A perspective on coupled multiscale
simulation and validation in nuclear
materials
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The field of nuclear materials encompasses numerous opportunities to address and ultimately
solve longstanding industrial problems by improving the fundamental understanding of
materials through the integration of experiments with multiscale modeling and high-performance
simulation. A particularly noteworthy example is an ongoing study of axial power distortions
in a nuclear reactor induced by corrosion deposits, known as CRUD (Chalk River unidentified
deposits). We describe how progress is being made toward achieving scientific advances
and technological solutions on two fronts. Specifically, the study of thermal conductivity
of CRUD phases has augmented missing data as well as revealed new mechanisms.
Additionally, the development of a multiscale simulation framework shows potential for the
validation of a new capability to predict the power distribution of a reactor, in effect direct
evidence of technological impact. The material- and system-level challenges identified in
the study of CRUD are similar to other well-known vexing problems in nuclear materials,
such as irradiation accelerated corrosion, stress corrosion cracking, and void swelling;
they all involve connecting materials science fundamentals at the atomistic- and meso-

scales to technology challenges at the macroscale.

Introduction

Developing materials for nuclear applications is an endeavor
recognized for formidable scientific challenges leading to sig-
nificant societal benefits. It is also a field where the connection
between the “push” of fundamental science to higher length
scales and the “pull” of applied technology from lower length
scales is notoriously difficult. The fundamental scientific
challenges in materials research for advanced nuclear energy
systems have been recently prioritized; see, for example, the
DOE-BES (Department of Energy-Basic Energy Sciences)
workshop report in 2006' and a collection of overviews.>?®
Briefly they may be stated as: “Understand, model, and control
chemical and physical phenomena in multi-component systems
across multiple length/time scales by developing mechanism-
based materials models for use in Integrated Performance and
Safety Codes validated for temperatures to 1000°C and radi-
ation doses to hundreds of displacements per atom.”' The state-
ment inherently requires bridging the so-called “valley of death,”
or gap between the micro- and the macroscales. It is also a grand

challenge in the sense of convincing the regulators and industry
to regard the solutions as worthy of significant investment.

In 2008, the Idaho National Laboratory (INL) began devel-
opment of the Multiphysics Object Oriented Simulation
Environment (MOOSE) framework for the rapid development
of massively parallel simulation tools.* MOOSE has matured
to include many advanced capabilities, including the ability
to perform coupled multiscale simulations’ and full reactor
core analysis.® In 2010, the first Energy Innovation Hub, an
alliance of national laboratories, universities, and the nuclear
power industry in the United States, was established by the
US DOE with the goal of creating a predictive capability for
a full virtual nuclear reactor.” Among the industrial challenge
problems targeted by this Hub, the Consortium for Advanced
Simulation of Light Water Reactors (CASL), are the conse-
quences of nuclear corrosion deposits, known as CRUD (Chalk
River unidentified deposits, after the location of its first discov-
ery, Chalk River, Canada).!” (Note: The structure and effects of
CRUD will be discussed in greater detail in the next section.)
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A MOOSE-based simulation tool, known as
MAMBA-BDM* (materials performance and

Schematic of a PWR

optimization advanced materials/boron analyzer-
boron deposition model),"" was developed
as part of CASL efforts to model the micro/
mesoscale evolution of CRUD.

In this perspective, we examine two aspects
of the ongoing study of CRUD to identify the
elements that illustrate current progress toward
achieving scientific advances that have tech-
nological impact. First is the formulation of a
microstructure-based description of heat con-
duction through porous CRUD, which improves
upon previous treatments by including mechanis-
tic, microstructure-dependent materials models.
This development draws attention to important
details of heat transport in CRUD that are cur-
rently missing. The second element deals with
bringing improved materials science under-
standing to the system level by implementing
a mesoscale model to track the accumulation
of boron- and lithium-bearing species in CRUD
over time scales from seconds to years. The val-
idation of this integration directly against plant-
level nuclear reactor data would be a significant
illustration of technology impact. With CRUD as
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Figure 1. (a) Image of CRUD (Chalk River unidentified deposits) (dark areas) on
a pressurized water reactor (PWR) fuel assembly,?? (b) cross-section of CRUD showing
a network of boiling pathways and characteristic porosity,* and (c) scanning electron

