particular by varying the substrate temperature during deposition
(up to approximately 1200 °C). These experiments will allow the
study of both the temperature dependence as well as the influence
of air (in particular oxygen) on the high-temperature behavior and
the crater- and crack-formation results of the present study. In

Participation of graduate and undergraduate students in experi-
mental campaigns at the Advanced Light Source, Lawrence
Berkeley National Laboratory, Berkeley, CA (September
2007, January 2008, May 2008).

Sharath Sudarshanam passed his M.S. prospectus presentation
meeting in March 2008.

C. Heske, “Using XES and RIXS to investigate the chemical
and electronic structure of materials for energy conversion,”
RIXS 08 Workshop, Uppsala, Sweden, June 13-14, 2008.

C. Heske, “Soft X-rays and the electronic structure of buried
things — interfaces, liquids, and below dirty surfaces”, Materials
Science Institute, University of Oregon, Eugene, February 26,
2008.

C. Heske, “Investigating the electronic and chemical properties
of surfaces, interfaces, and other buried things with soft X-ray
spectroscopy,” Chemical Engineering Department, University &
of California at Santa Barbara, October 25, 2007.

C. Heske, “Surface and Interface Science on Devices for En-
ergy Conversion,” X-ray and Neutron Scattering Contractor’s
Meeting, Division of Materials Sciences and Engineering &
(DMS&E), DOE Office of Basic Energy Sciences (BES), War- §
renton, VA, October 18, 2007.

C. Heske, “Investigating the electronic and chemical properties
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of surfaces, interfaces, and other buried things with soft X-ray &

spectroscopy,” Cornell University, Materials Science and Engi- &
neering Department Seminar, October 11, 2007.
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addition, the experiments will simulate the “natural” high tem-
perature environment present in the nuclear reactor. Furthermore,
it is planned to initiate first interface studies involving ZrC layers.

—

Left: AFM picture of a highly ordered pyrolytic graphite (HOPG) substrate after deposition of Cs for 300 seconds. Center: AFM pic-
ture Cs/HOPG substrate after annealing at 600 °C for 60 minutes in a furnace. Right: AFM picture of HOPG without cesium deposi-
tion, annealed at 600 °C for 60 minutes in a furnace. All image scales are 4 x 4 um?.
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Task 18
Fundamental and Applied Experimental Investigations of Corrosion
of Steel by LBE under Controlled Conditions:
Kinetics, Chemistry Morphology, and Surface Preparation
J.W. Farley and A.L. Johnson

BACKGROUND

Advanced nuclear processes and facilities (e.g., transmutation of
nuclear waste, fast reactors, and spallation neutron sources) im-
pose special demands on materials, which must withstand high
temperatures, high radiation fields, and chemical corrosion. Pro-
posed schemes for transmuting nuclear waste require a non-
moderating coolant such as lead-bismuth eutectic (LBE) or liquid
sodium. While LBE corrodes most steels, small amounts of oxy-
gen in the LBE greatly reduces the corrosion rate, and could ide-
ally re-grow a damaged oxide layer in situ. The protective oxide
layer would thus be self-healing. However, a fundamental under-
standing of the role of oxygen and passivating oxide layers is pres-
ently incomplete.

RESEARCH OBJECTIVES AND METHODS

The overall goal is to obtain scientific insight into the fundamental
processes involved in the corrosion of steel by LBE. The experi-
mental methods include characterization of steel samples before
and after exposure to LBE using different techniques including:
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
analysis (EDX), Wavelength Dispersed X-ray (WDX), X-ray Pho-
toelectron Spectrometry (XPS), Sputter Depth Profiling (SDP), X-
ray Diffraction (XRD) and laser microRaman spectroscopy.
These techniques have been previously used by this research
group to probe the effect of surface preparation on corrosion-
resistance of samples with the same chemical composition, and to
examine the role of silicon in silicon-containing steel.

During the past year, gas-phase experiments were conducted in
which steel samples were oxidized in glass capsules at elevated

Back Scattered Image Elemental Map
Transverse section of D9, a 316 class stainless steel. Note the
large anisotropy in the growth of the thick inner oxide layer,
showing obvious pathways for migration of oxidation reactants
affecting the growth rate and morphology of the oxide layer.
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temperatures in a tube furnace. Corroded steel samples were ana-
lyzed from a variety of sources, including the Delta loop at LANL
and samples corroded at UNLV in the gas phase experiments.

RESEARCH ACCOMPLISHMENTS

Gas-phase experimental results

Measurements have been made of the gas-phase oxidation of steel,
using the tube furnace in the High Temperature Materials Expo-
sure Facility in the UNLV Chemistry building. The goal is to clar-
ify the differences between gas phase corrosion and corrosion by
LBE. Oxidation of metal surfaces is carried out by the residual
gas, which was characterized using a residual gas analyzer. The
residual gas was determined to consists of much water vapor but
little oxygen or hydrogen. The role of water as an oxygen carrier
may be an underestimated factor in corrosion. These experiments
are part of the doctoral dissertation of Thao Ho.

In other experiments, investigations were performed to determine
whether alloys undergoing sputtering are chemically altered by the
sputtering process. Such an artifact would reveal itself as a change
from stoichiometric to non-stoichiometric composition during the
sputtering process. Chromia (Cr,03) was found to be affected
minimally if at all, but hematite (Fe;O,) was significantly affected.

Facility development

Progress continued on the construction of the apparatus for the
Liquid Metal Corrosion Experiment, which will be able to expose
steel samples to either LBE or sodium.



The Oxygen Control System (OCS) from Germany’s Karlsruhe
Lead Laboratory was used for initial experiments, and very low
oxygen concentrations were recorded.

Characterization of samples

Oxide layers were studied using high-resolution XPS with sputter
depth profiling, revealing the extent of oxidation as a function of
position within the oxide layer.

A new capability in microRaman spectroscopy was built by phys-
ics graduate student Brian Hosterman in order to examine the Ra-
man spectra of compounds relevant to corrosion. Raman studies
can distinguish between different chemical species by their char-
acteristic vibrational spectra. For example, Fe,O3 can be distin-
guished from Fe30,4 by its Raman spectrum. The Raman micro-
scope gives a lateral spatial resolution of the order of a few mi-
crons.

Synthesis of standards

Chemical characterization of the species involved in corrosion can
be revealed by microRaman studies, in which the spectrum of an
unknown compound is matched to a library of spectra of stan-
dards. Standards have been purchased when possible, but some
standards have been synthesized in the laboratory. Spinels
(compounds with formula XY,0,) are of special interest because
they are believed to form part of the metal oxides under investiga-
tion. Spectra of standards have been measured, and are in good

FeCrz0d_0Z-21-08
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XRD Spectrum of FeCr,04

Dan Koury, doctoral dissertation, “Characterization of the
Mechanism of Duplex Oxide Growth on Austenitic Stainless
Steels 316 and D9 in Oxygen-Controlled Lead-Bismuth Eutec-
tic (LBE),” August 2008 (expected).

