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Center for Materials Science for Nuclear Fuel
Dr. Todd Allen
Interim Director
The goal of the Center for Materials Science for Nuclear Fuel (CMSNF) is to develop a
predictive multi-scale modeling framework that captures how defect generation and evolution
and microstructure changes under irradiation lead to the degradation of fission-reactor fuel
properties. Degradation of the thermo-mechanical behavior results from the cumulative,
intricately coupled effects of fission-damage processes, high temperatures and high thermal
gradients. Yet, apart from large empirical databases, a fundamental predictive science basis that
connects “structure” across the relevant length and time scales with fuel behavior does not
currently exist. To elucidate the underlying point-defect and microstructural mechanisms
controlling this degradation behavior, the CMSNF will develop a predictive computational
framework based upon the non-linear dynamical theory of driven material systems and
combining multi-scale models of defect and microstructure physics with complementary
experimentation, on commensurate length scales. This unique combination of theory,
computation and experiments will capture the complex interplay between the fission-induced
defects and emerging microstructure with pre-existing grain structure, thus enabling the
prediction of the impact of microstructure evolution on thermal transport in UO2. The availability
of the new ATR National User Facility at INL not only gives the Center a distinct local
dimension but also provides the unique capability of tying all of the experimental investigations
to a true fission environment. Indeed, the ultimate target of the Center’s research is to provide
basic science understanding that supports the development of an in-pile measurement capability
to monitor degradation of critical components of the fuel assembly.
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EFRC title: Center for Materials at Irradiation and Mechanical Extremes
http://cmime.lanl.gov/
Director: Michael Nastasi <nasty@lanl.gov>
Co-Director: Amit Misra <amisra@lanl.gov>
Lead Institution: Los Alamos National Laboratory
Mission Statement: To understand, at the atomic scale, the behavior of materials subject to
extreme radiation doses and mechanical stress in order to synthesize new materials that can
tolerate such conditions.
Our EFRC addresses two of the five BESAC grand challenges: How do we design and perfect
atom and energy-efficient syntheses of revolutionary new forms of matter with tailored
properties? and How do we characterize and control matter away-especially very far away-from
equilibrium? In responding to these grand challenges our center will focus on Materials at
Irradiation and Mechanical Extremes. This Center recognizes that the challenge to developing
materials with radically extended performance limits at irradiation and mechanical extremes will
require designing and perfecting atom- and energy- efficient synthesis of revolutionary new
materials that maintain their desired properties while being driven very far from equilibrium.
We have developed a set of common issues that will drive our science focus and serve as the
unifying foundation of this center. These scientific issues include: 1) Absorption and
recombination of point and line defects at interface; 2) Morphological and chemical stability of
interfaces; 3) Interface-driven mechanical response. By addressing these issues we will develop
a fundamental understanding of how atomic structure and energetics of interfaces contribute to
defect and damage evolution in materials, and use this information to design nanostructured
materials with tailored response at irradiation and mechanical extremes.
In the pursuit of the grand challenge and science issues outlined above, we have developed
specific hypotheses for each science issue. These defining hypotheses are listed below.
Scientific issue #1: Absorption and recombination of point and line defects at interfaces
Hypotheses:
1) The atomic structure of the interface controls the absorption, emission, storage and
annihilation of defects at the interface.
2) Misfit dislocation intersections with other misfit dislocations and with disconnections are the
most favorable sites for point defect absorption and delocalization.
3) The lower the elastic strain energy penalty associated with defect absorption, the more likely it
is that point defect delocalization by interface reconstruction can take place.
4) The ability of an interface to absorb dislocations is determined by its shear strength and the
areal density of preferred sites for nucleation of interface glide dislocations.
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Scientific issue #2: Morphological and chemical stability of interfaces
Hypotheses:
5) Interface structures with high sink strengths or enhanced abilities to act as defect sources will
be morphologically stable at extremes of temperature, irradiation and mechanical deformation.
6) Interface energy controls interface stability; high-energy interfaces are less likely to be
morphologically stable.
7) The saturation limit for defect absorption at interfaces for a given type of defect (e.g., helium
atom, solute segregant, vacancy, interstitial, dislocation) is determined by the interface structure.
Above the defect solubility limit, interfaces exhibit chemical instabilities such as defect
clustering, gas bubbles, precipitates, disordering or amorphization.
Scientific issue #3: Interface-driven mechanical response
Hypothesis:
8) The cohesive strength/mechanical damage evolution behavior for a given interface structure
may change at high dose or high strain rates.
Using the above hypotheses, we are developing quantitative figures-of-merit for the defect sink
strength of interfaces. These figures-of-merit will allow us to use a focused approach where
model systems containing interfaces with high and low values of predicted sink strengths can be
experimentally tested and the results used to refine the models.
The hypotheses driven research proposed in this center, naturally has two focus areas (thrusts)
dealing with the role of interfaces in: 1) extreme irradiation environments; and 2) mechanical
extremes. Synergy is enhanced through the development of new computational and
characterization methods, and synthesis of common model systems. Materials are synthesized
via physical vapor deposition methods, solidification processing, and severe plastic deformation.