microscopy micrograph of particles comprising CRUD in an operating PWR."® The
multiscale heterogeneous nature of CRUD is responsible for its deleterious effects on
light water reactors, allowing boron compounds to accumulate and cause CRUD-induced
power shift, and degrading heat transfer to induce CRUD-induced localized corrosion. PWR
schematic courtesy of the European Commission. Information provided courtesy of EPRI.

an illustrative example, we point to other nuclear

materials phenomena such as radiation-accelerated corrosion,'
stress corrosion cracking,' void swelling,'* and irradiation
creep," all possessing common underlying elements, as com-
pelling problems for research at the mesoscale frontier.'®

The origins of CRUD

CRUD is the term for the particular phenomenon of corrosion
deposits that form on the upper spans of nuclear fuel rods in
nuclear reactors. Photographs, micrographs, and a schematic
of CRUD explaining its origin and preferential deposition in
a nuclear plant are shown in Figure 1. During operation of
the reactor, corrosion products are formed at reactor internal
surfaces, particularly in the steam generators, internal piping,
and valves.!” These components form passive oxide films, typ-
ically composed of Fe, Ni, and Cr oxides, that release soluble
cations and particulates into the water coolant,'®!” the latter
being strikingly similar to the oxide particles found in studies
of the corrosion of reactor internal alloys outside of power
plants.'®2° The soluble cations and particulates are then car-
ried toward the fuel rods, where typically high heat fluxes can
give rise to sub-cooled boiling, a phenomenon occurring when
bubbles form on a superheated surface and collapse as they
enter a liquid below the boiling temperature. As bubbles form

* MPO Advanced Materials/Boron Analyzer—Boron Deposition Model. “MPQ” stands
for materials performance and optimization, one of the five focus areas established by
the Consortium for Advanced Simulation of Light Water Reactors.
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and collapse on the cladding surface, typically in the upper
regions of the core, the solutes in the liquid trapped under-
neath the bubbles precipitate out?! to form a porous network of
boiling pathways, seen in Figure 1b.

CRUD’s effects on power plants

While the materials science aspects of the formation and
growth of CRUD lie at the microscale, the technological impacts
of the effects of CRUD manifest themselves at the macroscale
or system (plant) level. Two system-level effects of CRUD—
CRUD-induced localized corrosion (CILC) and CRUD-induced
power shift (CIPS)—can affect reactor operation and safety
and are of primary concern. CILC occurs locally underneath
the CRUD, where high concentrations of metallic and oxide
impurities and ionic species®* accumulate via boiling and
deposition.'® Fractions of a percent of boric acid (H;BO;) and
parts per million of lithium hydroxide (LiOH) are present in
the coolant (light water), while metal and oxide impurities
originate at the internal surfaces of the reactor. The local con-
centrations of these species, along with the locations of hot
spots caused by growing CRUD, are responsible for pinhole
leaks that are exceedingly difficult to mitigate. CIPS involves
the shift of the axial power level downwards in the core, away
from regions where CRUD forms. It also occurs due to the
concentration of species in the CRUD, particularly those con-
taining boron, which is a strong neutron absorber. Because
CRUD forms preferentially on the upper regions of fuel rods,
the accumulation of boron-bearing compounds locally depresses
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the neutron flux near the top of the core, causing the power
spectrum to shift downward, away from the CRUD, across the
entire length of the fuel assemblies. This axial distortion
is a problem in reactor control and safety, especially during an
accident, since the control rods (in pressurized water reactors)
are inserted from the top of the reactor. For safety reasons, if
distortion exceeds a certain magnitude, the reactor is required to
reduce its power rating, in some cases by as much as 15-20%.%
This is due to the flux depression at the top of the core removing
the ability of the control rods, known as “control rod worth,” to
quickly shut down the reactor in the case of an accident.