Brian Hosterman, doctoral dissertation, “Studies of corrosion of
steel by laser microRaman spectroscopy,” August 2009
(expected).

Thao Ho, doctoral dissertation, “XPS studies of Si in Fe/Si
alloy steel in corrosion of steel by LBE,” August 2009
(expected).

A.L. Johnson, D. Koury, J. Welch, T. Ho, S. Sidle, C. Harland,
B. Hosterman, U. Younas, L. Ma, and J.W. Farley.
“Spectroscopic and microscopic investigation of the corrosion
of D-9 stainless steel by lead-bismuth eutectic (LBE) at ele-
vated temperatures. Initiation of thick oxide formation,” Jour-
nal of Nuclear Materials (in press, 2008).

A. Johnson, “Heavy Liquid Metal efforts at UNLV, USA: LBE
Corrosion of D9 and other 316-group Steels,” presented at the
IV Workshop on Materials for Heavy Liquid Metal Cooled
Reactors and Related Technologies, Rome, Italy, May 21-23,
2007.
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agreement with literature values. The crystal structure of the oxide
layers can be determined by X-ray diffraction. The XRD spec-
trum of FeCr,0, is illustrated (below, right). The lattice spacings
derived from analysis of this spectrum agree with literature values.

Qutcomes

A model of the LBE corrosion process is emerging, incorporating
theoretical and experimental results from UNLV laboratory results
and elsewhere. Several of the presentations at the May 2007
Heavy Liquid Metals Workshop in Rome, Italy were based on the
new insights. UNLV has contributed the observation that localized
failure in the initial oxide layer leads to formation of duplex/
complex oxide structures. Scientific collaboration with Los Ala-
mos National Laboratory has continued. Steel samples exposed to
LBE at LANL have been analyzed by the UNLV group.

FUTURE WORK

Future work includes expansion of this program to studies cover-
ing the effect of liquid sodium on structural materials.
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Task 19
Dissolution, Reactor, and Environmental Behavior of ZrO,-MgO In-
ert Fuel Matrix
K. Czerwinski

BACKGROUND

There has been a recent resurgence of interest in different oxide
fuel types (e.g., Th, inert matrix, and Pu fuels) as potential ad-
vanced fuels that can be operated to relatively high burnups at
lower costs than current UO, fuels. These fuels can also be formed
to incorporate transuranics elements in the matrix. Inert fuel ma-
trices have the advantage of burning Pu and other transuranic ele-
ments from the fuel cycle without the production of other actinide
elements. Of the possible materials for use in an inert matrix,
ZrO, has been examined. The inclusion of ZrO, is expected to
increase chemical stability and radiation resistance. The natural
analogue of zirconia, baddeleyite ((Zr,M)O,), where M is a tetra-
valent ion such as hafnium), contains up to 3000 parts per million
U or Th. This supports the durability of inert matrix fuels using
ZrO, in reactor conditions and repository conditions. However,
fuels appropriate for the advanced fuel cycle applications should
have desirable reprocessing properties, namely ease of dissolution
for separations. An additional oxide which is somewhat soluble
may need to be added to the ZrO, matrix to achieve desirable re-
processing properties. A candidate oxide is MgO.

RESEARCH OBJECTIVES AND METHODS

This project will examine inert fuels containing ZrO, and MgO as
the inert matrix. Ceramics with this inert matrix, Ce, U and even-
tually Pu will be synthesized and examined. While the Advanced
Fuel Cycle Initiative focus is on inert fuels with Pu as the fissile
component, this task will perform initial laboratory experiments
with Ce and U. The initial work with Ce will be performed early
in the project with results used as a basis for U studies. Reactor
physics calculations will be used to examine suitable quantities of
burnable poisons from the candidate elements Gd, Er, or Hf. Most
fuels use Gd or Er, but the chemical properties of Hf lend them-
selves to formation of solid solutions with Zr and the tetravalent
actinides and will therefore be investigated. This project will pro-
vide the necessary data for evaluating the performance, reprocess-
ing, and waste behavior of the MgO-ZrO, fuels from a quantified,
chemical perspective.

Reactor physics calculations are used to examine suitable quanti-
ties of burnable poisons from the candidate elements Gd, Er, or Hf
with reactor grade Pu providing the fissile component, with up to

Metal Concentrations for Uranium Containing Ceramics.

Sample # Zt % Mz % 7% Er %
1 925 0 5 15
2 275 5 5 15
3 B1.5 10 3 i3
4 73 15 3 .5
5 Ti35 20 5 135
fi 625 a0 5 15
7 475 45 5 15
g 3235 &0 3 3
9 175 75 5 135
10 1] 925 5 4.5

42

10% of **°Pu. Ceramics are synthesized and characterized based
on the reactor physics results. The solubility of the fuel ceramics,
in reactor conditions, reprocessing conditions, and repository con-
ditions, are investigated in a manner to provide thermodynamic
data necessary for modeling.

The research objectives of this project are as follows:

To examine the neutronic behavior of MgO-ZrO, inert fuels.
Variation of MgO and ZrO, composition ranges from 30% to
70% MgO in ZrO,. Analysis of Gd, Er, and Hf for reactivity
control ranging from 5-10% lanthanides. Analysis of reactor
grade Pu as fissile component ranging from 5-10% Pu. Re-
sults will be used as parameters for fuel composition.

To synthesize and characterize MgO-ZrO, ceramics contain-
ing burnable poison and fissile composition. Synthesis is
based on a precipitation method. Range of MgO in ZrO,,
fissile component concentration, and burnable poison concen-
tration based on results of neutronic calculations. Characteri-
zation of ceramics will include density, X-ray diffraction
(XRD), surface area analysis, X-ray absorption fine structure,
and chemical composition. Results will be applied to behav-
ior in high temperature water, acid, and environmental condi-
tions.

To describe the chemical behavior of synthesized ceramics.
Chemical thermodynamic and kinetic analysis will use equi-
librium data, kinetic data, and surface area normalized disso-
lution. Different conditions will include reactor conditions
(high temperature and high pressure water) and reprocessing
conditions (nitric acid and elevated temperature). Environ-
mental conditions will be near neutral solution conditions.

To utilize project data in kinetic and thermodynamic model-
ing codes to evaluate the speciation of the elements in the
ceramics under reactor, reprocessing, and repository condi-
tions.