Common theory, modeling, and simulation tools and methods include ab initio, molecular
dynamics (MD) and accelerated MD (AMD), kinetic Monte Carlo (KMC), and rate theory
calculations. New tools will be developed for extending our abilities to carry out multi-length
and multi-time scale studies. This will include the development of a parallel off-lattice KMC, a
hybrid MD/AMD/KMC method, and ultra-fast laser characterization of defects in oxides. The
development of these methods will allow, for the first time, direct coupling of experimental
measurements and computer simulations at comparable length and time scales. The integrated
structure of the center is shown schematically in the figure below.
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The irradiation extremes thrust has two teams, one focused on metallic systems (Mike
Demkowicz, MIT, team leader) and another on oxides (Blas Uberuaga, LANL, team leader. The
mechanical thrust has two teams, one on severe plastic deformation (Irene Beyerlein, LANL,
team leader) and another on high strain rate deformation (Tim Germann, LANL, team leader).
The key personnel are listed below.
Center for Materials at Irradiation and Mechanical Extremes
Los Alamos National Laboratory
M. Nastasi (Director), A. Misra, G.T. Gray,
S.A. Maloy, B.P. Uberuaga, C. P. Stanek, I.J.
Beyerlein, N. A. Mara, T.C. Germann, E.K.
Cerreta, A.F. Voter, S.M. Valone, S. Luo, Q.
Jia, D.A. Yarotski, Y.Q. Wang, R.M.
Dickerson, P. O. Dickerson, A. Caro
University of Illinois-Urbana Champaign
R.S Averback, P. Bellon
MIT
Michael J. Demkowicz
Carnegie Mellon University
A.D. Rollett
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Energy Frontier Center for Defect Physics in Structural Materials (CDP)
EFRC Director: G. Malcolm Stocks
Lead Institution: Oak Ridge National Laboratory
Mission Statement: To provide a fundamental understanding of materials’ defects, defect interactions,
and defect dynamics, thereby enabling atomistic control and manipulation of defects and the charting
of new pathways to the development of improved materials – materials with ultra-high strength,
toughness, and radiation resistance.
The “Energy Frontier Center for Defect Physics in Structural Materials (CDP), focuses on
providing the fundamental knowledge to allow atomistic control and manipulation of defects, defect
interactions, and defect dynamics –
the very defect properties that
currently limit the performance
and lifetime of materials. Underpinning the CDP is the realization
that we are on the verge of a new
era of quantitative measurement
and direct quantum simulation of
the dramatic impact of defects on
bulk structural materials. Furthermore, that the new era can be
realized by utilizing innovative
experimental techniques and major
national facilities, such as the
Advanced Photon Source (APS)
and the Linac Coherent Light
Source (LCLS), and by advancing
Schematic of the key elements of the CDP highlighting the links
the frontiers of first principles
between the three research thrusts and the use of major DOE usersimulations using the, soon to be
facilities to study defects and the unit events that ultimately control
materials response to extremes of stress and irradiation.
PFlop/s computing power available
at the National Center for Computational Science (NCCS) and the National Energy Research Scientific Computing Center (NERSC).
The overarching goal of the CDP is to bring a radically new level of rigor and insight to the
discussion of defect structure, interactions, and dynamics in metals and alloys – rigor born of
quantitative experimental studies of defect evolution at the level of unit defect events and insight
born of highly accurate calculations and simulations of properties that are based on a full quantum
description of the underlying electronic interactions. The Center focuses on three interrelated
research thrusts (RT) areas:
RT1: Fundamental Physics of Defect Formation and Evolution during Irradiation: Research in this
thrust addresses one of the most fundamental and challenging issues in radiation damage through
direct measurement of the dynamics of atomic displacement cascades. The underlying science of the
formation and evolution of energetic-ion induced atomic displacement cascades as unit events will be
probed for the first time using ultra-high resolution time-resolved x-ray diffuse scattering
measurements. Measurements ranging from the sub-picosecond generation through millisecond
range evolution of cascades will exploit the ultra-high brilliance of femtosecond x-ray pulses that
will be produced by the LCLS. Together with complementary damage accumulation investigations
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and the development of first-principles-based molecular dynamics techniques in RT3, a multipronged approach will be directed toward a full understanding of the generation, accumulation, and
the potential for mitigating radiation damage in structural materials.
RT2: Fundamental Physics of Defect Interactions during Deformation: Research in this thrust
addresses fundamental and longstanding issues associated with achieving a quantitative
understanding of the local stresses near single dislocations, their aggregates, and the stress-driven
interactions of dislocations with microstructural features (e.g. grain-boundary pile-ups). Recently
developed submicron-resolution 3D x-ray microscopy at the APS will be used for groundbreaking
non-destructive measurements of the local stresses and the indenter-driven motion and interactions of
single dislocations as fundamental unit events of deformation in bulk and micro-pillar metals and
alloys. Complementary investigations of the local stresses that drive dislocation motion and
interactions with irradiation-induced defects will be performed in connection with RT1, and all
measurements will be performed in close synergy with top-down and first-principles-based theory
and simulations in RT3.