Materials property challenge: Thermal
conductivity of CRUD

Previous efforts to model the thermal behavior of CRUD?2426
have been mostly empirical, justifiable up to now because the
macroscale impact on the power plant was of more concern
than the microscale materials science of CRUD. As a result,
the microstructure and functional behavior of CRUD have not
been investigated in sufficient detail.

Part of the science-based knowledge currently lacking is
information on the thermal conductivity of CRUD. For a highly
porous, tortuous network of pores, particles, and precipitates,
the thermal conductivity cannot be expected to be a simple
material property adequately described by a single constant.
Yet experimental measurements of CRUD’s effective thermal
conductivity have been treated as if CRUD were a uniform
solid.™ This assumption is valid, at best, over a limited set of
conditions. Clearly, it does not allow for the highly heteroge-
neous structure of the porous deposit to be taken into consid-
eration. Several previous models®* have assumed that CRUD
has an effective thermal conductivity as measured in macroscale
experiments.?”? Neglecting microscale effects makes it diffi-
cult to compare and cross-check different models. An example
of an attempt at science-based modeling is to treat CRUD as a
self-similar, fractal-like network of pores containing single or
two-phase fluids."" This model calculates the intrinsic thermal
conductivity of CRUD rather than fitting it to a measurement.
In this way, one can probe the key factors governing CRUD
growth, such as whether the fluid dries out in the CRUD,
whether the materials properties are modeled consistently, and
whether any fundamental data are missing in the description.

In implementing the MOOSE-based simulation tool
MAMBA-BDM, it was realized that the thermal conductivity
of trevorite, the most common phase in CRUD,* had never
been measured, while a value of 8 W/mK for trevorite had

*This effective thermal conductivity can be estimated from microscale simulations by
treating the CRUD as a homogeneous solid and calculating what its thermal conduc-
tivity would have to be based on the temperature difference across it.

* CRUD is typically composed of any number of the following phases: nickel metal,
NiO, Fe,0,, NiFe,0, (trevorite), and Zr0,. Boron-lithium compounds that form within its
pores include LiBO,, Li,B,0,, B,0,, higher-order polymorphs of Li/B/0 compounds, and
Ni,FeBO; (bonaccordite).
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been assumed based on data for similar spinel compounds.*
Subsequently, single-crystal specimens were prepared, and
a thermal conductivity of 3.5-4.5 W/mK was measured in
the temperature range of interest.*® This finding significantly
lowered the simulated value of CRUD’s thermal conductivity,
placing it closer to experimental results. Before one can make
meaningful simulations that approach realistic agreement with
actual CRUD measurements, it will be necessary to consider
the effects of a heterogeneous microstructure and the mechanism
of thermal transport, still a work in progress. A particularly rel-
evant challenge is the understanding of dry-out conditions in
the pores, which can significantly affect the heat transport.

System integration challenge: Full-core CIPS
validation

Modeling the effects of CRUD at the level of a full reactor core
with enough resolution to distinguish mesoscale processes, in
this case beyond the length scale of CRUD’s constituent par-
ticles (100s of nm to microns), has thus far proved to be intrac-
table for lack of massively parallel computational capabilities.®
On the other hand, this is the kind of demonstration that would
be effective in convincing the nuclear technology community
of the unique impact of computational science.**> Recent initial
successes have focused on both utilization of high-performance
computing and approaching the CRUD problem with a new
modeling framework to reach this goal.