RESEARCH ACCOMPLISHMENTS

Development of X-ray fluorescence characterization method

A reliable method for X-ray fluorescence (XRF) was developed
involving ashing the individual oxides, then preparing standards
through the dry synthesis route. It was believed that the samples
that showed heterogeneous Ce distribution were due to insufficient
sintering times. Therefore, one such sample was removed from
resin, resintered, and elemental mapping was performed a second
time. This second mapping showed a homogenous distribution of
cerium demonstrating the suitability of the method.

Synthesis and characterization of U-containing ceramics

Ceramics were synthesized using MgO-ZrO, as the inert matrix
and Er,03 as a burnable poison as in previous studies; however,
UO, is now being used as a more accurate PuO, analog than the
previous CeO, containing ceramics.



A soxhlet experiment was initiated to determine the corrosion re-
sistance of the ceramics. The results demonstrated the corrosion
resistance enhancement from the inclusion of ZrO,. A thermogra-
vimetry and differential scanning calorimetry scan was performed
on the precipitated material to examine calcining and sintering
behavior. The material appears to change from the oxy-hydroxide
precipitate to the oxide at the same temperature as the Ce-
containing ceramics (260°C). The phase change also starts at the
same temperature (510°C), but it does not proceed as quickly and
therefore shows a broader peak.

XRD patterns were taken of all samples under investigation to
qualitatively determine the phases present within the sintered sam-
ple. With no MgO present the UO, and Er,0; only partially stabi-
lizes the ZrO, resulting in a mixture of monoclinic and tetragonal
Zr oxide phases. With as little as 5% wt/wt MgO, the material
fully stabilizes to form a pure cubic zirconium phase. Over 10%
MgO results in a MgO phase, in addition to the cubic zirconia.
This pure MgO phase increases with total MgO content. When
there is no longer ZrO, in the sample a MgO phase dominates,
while there is a minor cubic uranium erbium oxide phase. Quanti-
tative analysis will be performed once TOPAZ software is ob-
tained.

Oxide waste forms based on project results

UYO1, pellets were synthesized for Los Alamos National Labora-
tory for initial waste form studies complementary to the inert fuel
research. Composition was confirmed to be delta phase by XRD.

Other progress

e The Soxhlet has concluded with samples
(Zr0.885Md0.0sU0.05Er0.02501.96:  Zr0.725Mdo.2U0.05Er0.02501.79,  and
Mgo.025Uo.05Er0.02501.06). The data has been analyzed and com-
pared with previous experiments.

e Pure water, silicate water, and brine solutions were used to
test fluoride leachability in polytetrafluoroethylene (PTFE) vessels
for environmental dissolution studies.

e Environmental dissolution study was conducted with
Zr0,625M00.3U0.05Er0.0250 16875, Zr0.475MJ0.45U0.05Er0.02501.5375,  and
Zro_325M90.5U0.05Er0.02501.3375 in Water, silicate Water, and brine
each in triplicate.

e Scanning Electron Microscopy images were taken of corro-
sion damage from Soxhlet study.

o UY,405, was synthesized for the LANL group. Delta phase
was confirmed by XRD. UY¢O;, pellets were characterized by
SEM, microprobe, XRD, optical microscopy, and TEM.

o HNO; dissolution studies were conducted, residue was ana-
lyzed by XRD.

+ K. Czerwinski was the U.S. delegate to the International
Atomic Energy Agency Minor Actinide Inert Fuel Matri-
ces working committee from May 2004 to present.

K. Holliday, T. Hartmann, and K. Czerwinski,
“Characterization and dissolution of Zr-Mg ceramics for
inert matrix fuel,” Advanced Fuel Cycle Topics, Ameri-
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can Chemical Society Regional Meeting, Boise, ID, June
2007.

K. Holliday and K. Czerwinski, “Dissolution behavior of
actinide containing inert matrix fuel,” 236™ ACS Na-
tional Meeting in Philadelphia, PA, August 17-21, 2008.
K. Holliday and K. Czerwinski, “Characterization of acti-
nide containing inert matrix fuels,” 236™ ACS National
Meeting in Philadelphia, PA, August 17-21, 2008.

e XAFS data taken at the Advanced Photon Source (ANL) was
analyzed to evaluate the local environment of uranium and zirco-
nium in a cubic zirconia matrix.

e |nert Matrix Fuel material was synthesized and analyzed with
laser ablation mass spectrometry.

O T Ty . AT

Sample 6 (3 x 3 mm Er map)

Sample . ( X3 m Zr map) Sample 6 (3 x 3 mm Mg ap)

Elemental Scanning by Microprobe.
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Task 20
Effect of Silicon Content on the Corrosion Resistance and
Radiation-Induced Embrittlement of Materials for Advanced
Heavy Liquid Metal Nuclear Systems
A.K. Roy

BACKGROUND

This task is focused on the evaluation of the effects of silicon con-
tent on both the corrosion behavior and radiation-induced-
embrittlement of martensitic stainless steels having compositions
similar to that of modified 9Cr-1Mo steel, also known as T91
grade steel. T91 grade steel was selected to be a candidate struc-
tural material to contain molten lead-bismuth eutectic (LBE),
which can act both as a target material and a coolant during the
spallation process in an accelerator-driven system. The operating
temperature during this process may range from 420-550 °C.
Thus, moderate tensile strength of the containment material (T91)
is a major requirement.

The beneficial effects of Si on both the metallurgical and corro-
sion properties of Cr-Mo steels have previously been demon-
strated at UNLV. Therefore, additions of Si ranging from 0.5-2.0
weight percent (wt%) was attempted in this investigation to ex-
plore Si effect on both the high temperature tensile properties and
corrosion behavior of T91 grade steel. Corrosion studies in the
presence of molten LBE could not be performed due to a lack of
proper experimental facilities at UNLV. Therefore, detailed corro-
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sion studies involving Si-containing T91 grade steels were per-
formed in an aggressive aqueous solution of acidic pH. Further,
significant efforts have been made to determine both the impact
and fracture toughness of the tested materials as a function of Si
content.

RESEARCH OBJECTIVES AND METHODS

Four heats of T91 grade steel having Si levels of 0.5, 1.0, 1.5 and
2.0 wt% were custom-melted by a vacuum-induction-melting
practice. They were subsequently processed and thermally treated
to achieve fully-tempered martensitic microstructures. These ma-
terials were then machined to fabricate desired types of specimens
for evaluation of tensile properties, impact toughness, fracture
toughness, resistance to localized corrosion, stress corrosion
cracking (SCC), and crack propagation behavior. Limited tensile
testing was also performed on T91 grade steels under different
levels of radiation. Numerous state-of-the-art experimental tech-
niques were employed to evaluate the desired properties. The rele-
vant experimental techniques have been described in previous
annual reports. The significant results obtained during the past
year are summarized below.