MAMBA-BDM has been written in MOOSE?® to take
advantage of a multiphysics simulation framework that is
highly abstracted, extendable, and dimension agnostic. This
framework is built on an existing platform of numerical solu-
tion tools for finite element problems (LibMesh for meshing,*
PETSc [the Portable, Extensible Toolkit for Scientific Com-
puting] for numerical solvers®¥), which makes it generally
applicable to problems at many length scales, from the plant
level all the way down to the microscale, using the same consti-
tutive models. In the present instance, one is able to build nested
simulations, each of which explores phenomena in a certain
domain of length and time, to approach the level of a full-core
simulation. By enabling the choice of length and time scales
at each stage, one can optimize the tradeoff between simulation
fidelity and computational execution time. This capability pres-
ents a quantifiable path to validate the simulation with measure-
ments observable in a plant, as illustrated in Figure 2.

Figure 2 shows a recent MOOSE-based multiscale, full-
core reactor simulation achieved by simultaneously solving a
problem that involves neutron transport®® and thermal-fluids®
analyses that explicitly consider over 3000 fuel rods,*” each
with six MAMBA-BDM simulations run at different heights
up each fuel rod to calculate the axially dependent CRUD
buildup and boron accumulation on each fuel rod. The develop-
ment of CRUD thicknesses over time was prescribed based on
values taken from the literature.*® Boron levels in the CRUD
were fed back to the neutronics calculation to change the neu-
tron flux, while the thermal resistance of the CRUD formed
a boundary condition on the outside of the fuel cladding, and
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Figure 2. Path to technological impact in the prediction of CRUD-induced power shift (CIPS). (a) Full-core, multiscale simulations of
coupled neutron transport, thermal transport, and CRUD buildup with its resultant boron accumulation® produce a curve of boron mass
versus burnup (b) (in effect, boron mass versus time for this simulation), while (c) ex-core plant measurements of CIPS versus burnup'” were
obtained by measuring neutron flux levels at different heights along the core and can be converted into a matching curve of boron mass
versus burnup (b). The red curve in (a) is a plot of axially averaged fission power versus height in the reactor core. Upon startup, this profile
was quite symmetric about the mid-plane of the reactor. After CRUD growth and boron deposition, one can note how the power spectrum
shifts downward, away from the right-adjacent 3D plot of boron concentration in the core. BISON* is a fuel performance code written in
Idaho National Laboratory’s MOOSE code. RELAP-7 is a 1D nodal full-plant fluid flow model, also written in MOOSE. The temperature
color legend is in K. Note: CRUD, Chalk River unidentified deposits; MOOSE, multiphysics object oriented simulation environment; RELAP,
reactor excursion and leak analysis program; PWR, pressurized water reactor. Information provided courtesy of EPRI.
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the local coolant temperatures and clad heat fluxes were fed
back to each simulation of MAMBA-BDM. This coupled pro-
cess was repeated at each variable-length time step for a full
fuel cycle (18 months), resulting in an axial profile of the
reactor power. A volume integrating postprocessor was used
to compute the total amount of boron in the core as a function
of time. This curve, combined with the power profile versus
time in the simulation and the mass of fissile material in the
core, yields a curve of boron versus burnup. Here, “burnup”
refers to the measure of energy released per mass of fissile metal,
measured in gigawatt-days per metric ton of metal (GWd/tHM).
Figure 2¢ shows measurements from a nuclear power plant
in percent CIPS as a function of burnup. The mass of boron
responsible for the power shift can be calculated from these data,
yielding an analogous curve of boron mass versus burnup as
the full-core simulation. The direct comparison of the multi-
physics, multiscale calculations just described with burnup data
recorded at a particular power plant is shown in Figure 2b. To
our knowledge, this is one of the first direct methods to explic-
itly confront model-based simulations and plant measurements
made possible by post-processing existing data.

In this illustration, Figure 2b is a comparison not commonly
seen or discussed. It is significant because it demonstrates what
is involved in understanding the performance of an actual nuclear
power plant in terms of model developments and large-scale
computations. The discrepancy seen between the reference
calculations and actual data in Figure 2b is actually encourag-
ing, because there are mesoscale and macroscale effects that
have not yet been properly taken into account in the models.
Two such effects that should be noted are, first, the preferential
transmutation of '°B (the cross-section of this isotope is 1000x
larger) in the CRUD, and second, the amount of boric acid in
the coolant that decreases with time during a fuel cycle. (In the
calculations, a constant boron concentration in the coolant was
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assumed.) Both depletion effects would cause a reduction in the
initial boron accumulation as well as in its eventual downturn.
It should be noted that the effects of CRUD stem directly
from the mesoscale features of the simulation. Sensitivity to a
lower-length scale parameter, such as CRUD thermal conduc-
tivity or method of permeability calculation, can be studied and
the full comparison repeated. Using this framework, the syner-
gistic mesoscale effects at the engineering scale of CRUD can
be systematically isolated and analyzed. This capability may
be regarded as a science-based technological impact. It would
allow reactor operators to potentially predict the effects of dif-
ferent CRUD parameters, fuel loading patterns, reactor water
chemistry, and other plant variables in evaluating CIPS risk.
To develop the capability for full-core simulation using
mesoscale models is a formidable challenge. The complexities
are not unique to the study of CRUD. The interplay between
different phenomena in physics, chemistry, mechanics, and
materials plus the effects of radiation demand a suite of inte-
grated models, experiments, and plant measurements to be used
in an iterated fashion. Arguments could be made for either
improving the physics understanding or improving the com-
putational approach to empirically model such complex phe-
nomena. Here, we are suggesting a mix of both is needed.

Nuclear materials’ aging problems at the
mesoscale science frontier

Our foregoing discussions of the complexities of CRUD at both the
materials property level and the system integration level bring out
broad underlying elements common to other materials problems,
nuclear or otherwise, that offer science challenges and prospects of
technology breakthroughs. Last year, a concerted effort was made
by the DOE Office of Science to engage the scientific community
in exploring research opportunities at the frontiers of mesoscale
science.®* At the outset, it was understood that mesoscale
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science is an open concept, the frontiers of
which the scientific community at-large should
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The fundamental physical phenomenon un- Figure 3. Examples of upturn behavior in functional responses of nuclear materials,
derlvine CRUD and other similar problems is the pointing to the need for understanding of underlying mechanisms at the mesoscale.
o ,g . p N (a) Runaway zirconium corrosion caused by irradiation (adapted from Reference 44).
evolution kinetics of the mesoscale structure. (b) Sudden upturn in intergranular stress corrosion cracking (SCC) failure with increasing
By this we mean the time-dependent relation- neutron fluence (adapted from Reference 43). (c) Rapid onset of swelling of 316 L stainless

steel in the EBR-II (Experimental Breeder Reactor) as a function of temperature (adapted

ship between the evolving “defect” configura- from Reference 14). Note: PWR, pressurized water reactor.

tions on the mesoscale (e.g., CRUD thickness,
composition, and morphology) and the corre-
sponding functional properties (thermal conductivity and effects concept as essential to the success of strategic alliances, espe-
on the reactor power distribution) at the macroscale. This relation cially where the reliability and optimization of materials are

is an extension of the familiar structure-property correlation, involved. In fact, this concept should be applicable to prac-
a longstanding concept in materials science. Here, because of the tically any field, where scientific foundations and practical
complexity of the phenomena, one is concerned with cross cor- applications lie at the microscale and macroscale, respectively,
relations, the linking of different sets of degrees of freedom, because the gap between science push and technology pull
or variables associated with different spatial and temporal scales. is inherent to scientific exploration and discovery.