RESEARCH ACCOMPLISHMENTS

e The results of tensile testing indicate that the magnitude of
failure strain (er) was gradually reduced with increasing tem-
perature within a susceptible temperature range, irrespective
of the Si content. Serrations were noted in the engineering
stress vs. strain diagrams.

The reduced e values and the occurrence of serrations within
a specific temperature regime can be attributed to a metallur-
gical phenomenon known as Dynamic Strain Ageing (DSA).
Irrespective of the Si content, the susceptibility to DSA was
predominant at temperatures ranging from ambient to 400 °C.
The DSA phenomenon, as seen in this investigation, is com-
monly associated with the diffusion of solute elements into
the matrix of the material at elevated temperatures, thus im-
peding the movement of dislocations through the matrix and
grain boundaries. Such reduction in dislocation mobilities can
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significantly impair the plastic deformation, which is mani-
fested by reduced er values, as seen in this study.

e A maximum dislocation density (p), determined from trans-
mission electron micrographs, was seen at 400 °C, irrespec-
tive of Si content.

e The work hardening index (n) and activation energy for diffu-
sion are two key parameters influencing the DSA behavior of
engineering materials. Simultaneously, both temperature and
strain rate can influence the DSA behavior. The variation of n
with temperature at a strain rate of 5 x 10 sec™ is shown in
the table (opposite page). A gradual increase in the n value
was observed at temperatures up to 400 °C, as expected.

e A longer activation time using an electron beam resulted in
reduced ductility in terms of er.

e The presence of higher Si content in T91 grade steel resulted
in reduced impact energy and higher ductile-brittle transition
temperature, indicating reduced impact resistance.

e The susceptibility to SCC was enhanced at more cathodic
(active) controlled potentials (E.,) and higher testing tem-
perature, implying a synergistic effect of cathodic potential
and temperature on SCC.

e The morphology of failure in double-cantilever-beam speci-
men used in SCC testing was characterized by a combination

Variation of n with Temperature (RT: Room Temperature).

of striations (fatigue), SCC (intergranular/transgranular), and
fast fracture (dimples).

TASK 20 PROFILE

Start Date: July 2004
Completion Date: December 2007

Thesis Generated:

Heat no. / Temp. (°C) RT 150 300 400 550
2403 (0.5% 51 01643 | 01698 | 01784 | 01984 | 0.1432
2404 (1. (P30 01718 | 01794 | 0.1945 | 02143 | 0.1564
2405 (1.5%51) 01586 | 01702 | 0.1794 | 0.1802 | 0.1642
2406 (2. P50 01669 | 01709 | 01772 | 0.1997 | 0.0994

Pankaj Kumar, Ph.D. Dissertation, Mechanical Engineering, “Effects of
Temperature, Strain Rate and Si Content on Dynamic Strain Ageing of
Modified 9Cr-1Mo Steel,” December 2007.

Debajyoti Maitra, Ph.D. Dissertation, Mechanical Engineering, “Tensile
Deformation and Environmental Degradation of T91 Grade Steels with
Different Silicon Content,” August 2007.

Sreenivas Kohir, M.S. Thesis, Mechanical Engineering, “Characterization
of Martensitic Stainless Steels with High Silicon Content,” December
2007.

Harish ~ Krishnamurthy, M.S. Thesis, Mechanical Engineering,
“Metallurgical and Corrosion Characterization of a Martensitic
Stainless Steel as a Function of Silicon Content,” December 2005.

Journal Articles:

A.K. Roy, D. Maitra, and P. Kumar, “The Role of Silicon Content on
Environmental Degradations of T91 Steels,” Journal of Materials Engi-
neering and Performance, ASM International, in press.

A.K. Roy, P. Kumar, and D. Maitra, “The Effect of Silicon Content on
Impact Toughness of T91 Grade Steels,” Journal of Materials Engineer-
ing and Performance, ASM International, in press.

Conference Proceedings:

S. Kohir, “Tensile Properties and Environmental Degradation of marten-
sitic and Austenitic Stainless Steels,” ISRS-2006, Madras, India, De-
cember 18-20, 2006.

P. Kumar, D. Maitra, and A. Roy, “Temperature and Silicon Content
Effects on Tensile deformation of T91 Grade Steel,” Society for the
Advancement of Materials and Process Engineering, Fall meeting,
Dallas, TX, November 2006.

D. Maitra, P. Kumar, and A. Roy, “The Role of Silicon Content on Ten-
sile and Corrosion Properties of T91 Grade Steels,” MS&T, Fall meet-
ing, Cincinnati, OH, October 2006.

D. Maitra, A. Roy, “Environmental Cracking and Localized Corrosion of
T91 Grade Steel with Different Silicon Content,” AMPT 2006, Las
Vegas, NV, July 2006.

P. Kumar, A. Roy, “Tensile Properties of T91 Grade Steel as a Function
of Silicon Content,” AMPT-2006, Advances in Materials and Process-
ing Technology, Las Vegas, NV, July 2006.

P. Kumar, D. Maitra, and A. Roy, “Metallurgical and Corrosion Studies
of Modified T91 Grade Steel,” Materials Research Symposium Pro-
ceedings, v 929, pp 149-154, 2006.

Research Staff

Students

Collaborators

Ajit K. Roy, Principal Investigator, Professor, Mechanical Engineering Department
Arindam Ghosh, Research Scholar, Mechanical Engineering Department

Debajyoti Maitra and Pakaj Kumar, Ph.D. Graduate Students, Mechanical Engineering Department
Srinivas Kohir, Harish Krishnamurthy and Vinay Virupaksha, M.S. Graduate Students, Mechanical Engineering Dept.

Stuart A. Maloy, Ph.D., AFCI Materials Team Leader, Los Alamos National Laboratory
Ning Li, Ph.D., LBE Technology Development, AFCI, Los Alamos National Laboratory
Doug Wells, Ph.D., Associate Professor and Chair, Department of Physics, Idaho State University




Task 21
Theoretical Modeling of Protective Oxide Layer Growth
iIn Non-isothermal Lead Alloy Coolant Systems
Y. Chen, T. Tan, J. Zhang, and J. Li

BACKGROUND

In advanced nuclear energy systems, lead alloys emerge as strong
candidates for transmutation and advanced reactor systems as nu-
clear coolants and spallation neutron targets. However, it is widely
recognized that corrosion of materials caused by lead alloys pre-
sents a critical barrier to their industrial use. A few experimental
research and development projects have been set up by different
groups such as at Los Alamos National Laboratory to study the
corrosion phenomena in their test facilities and to develop mitiga-
tion techniques and materials. One of the central or main tech-
niques under development is to use active control of oxygen ther-
modynamic activity (OTA) to provide protective oxide layers.