We therefore define the “mesoscale” as it applies to the prob-
lem of CRUD as integrated transport, chemical, and geometrical Summary
properties larger than those of individual phase constituents of ~ We envision a multiphysics and multiscale computational

CRUD but smaller than the length scale of a single fuel pin. approach to the longstanding problem of Chalk River unidenti-
To give a quick illustration of the considerable challenge fied deposits (CRUD) in nuclear reactors, encompassing relevant
involved, one can turn to a number of longstanding prob- length scales from atomistic and thermodynamic simulations

lems in nuclear materials where an upturn (kink) in the critical to micro/mesoscale simulations of localized effects. The goal
functional behavior clearly calls for resolution in terms of  is to estimate full-plant performance with direct links to phe-
underlying mechanisms. The common feature in the examples nomena occurring at the lower length scales. A first attempt
shown in Figure 3 is the impact of radiation on the temporal at reconciling a coupled simulation of CRUD at the current
response at the system level, whether it is in corrosion of  limits of computational capabilities with reactor-plant measure-
the cladding,'? irradiation-assisted stress corrosion cracking,* ments provides a reference basis for understanding the time-
or radiation-induced swelling.'* In corrosion, radiation causes dependent effects of boron accumulation and depletion during
a sudden acceleration compared to corrosion without radiation reactor operation. Opportunities for understanding materials
at the same temperature. Neutron fluence is also a strong factor phenomena at the mesoscale in the broad fields of corrosion and
in determining when intergranular stress corrosion cracking radiation damage in nuclear systems are noted.
takes off. Finally, the combined effects of radiation and tem-
perature can be seen in the changes in radiation void swelling ~ Acknowledgments
versus temperature of 316 L stainless steel, where an expression The authors acknowledge funding from the Consortium for
to determine the time and magnitude of the upturn for swelling is Advanced Simulation of LWRs (CASL) and laboratory directed
not yet known. Returning to CRUD, incorporation of the spe- research and development (LDRD) funding from the Idaho
cific effects of radiation on CRUD’s boron levels and microstruc- National Laboratory (INL). Thanks are due to Yaqi Wang and
ture are the most promising routes to bringing simulations and Andrew Slaughter for preparing calculations related to the full-
experiments into closer agreement. This path could also improve core simulation. The work would also not have been possible
the understanding of other CRUD effects on power plants, without the insight and technical expertise of Cody Permann,
such as CILC, CRUD radioactivity levels, and the effects of David Andrs, Rich Williamson, Richard Martineau (INL),
radiolysis chemistry on the formation and growth of CRUD. David Andersson and Brian Kendrick (LANL), Brian Wirth
It seems appropriate that mesoscale science should play (U. Tennessee), Don Brenner and Chris O’Brien (NCSU),
a key role in the quest for coupling scientific advances with Dennis Hussey (EPRI), and Zeses Karoutas and Jeff Secker
technological impact. We see the further development of this (Westinghouse).
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Nanoimprint Lithographic Surface Patterning of Sol-Gel

re o Taen: Fabricated Nickel Ferrite (NiFe,0,)
~ & Goran Rasic and Justin Schwartz, North Carolina State
- University

Textured NiFe,O, (NFO) thin films were deposited at room tem-
perature by chemical solution deposition onto c-plane sap-
phire substrates. A nanoimprint lithography technique using
a polydimethylsiloxane (PDMS) stamp was used to transfer a
pattern from a master to the thin film which was subsequently
annealed to crystallize the NFO. Atomic force microscopy scans
showed good periodicity and feature profile over a large area
which was confirmed with cross-sectional transmission electron
microscopy. X-ray diffraction revealed textured single phase
inverse spinel NiFe,O,. Magnetic measurements of patterned
Creating textured surfaces using plasma electrolysis thin films showed a large reduction in coercivity due to demag-
netization factors. DOI:10.1557/mrc.2013.44

2013

Volume 3, Issue 4

Zhiling Zhang, Mukul Dubey, David Galipeau,
and Qi Hua Fan, South Dakota State University;
James Hoefelmeyer, University of South Dakota;

and llham Al-Qaradawi, Qatar University First-principles study of metal-induced gap states

Plasma electrolysis (PE) is a combination of electrolysis and in me|u|/°xide interfaces and their relation with
plasma discharge. Previous studies indicated that PE usually
the complex band structure

created porous surface with irregular morphology as a result of
the plasma-cathode interaction that was dominated by physical Pablo Aguado-Puente and Javier Junquera, Universidad
reactions. This paper demonstrated that highly ordered textured ~ de Cantabria

silicon surfaces could be created using PE. This abnormal aniso-
tropic etching phenomenon implied that the chemical reactions dependent decay factors of metal-induced gap states in metal/
were decoupled from the physical processes and the physical  jysyjator interfaces considering the collective behaviour of all the
reactions were suppressed. Raman spectra confirmed that the |k complex bands in the gap of the insulator. The agreement
textured silicon surface created by PE conserved the crystalline  petween the penetration length obtained from the model (con-
structure. Therefore, PE may lead to new process regimes for  sjdering only bulk properties) and full first-principles simulations
surface engineering. DOI:10.1557/mrc.2013.46 of the interface (including explicitly the interfaces) is good. The
influence of the electrodes and the polarization of the insula-
tor has been analyzed. The method simplifies the process of

. screening materials to be used in Schottky barriers or in the
Novel magnetic arrangement and structural design of giant tunneling electroresistance and magnetoresis-

phase transition induced by spin-lattice coupling tance devices. DOI:10.1557/mrc.2013.43
in multiferroics

We have developed a simple model to compute the energy-

Satadeep Bhattacharjee, Dovran Rahmedov, e
Laurent Bellaiche, University of Arkansas Improved Performunce Of 3D NI-TIO2 Core-shell

and Dawei Wang, X"an Jiaotong University Nanowire Photoanodes in Dye Sensitized Solar Cells
Using an effective Hamiltonian of mutiferroic BiFeO, (BFO) as
a toy model, we explore the effect of the coefficient, C, charac-
terizing the strength of the spin-current interaction, on physical ~ We report a facile way to fabricate three-dimensional (3D)
properties. We observe that for larger C values and below a  Ni-TiO, core-shell nanowire arrays through anodic aluminum ox-
critical temperature, the magnetic moments organize themselves  ide (AAO) template-assisted sol-gel TiO, nanotube shell growth
in a novel cycloid which propagates along a low-symmetry di-  followed by Ni core using room temperature constant current
rection and is associated with a structural phase transition from  electrodeposition. The 3D Ni-TiO, nanowire based dye sensi-
polar rhombohedral to a polar triclinic state. We emphasize that  tized solar cell (DSSC) endows a 67% increase in conversion
both of these magnetic and structural transitions are results of  €fficiency as compared to the TiO, nanotube DSSC and maxi-
a remarkable self-organization of different solutions of the spin- ~ mum conversion efficiency of 5.07% was obtained by surface
current model. DOI:10.1557/mrc.2013.45 treating the photoanode with TiCl, which provides enhanced
light scattering and surface passivation. Indeed, this work paves
the way to build reliable 3D Ni-TiO, nanostructured photoanodes
for highly efficient DSSCs. DOI:10.1557/mrc.2013.42

Gayatri Sahu and Matthew A. Tarr, University of New Orleans
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Oxygen-permeable membrane materials based
on solid or liquid Bi,0,
Valery Belousov, Russian Academy of Sciences, Russia

Most important advances of the last years in research and de-
velopment of oxygen ion transport membrane materials based
on solid or liquid Bi,O, are briefly given. Special attention is paid
to the transport properties of novel NiO/5-Bi,0, and In,0,/5-Bi,O,
ceramic and ZnO/Bi, 0, solid/liquid composites. These compos-
ites show promise for use as ion transport membranes with the
oxygen permeation rate comparable to that of the state-of-the-
art membrane materials. The in situ Bi,O, melt crystallization and
grain boundary wetting methods of formation of the gas-tight
composites are considered. DOI:10.1557/mrc.2013.41

Reversible Dislocation Motion and Microcracking
in Plastically Anisotropic Solids under Cyclic
Spherical Nanoindentation