Setting OTA in flowing lead alloys makes corrosion highly de-
pendent upon the oxygen concentration and the oxidation proc-
esses at materials surfaces. The active oxygen control technique
exploits the fact that lead and bismuth are chemically less active
than the major components of steels, such as Fe, Ni, and Cr. By
carefully controlling the oxygen concentration in lead-bismuth
eutectic (LBE), it is possible to maintain an iron- and chrome-
based oxide film on the surfaces of structural steels, while keeping
lead and bismuth from excessive oxidization that can lead to pre-
cipitation contamination. Thermal analysis has given an ideal oxy-
gen level range in a non-isothermal lead alloy coolant system.
However, in a practical coolant loop, the proper oxygen level de-
pends not only on thermal factors but also on hydraulic factors
(system operating temperature, temperature profile, flow velocity,
etc.). In addition, the oxygen distribution in a non-isothermal lead
alloy coolant system is still unclear. The optimal oxygen levels
still need to be investigated.

RESEARCH OBJECTIVES AND METHODS

The goals of this research project are to provide a basic under-
standing of protective oxide layer behaviors and to develop oxide
layer growth models of steels in non-isothermal lead alloys cool-
ant systems, in particular;

e To elucidate the mechanism of the protective oxide layer
growth of steels in static, non-isothermal flowing lead alloy
coolant systems with oxygen concentration level control.

e To elucidate the mechanism of mass transport of oxygen and
corrosion products in the multi-phase system.

e To develop oxidation growth models of steels in lead alloy
coolant systems.

e To clarify the dependence of the oxidation process on the hy-
draulic factors and the oxygen concentration distribution and
level.

e To clarify the optimal oxygen concentration levels in practical
coolant system scales.

e To interpret the experimental results from test loops and to
apply them to the design of practical nuclear coolant systems.
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RESEARCH ACCOMPLISHMENTS

Boundary conditions study of the self-coded cellular automata
(CA) oxidation model coupled with inward oxygen diffusion

In a previous study of the CA model, the oxide layer growth of
steel in a liquid lead alloy environment was studied considering
the inward oxygen diffusion. The boundary condition of the oxy-
gen concentration at the far away conditions was set as a Dirichlet
boundary condition. The oxygen sites were simply eliminated
whenever they diffused to the far boundary. This, however, is not
a proper physics model. The code of the improved CA oxide layer
growth model has been modified with a Neumann boundary con-
dition of oxygen concentration at the far end of the specimen (at
y=0). The self-coded CA model considers eight Moore neighbor-
hood lattice sites and oxygen diffuses along the boundary of the
lattices. The result shows that the oxygen concentration at the far
end satisfies the Dirichlet boundary condition as well if the oxy-
gen diffusion rates in the oxide layer and the metal are relatively
small compared to the reaction rate. This is true in most of the
real cases and the specimen is usually relatively large compared to
the oxide layer thickness.

A simple scale removal model based on the improved CA oxida-
tion model

A stochastic CA oxidation model was developed to consider the
scale removal effect. In the simple scale removal model, it is as-
sumed that the oxide layer sites which are close to oxidant sites
have a probability to move away. An average removing probabil-
ity B of a lattice oxide cell was assumed, if the oxide cell is con-
tacting with the LBE flow. The simulation results show that the
oxide layer growth following the parabolic law, with a thinner




thickness than the case without scale removal.

A new scale removal model considering the hydraulic effect (the
flow direction

In the new scale removal model, the scale removing probability
considers the influence of more neighboring cells (the eastern,
western, northern, northeastern, and northwestern sites) which
surround the objective oxide layer site. The effect of the neighbor-
ing cells on the objective oxide cell is based on the estimation of
the hydraulic effect (the flow direction). The proposed scale re-
moval model can lay a basis for a future study coupling with alloy
components added in the stainless steel.

For example, if the flow direction is assumed to be from left flow-
ing to right, more solid sites at the left hand side will make the
objective oxide cell more difficult to be removed. Basically, the
scale removing probability averaged from the total possible cases
should equal to  as in the simple model. However, the advantage
is that the newRnodel may predict a different roughness on the
oxide surface, especially when alloy components are considered,
for each cell,
PKir = fi Pkr

Where f; is a factor reflects the difficulty by which the objective
oxide cell will be removed. The more difficult a cell will be to
remove, the lower the factor value will be. Thus,

M
iz f =1
M 4
where M is the total number of the possible cases. The scale re-

moval effect on the oxide layer growth has been studied exten-
sively using the self coded CA model. The oxide layer growth was
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found to obey Tedmon’s theory.

Optimization approach in variable charge potential for metal/metal
oxide systems in the molecular dynamics (MD) simulations

A new direct approach for finding charge distributions among ions
has been proposed in the MD study. Earlier attempts on minimiz-
ing the total system energy of metal/metal oxide systems with
given charge constraints appear to be indirect and unnecessarily
complicated. The energy minimization problem is in fact an opti-
mization problem and hence can be solved by an optimization
method. The approach is based on an optimization algorithm,
called the Generalized Reduced Gradient (GRG) method. This
efficient approach can be readily employed in molecular dynamic
simulations for metal/metal oxide systems.

FUTURE WORK

The next phase of the project involves accomplishing the follow-
ing tasks:

e To interpret the macroscopic corrosion/oxidation process with
the mesoscopic CA model, including scale removal and ero-
sion to the base material.

To benchmark the CA model with the available experimental
corrosion data.

e To perform molecular dynamic simulations of lead/lead-
bismuth and iron under varied oxygen concentrations.
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Task 22
Design Concepts and Process Analysis for
Transmuter Fuel Manufacturing
G. Mauer

BACKGROUND

The safe and effective manufacturing of actinide-bearing fuels for
any transmutation strategy requires that the entire manufacturing
process be contained within a shielded hot cell environment. To
ensure that the fabrication process is feasible, the entire process
must be designed for remote operation. The equipment must be
reliable enough to perform over several decades, and also easy to
maintain or repair remotely. The facility must also be designed to
facilitate its own decontamination and decommissioning. In addi-
tion to these design factors, the potential viability of any fuel fab-
rication process will also be impacted by a number of variables,
such as the current state of technology, potential problem areas,
deployment scaling, facility safety, and cost.

RESEARCH OBJECTIVES AND METHODS

The goal of this project was to provide technical support to proc-
ess designers working on the development of the fuel cycles for
transmutation applications. Detailed process models were devel-
oped to better define the impact of fuel choice on the transmuter
fuel cycle, including relative process losses, waste generation, and
plant capital cost. These process models provide insight regarding
required plant size and the number of plants needed to mesh with
the fuel recycling line. They also determine requirements for
automation.