B. Anasori and M.W. Barsoum, Drexel University

Recently, fully reversible dislocation motion was postulated to
result in hysteretic nanoindentation load-displacement loops in
plastically anisotropic solids. Since microcracking can also result
in hysteretic loops, herein we define a new parameter, reversible
displacement, RD, that can differentiate between the two. For C-
plane LiTaO, surfaces and 5 other plastically anisotropic solids,
the RD values either increase initially or remain constant with
cycling. In contradistinction, for glass and A-plane ZnO surfaces,
where energy dissipation is presumably due to microcracking
or irreversible dislocation pileups, respectively, the RD values
decreased continually with cycling. DOI:10.1557/mrc.2013.39

Influence of Annealing on Ductility of Ultrafine-grained
Titanium Processed by ECAP-Conform and Drawing

Alex V. Polyakov, Irina P. Semenova, Ruslan Z. Valiev,

Ufa State Aviation Technical University; Yi Huang, University
of Southampton, United Kingdom; and Terence G. Langdon,
University of Southampton, United Kingdom, and University

of Southern California

A Grade 4 titanium was processed by ECAP-Conform and draw-
ing to produce an ultrafine grain size of ~180 nm. Some samples
were tested in this condition (UFG-1) and others were annealed
for 1 hour at 623 K (UFG-2). The grain boundaries are in a non-
equilibrium condition after processing but annealing equilibrates
the boundaries without any increase in grain size. This leads to
significant differences in the mechanical behavior of UFG-1 and
UFG-2 when testing at 293 and 623 K. DOI:10.1557/mrc.2013.40

http://www.mrs.org/mrc

Elucidating the Kinetics of Twin Boundaries
from Thermal Fluctuations

Dengke Chen and Yashashree Kulkarni, University of Houston

There is compelling evidence for the critical role of twin bounda-
ries in imparting the extraordinary combination of strength, and
ductility to nanotwinned metals. Here, we investigate the thermal
fluctuations of twin boundaries in fcc metals to elucidate the de-
formation mechanisms governing their kinetic properties using
molecular dynamics simulations. Our results show that the twin
boundary motion is strongly coupled to shear deformation up to
0.95 homologous temperature. A rather unexpected observation
is that coherent twin boundaries do not exhibit any capillarity-in-
duced fluctuations even at high temperatures, in sharp contrast
to other high angle grain boundaries. DOI:10.1557/mrc.2013.37

Hydrothermally grown TiO, nanotubes on multi-
layered Ti mesh electrodes for enhanced
photoelectrochemical reaction

Hyunsu Kim, Jirapon Khamwannah, Chulmin Choi,
Yang Shi, and Sungho Jin, University of California, La Jolla

We report here a successful fabrication of three-dimensional
(3D) photoelectrodes fully coated with hydrothermally formed
TiO, nanotubes on multi-layered Ti mesh with significantly in-
creased surface area. A near-vertical array of ~8 nm diameter
nanotubes of TiO, was also produced on the metallic surface of
folded Ti mesh electrode. The multi-layered mesh was used as
a 3D highly conductive electrode, as this architecture intuitively
allows for light passage, reflections and smooth water flow for
possible continuous operation of water splitting reaction. By
virtue of substantially increased surface area and more efficient
light usage, significantly increased photocurrent densities were
obtained. DOI:10.1557/mrc.2013.38

One-Pot Solvothermal Preparation of S-doped BiOBr
Microspheres for Efficient Visible-Light Induced
Photocatalysis

Xia Li, Guohua Jiang, Zheng Wei, Xiaohong Wang,
Wenxing Chen, Zhejiang Sci-Tech University, China
and Liang Shen, Hangzhou Normal University, China

The S-doped BiOBr composite microspheres were success-
fully prepared through one-pot solvothermal method. The
as-prepared samples exhibit higher photocatalytic activity for
degradation of Rhodamine B (RhB) and phenol under visible
light irradiation, attributing to the improvement of the photo-
absorption property and the narrow band gap due to the dop-
ants of S element. The higher efficiency for photodegradation
of organic pollutant endows this material with a bright perspec-
tive in purification of waste water under visible-light irradiation.
DOI:10.1557/mrc.2013.34
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