Manufacturing models for large-scale production in a hot cell en-
vironment were also developed. Combined, these two models
allow the assessment of plant layout, and provide the framework
for estimation of plant capital and operating cost estimates, and for
feasibility in general. The operations of robotic equipment and the
sensor technology required for safe ad reliable robot control have
been evaluated through simulations in three-dimensional space.
The manufacturing technology developed for hot cell applications
is also applicable to other, more general uses, where occupational
hazards prevent human presence near processes.

Simulations: This task modeled manufacturing processes to gen-
erate a realistic assessment of plant layout, size, feasibility, and
technology development required for large-scale remote fabrica-
tion of fuel. Modeling of the candidate fuel manufacturing proc-
esses was performed using the MSC.visualNastran and ProEngi-
neer simulation software tools. The modeling of dispersion and
TRISO fuels were completed.

Cost, Feasibility, and Large Scale Deployment: This task devel-
oped the database necessary to provide cost estimates and differ-
ential cost for various fuel manufacturing options. Cost estimates
regarding projected capital cost, reliability, and plant life were
developed and should be refined as additional knowledge is devel-
oped.

Automated Vision-Based Image Acquisition and Robot Control:
This task explored and demonstrated strategies for the reliable and
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Robot grasping a
cylindrical pellet

flexible control of the material handling robots inside the hot cell
by means of automated vision systems. Since the cameras can be
positioned outside the hot cell, such systems would have signifi-
cant advantages over sensors inside the hot cell, resulting in poten-
tially reduced system maintenance and increased system reliabil-

ity.
RESEARCH ACCOMPLISHMENTS

Hot Cell robot control: Visual servoing was demonstrated. For
this purpose, the stereo vision system was set up in a laboratory
next to a Fanuc M-16iB industrial robot.

Sensor-Robot Integration: Driver software was written, tested and
implemented for the transmission of sensor data, i.e., the target
object’s position and orientation, to the Fanuc robot controller.

Accelerated Object Extraction: The contour extraction algorithm
can require long durations during image feature extraction (Canny
Edge Detection, up to one second per image). Since the cylindri-
cal targets each cover only a portion of the image, there is no need
to apply the feature extraction to the whole image. By fragment-
ing each image into sub-images containing the desired objects, the
duration of the feature extraction can be significantly reduced.

Targets are found by under sampling the image and testing the
neighborhood of the respective pixels for their color. In applica-
tion, black pellets were used for black pixels in the neighborhood.
By merging all black neighboring locations, the rectangular
boundaries of the pellets can be determined by ascertaining their
respective contours.

To avoid the issue that corners of targets in certain angles are not
collected by the sampling, and possibly eliminated, the search
algorithm doubles the number of search points at each of the four
sides. The duration of the edge detection process depends on the
number of objects in the scene, but is usually a fraction of the
amount a complete detailed search.

Steering and Rotation of the Robot End Effector, Gripping Opera-
tions: For gripping horizontal cylindrical targets, the orientation
of the cylinder is required. The orientation can easily be computed
as the angle between the two extracted surface points and the x-




axis. To align the gripper with the target’s orientation, the last joint
of the robot has to be rotated. For this purpose, the orientation of
the cylinder in the bin (in world coordinates) is transformed to
robot-specific joint coordinates

After accomplishing the process of picking up targets with a given
position and orientation, the first autonomous tests were con-
ducted. In these tests, a single target was randomly placed in the
scene, picked up by the robot, and dropped in a box. In later test
scenarios, the robot placed the target at randomly generated posi-
tions and picked it up again. This procedure was tested iteratively.

Multiple Objects: To extract multiple objects, the existing algo-
rithm, which so far extracted only the coordinates of one object,
was extended. The extended algorithm returns a list of points rep-
resenting the two cylinder surface points for each identified target
in the corresponding image. When these lists are created for each
of the stereo image pairs, the correspondence matching between
targets in both lists is performed using epipolar geometry.

To organize the search for correspondences uniquely, additional
information may have to be included. These could be the locations
of the image edges, for example, the bottom of the first image
matches with the top of the second image.

Upright and Horizontal Targets: In general, there is no need to
differentiate between upright and horizontal objects during the
target extraction phase. The objects’ orientations have no bearing
on the appearance of the cylinder in the image (usually the mantle
and one end surface). The determination of a cylinder’s orienta-

Finding the regions containing the targets by undersampling: The
black spots represent the sample points, the black rectangles are asso-
ciated with the extracted regions.

tion is made after the two surface end points of each detected ob-
ject have been triangulated. If the resulting 3D points are located at
the same vertical elevation, the object is horizontal. Otherwise a
standing object is assumed.

Graphical User Interface: After the completion of the basic op-
erations for cylinder grasping, a demonstration application was
developed. The program offers a graphical map of the scene con-
tents (such as position and orientation of the objects), and tracks
the manipulation of single objects. To perform picking and plac-
ing of targets, the user selects a specific target by mouse click in
order to have the robot execute a set of user-defined operations.
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Task 23
Development of Nanostructure Based Corrosion-Barrier Coatings
on Steel for Transmutation Applications
B.J. Das

BACKGROUND

Advanced transmutation systems require structural materials that
are able to withstand high neutron fluxes, high thermal cycling,
and high resistance to chemical corrosion. The current candidate
materials for such structures are ferritic and ferritic-martensitic
steels due to their strong resistance to swelling, good microstruc-
tural stability under irradiation, and the retention of adequate duc-
tility at typical reactor operating temperatures.

In parallel, lead-bismuth eutectic (LBE) has emerged as a potential
spallation target material for efficient production of neutrons, as
well as a coolant in the accelerator system. While LBE has excel-
lent properties as a nuclear coolant, it is also highly corrosive to
stainless steel. The corrosion is due to relatively high solubilities
of the base and major alloying components of steel, such as Ni,
Fe, Cr, etc. in LBE at elevated temperatures. Without some protec-
tion, the steel structures rapidly corrode in LBE through dissolu-
tion and leaching of these materials.

Thus, for long term reliability of the structures, it is necessary to
provide some protection of the steel surface from corrosion, with-
out affecting the bulk properties of the steel. One such technique
that has been well investigated is the use of oxygen control at the
surface of the steel, which maintains a coating of oxide layer that
protects the steel surface. The protective layer forms due to the
higher affinities of the steel alloying components to oxygen com-
pared to lead and bismuth. However, once a continuous film of
oxide is formed, a competing process takes place; the oxide layer
interacts with the LBE causing reduction of the oxide layer at
higher temperatures.

Cross-sectional image of electro-phoretically deposited nanopar-
ticles inside nanoporous alumina.
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It is thus critical to maintain an optimum flow of oxygen at the
LBE/steel interface, which is made challenging by the non-
uniform temperature distribution in the transmutation systems. In
addition, while the oxygen control technique works effectively at
lower temperatures, it is not appropriate for higher operational
temperatures (500-600 °C), which is becoming increasingly im-
portant. Thus, it is necessary to develop alternative techniques for
corrosion protection of steel that will perform reliably at elevated
temperatures and under thermal cycling in LBE.

RESEARCH OBJECTIVES AND METHODS

The objective of this project was to develop a novel nanostructure
based coating technology that will provide significantly improved
corrosion resistance for steel in LBE at elevated temperatures
(500-600 °C), as well as provide long-term reliability under
thermal cycling. The nanostructure based coatings consisted of a
layer of nanoporous alumina with the pores filled with an
oxidizing metal such as Cr, followed by a capping layer of
alumina. Alumina, which is a robust anti-corrosion material,
provides corrosion resistance at elevated temperatures. The Cr
serves two purposes: (1) it acts as a solid filler material for the
pores in the alumina, enhancing its mechanical and chemical
integrity, and (2) it acts as a second layer of defense against
corrosion by providing a replenishable source of Cr (for the
formation of a chromium oxide protective layer) in case the
alumina layer is compromised.

The innovation of this project was the use of a nanoporous
alumina layer for the coating, which is mechanically flexible and
can expand and contract with the underneath steel surface. As a
result, the mechanical integrity of the coating is preserved under
thermal cycling. In addition to their usefulness at higher
temperatures, the proposed coatings can also provide increased
reliability at lower temperatures by complementing the oxygen
control technique. The nanostructure based coatings developed in
this project will significantly enhance the long-term reliability of
steel structures in LBE at elevated temperatures and under thermal
cycling.

Working with the national laboratory collaborator, the stainless
steel alloys HT-9 and EP-823 were chosen as the candidate
materials for investigation at this time. The above project
objective was achieved in three phases; each phase will be carried
out over a one-year period.

Phase | developed the fabrication technology for the coatings on
steel, and studied their structural integrity at elevated temperatures
and under thermal cycling.

Phase Il performed corrosion studies of the structures in LBE at
elevated temperatures.

Phase Ill used the data from Phases | and Il to develop an



optimized coating technology for improved structural integrity
under thermal cycling, and improved corrosion resistance in LBE
at elevated temperatures. If necessary, multiple layers of such
coating structures were used for increased resistance to corrosion.

During Year 3 of the project (2006-2007), extensive investigation
was carried out on the deposition of longer and improved quality
metal nanowires inside the pores using a new technique as well as
the establishment of the experimental setup for characterization of
the coatings.

RESEARCH ACCOMPLISHMENTS

As reported previously, during Phases | and Il of the project, a
significant problem was encountered with the synthesis of Cr
nanowires inside the alumina pores, the uniformity of coverage
was very poor. As a result, alternative metals to form nanowires
were looked into and nickel was selected primarily due to its es-
tablished electrochemical synthesis procedure.

A number of recipes were investigated for their suitability for syn-
thesis inside nanoscale pores, and the process parameters were
experimentally optimized for the synthesis of nanowires. The
deposition of the Ni nanowire was performed in a two-electrode
arrangement with a mixture of NiSO4H,0, NiCly*sH,O and
H3BOs as the source of Ni. The wires were deposited at a potential
difference of 1 V between the anode and the cathode and at ambi-
ent temperatures. The Ni nanowire samples were characterized by
Field Emission Scanning Electron Microscopy (SEM), which
showed excellent uniformity and coverage. However, while Ni
can provide very good structural integrity to the porous alumina,
one potential problem is its higher dissolution rate in LBE.

In addition, it was noted that the heights of the Ni nanowires were
limited, and even with extended deposition times, the heights were
limited to a few tenths of a micron. This limited height was be-
lieved to be arising due to the dynamics of fluid flow inside the
nanoporous alumina.

To address the above issues, two different approaches were taken,
A systematic study was continued during the past year to improve
the deposition uniformity of the Cr nanowires, and some improve-
ment was achieved. The uniformity of coverage showed improve-
ment and experimental optimization of process parameters was
continued for further improvement of the coverage uniformity. In
addition, a new and promising approach was initiated for the depo-
sition of metal nanowires inside the nanoporous alumina as de-
scribed below.

During the third year, a new technique was initiated and investi-
gated for the deposition of metal nanowires inside the nanoporous
alumina. This technique involves the electro-phoretic deposition
of nanoparticles inside the pores followed by recrystallization into
nanowires. The major advantage of this technique is that the
chemistry of nanoparticle synthesis is separated from the forma-
tion of nanowires, as a result it has the potential to eliminate the
limitations encountered in nanowire synthesis. Nanowire deposi-
tion inside the alumina pores is made challenging by the nanoscale
fluid flow and chemical reactions inside the nanoscale volume of
nanoporous alumina pores. In this new technique, nanoparticles of
the desired metal are first synthesized by an established technique
in an emulsion form, which are then incorporated inside the
nanoporous alumina pores. Since nanoparticles are relatively less
complex to incorporate inside pores, it provides an excellent
means for the synthesis of nanowires of good uniformity and de-
sired heights. The nanoparticles can be synthesized using an estab-
lished technique such as sol gel technique. The nanoparticles can
be then annealed to form the nanowires or sonication can be used
during electro-phoretic incorporation to form the nanowires.

Deposition of Cr nanowires on steel substrates will be achieved by
using the following procedure. A new batch of steel samples will
be coated with metallic aluminum which will be anodized using
constant current anodization. Since it is not possible to obtain
cross-sectional images of the structures on steel samples, the volt-
age-time characteristics will be measured to monitor the quality of
the anodized alumina structures. A typical voltage-time character-
istic obtained during the anodization of aluminum on steel sam-
ples, when compared to data from silicon samples, confirms the
good quality of the nanoporous alumina. Cr nanoparticles will be
synthesized using the sol-gel technique and will be then electro-
phoretically incorporated inside the nanoporous alumina. Sonica-
tion will be used during deposition to fuse the nanoparticles to
form nanowires. A sonication apparatus was obtained for this pur-
pose. This will be followed by the deposition of a thick film of
dense alumina, the process technology for which has already been
developed during the previous phase of the research.
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Task 24
Development of Integrated Process Simulation System Model for
Spent Fuel Treatment Facility Design
Y. Chen and S. Hsieh

BACKGROUND

Integrating and enhancing the Argonne Model for Universal Sol-
vent Extraction (AMUSE) code, which contains a great deal of
chemical separations processing, was part of TRP Task 8. Simu-
lating the Light Water Reactor (LWR) Spent Fuel Treatment Fa-
cility (SFTF) processes is the major focus for this project. This
approach combines commercial process simulation software
(ASPEN-Plus) with the chemical separation calculation from the
AMUSE code. Based on the current Integrated System Optimiza-
tion Program, 1ISOPro (developed by UNLV) this project aims to
create a system framework that interacts with both programs and
provides analyzed results useful for a SFTF design that provides
the functionality of receiving, temporarily storing, and preparing
spent nuclear fuel for leaching.

A spent fuel treatment facility has many individual processes that
make up the overall separation. Each block in the overall process
flow sheet represents a unique process that carries out an individ-
ual chemical separation, and each block contains numerous opera-
tions that are responsible for the chemical separation.

The Uranium Extraction Process (UREX) is often the first removal
process in the overall scheme of spent fuel recycling. After ex-
tracting U and Tc from the spent fuel, the washed and rinsed efflu-
ents (Cs/Sr raffinate) move on to the next separation process.

A key concept in the SFTF plant design is the recycling of nitric
acid. The purpose of the nitric acid recycling system is to concen-
trate the spent nitric acid to a desired molarity which, in turn, can
be recycled back into the process. The spent nitric acid streams
from many processes are collected and sent to a distillation col-
umn where it is separated from the impurities collected in the vari-
ous separation processes.

RESEARCH OBJECTIVES AND METHODS

The major objectives will lead to the creation of a framework that
combines all the strengths of AMUSE’s complicated calculations,
well-established commercial system process package, and 1SO-
Pro’s flexible parameter optimization modules. Development of
the process simulation code can be done using the solvent extrac-

tion process at Argonne

Lossd Pravious rmwum
\‘\__ _|Usecase; Load Previous Flowshizet

. National Laboratory in

' wownalskam ) ! , collaboration  with the
— P research team from the

Mechanical Engineering

Department at UNLV. The
objectives are as follows:

SU

1l -

AMLEE simubalion

Creabe MewFlowsest

Saveto bkp il

Drplay ASPENPlus resut

#is Dagrany

i Tala i A Piesentalion | nstraints

A Source | Co

| “aProperties | & Docurmentation | I a Stereotype |

Warning! VWhat itemns you check is not saveil
¥
| Doas the name 'BMUISE Infarface’ clearly descr
| 15 WILISE lalerfaci' @ Aoun of ol phrage?
| Could the rame SMUSE Inmeace” be misiaterareted 1o mean something else?
| Should AMUSE Intarfaca be s own class or @ simple sfnbuie of another class?
| _Doas AWUSE Inberfaca do exacty one thing and do i well?
] Couldd AMUSE Inbarfies b Broken dowi inlo e or are elasses
L Dol atiribatas o AMUSE Inerface start with mesningul alues?
| Could yau wnta an in ¥
| Do all constucions e
| [ Doall operations 1 Inr- cl faril?
| Could AMLISE Interface be defingd in & diferentlocation in the dlags Risrarhy?
L_| Have you plannad 10 have subclasses of AMUSE Inerace?
| Could AMUSE inberface be eliminabed frorm the madel?
| [ Iz tere anotmer class in the model thal should be reviged or eliminaled becsuse i
| Forwhat rezsons will an instance of AMUSE Interface De updated?
| Is tners some oinar obiect that mest be undsiad whenewer AMUSE Interface is updatad?

ibe the class?

reanant®

1
..
Generaly Repord

& Tagped Values

gares e same purpose as AMUSE Interface?

e To develop a frame-
work for simulating the
Spent Fuel Treatment Fa-
cility process using the
AMUSE code, ASPEN-
Plus commercial process
package and ISOPro sys-
tem engineering model.
To develop middle-
ware interfaces that can
communicate between the
AMUSE code and AS-
PEN-Plus packages.

To extend the existing
system engineering model
for the optimization proc-
ess that includes process
simulation results.

To include a scenario-
based database system that
efficiently reports required
information as chart out-
put using web-based pro-
gramming, and Microsoft

Disgday AWM USE et

1
Saveto Dot abase

"2 Checkist | °

Descripdion

Use Case for the updated ISOPro package.
52

Visual Basic (MS VB).



.
-
o
=1

enpp

Detailed design factors for the ““Flowsheet™ module are docu-
mented in the property sheet shown at the bottom.

RESEARCH ACCOMPLISHMENTS

e Completed final version of the ISOPro User Manual associ-
ated with summarized ISOPro source codes.

e Redesigned and completed use case and design class diagrams
(DCD) of the ISOPro package using ArgoUML.

e Improved ISOPro system and AMSUE data flow and re-
coding on VB.NET and ActiveX Data Objects (ADO) with
improved data reading function.

To better maintain and improve the 1ISOPro system engineering
package, construction of Unified Modeling Language (UML) dia-
grams was initiated. Unlike the general user manual or tutorial, the
UML diagrams are specifically designed for communication
among programmers and software engineers with standardized
terminology and module definition. The creation of such diagrams
provides high flexibility on version control, code comparison and
module modification. They can be distributed to different develop-
ment identities (institutes) in the future for coordinating software
improvement and modification efforts. Three major components
were developed. They are Use Cases for ISOPro package, Class
Diagram for AMUSE middleware interface, and Class Diagram
for ASPEN-Plus middleware interface.

Use Case Model

Use cases are about defining requirements needed for the package
development. For example, 15 user goals were determined in the
current ISOPro system. The user initially decides to execute either
the AMUSE or ASPEN-Plus package. Once the package is se-
lected, sequential actions are followed. Each block (goal) is asso-
ciated with a checklist that guides the code development. Use
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cases summarize both functional and non-functional requirements.
To improve the package in the future, developers can easily iden-
tity existing functional blocks from use cases and effectively mod-
ify this package.

Design Class Diagram

Design class diagrams are used to identify the specification for the
software classes after determining use cases. Information related
to classes, associations and attributes, interfaces, methods, and
dependencies was included in the DCD. There are seven classes
associated with ExprotFilePaser class. No method was developed
under these classes.

Initial design of the ISOPro interface read in a large amount of
ASPEN-plus parameters into the system (or database), which
slows down the system dramatically. The identified solution was
to rewrite the program to read in all parameter fields into database
sequentially and flag null parameter fields during reading. An op-
timized “search” algorithm was implemented to exclude those null
data fields during data from the database into the interface. The
improvement was completed. UML diagrams were used to evalu-
ate data flow and efficiency for the ISOPro system. The ISOPro
interaction with the AMUSE macros was identified as the bottle-
neck. The proposed UML diagram solution is to change the exist-
ing VB programming into a VB.NET architecture, which provides
better data access module and easier coding style. The Improve-
ment was started by changing AMUSE data flow and re-coding
ADO for better extendibility and maintainability. Methods and
attributes from complicate classes such as TreeView, Flowsheet,
and FlowsheetProperty have been identified. The development of
the diagram makes maintenance and modification more effective.
Programs or modules from the ASPEN-Plus simulation can be