RT3: Quantum Theory of Defects and Interactions: Research in this thrust will overcome limitations
of DFT molecular dynamics with respect to accuracy, system size, and simulation time by advancing
the underlying theory and the software implementation of the theory on high performance computers.
Consistent with the experimental challenge of quantifying the unit events of defect formation,
evolution, and deformation, the modeling task will develop high fidelity models treating spin and ion
dynamics on an equal footing and addressing system sizes and time scales commensurate with
experiments in RT1 and RT2. Using comparisons with essentially exact quantum Monte Carlo
calculations for magnetic systems to ensure accuracy as new DFT functions are developed,
intelligent use of the raw computing power of the NCCS and NERSC facilities will be supplemented
by classical ion-spin dynamics and diffusive atom density MD to go beyond the state of the art, e.g.
in the inclusion of spin degrees of freedom.
Center for Defect Physics (CDP)
G. Malcolm Stocks (Director), Hongbin Bei, Easo
George, Gene Ice, Ben Larson, Jamie Morris, Don
Nicholson, Yury Osetskiy, Rad Radhakrishnan,
Fernando Reboredo, Roger Stoller, Jon Tischler
University of Illinois
Jon Dantzig, Ian Robertson, Duane Johnson,
Jeongnim Kim
Ohio State University
Mike Mills
Brown University
Sharvan Kumar
Lawrence Livermore National Laboratory
Randy Hood
University of California Berkeley
Andy Minor
Carnegie Mellon University
Yang Wang
University of Tennessee
George Pharr, Yanfei Gao
Oak Ridge National Laboratory

Contact: G. Malcolm Stocks;
Corporate Fellow, Group Leader, Center Director
e-mail address: stocksgm@ornl.gov
telephone number: (865) 574-5163
web site: http://cdp.ornl.gov
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University Grant Projects

High-Temperature Grain Growth and Swift Heavy Ion Irradiation Damage in CeO2
as a UO2 Surrogate
Todd Allen, University of Wisconsin, Madison & Idaho National Laboratory
John Moore, Colorado School of Mines
Jian Gan, Idaho National Laboratory
Anter El-Azab, Florida State University
Energy Frontier Research Center for Materials Science of Nuclear Fuel
Idaho National Laboratory
Contact: Todd Allen (allen@engr.wisc.edu)
Program Scope
We present the initial results of an investigation focusing on understanding the high-temperature
grain growth and the swift heavy-ion irradiation damage in CeO2. This investigation is a part of
the microstructure science effort of the Energy Frontier Research Center for Materials Science of
Nuclear Fuel (http://www.inl.gov/efrc). The mission of the center is to achieve a first-principles
based understanding of the impact of the defects and microstructure on thermal transport in
irradiated UO2 (with CeO2 as a surrogate oxide). The center’s research thus integrates the
physics of thermal transport in crystalline solids with microstructure evolution in irradiated
oxides. The microstructure science effort aims at understanding the thermal and irradiation
driven microstructure evolution in the oxide systems of interest. As such, we present a combined
experimental/theoretical investigation of the thermally-driven grain growth in polycrystalline
bulk and thin film CeO2, as well as initial results of swift-ion irradiation damage in this material.
Grain growth is achieved by annealing CeO2 samples at high temperature, and the results are
intended to validate a phase field model for grain growth and porosity evolution, a building block
for a more generalized phase field theory for the irradiated materials.
Recent Progress
Grain Growth in CeO2
The goal of this work is to develop a phase field model for grain growth in UO2 (and surrogate
CeO2) under thermal and irradiation conditions, and to provide experimental validation of this
phase field model. As a first step, the model is now under testing for thermally-driven grain
growth in polycrystalline bulk and thin-film based samples.
Grain Growth Experiments for Bulk CeO2 (Allen and coworkers): Polycrystalline bulk CeO2
samples (Alpha Aesar, 99.9%) were mechanically polished to mirror finished and then thermally
etched at 1400C for 30 minutes. Figure 1(a) shows the microstructure of the etched as-received
CeO2 sample. The samples were then annealed at temperatures in the range 1400C to 1600C
for 5, 10 and 15 hours. Figure 1(b) shows the microstructure of the CeO2 sample annealed at
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1600C for 10h, where a significant
grain growth was observed in this
annealed sample compared to asreceived ones. The average grain
size was determined using the
Planimetric procedure per ASTM
standard E112. The average grain
size determined for the as-received
CeO2 and the one annealed at 1600C
for 10h were 4.69 m and 15.53 m,
respectively.

(a)
(b)
Figure 1. (a) As-received polycrystalline CeO2 after
thermal etching at 1400C for 30 minutes, and (b) CeO2
annealed at 1600C for 10 h.

CeO2 Thin-Film Samples (Moore
and coworkers): CeO2 thin film
samples were deposited on silicon wafer substrates in argon-oxygen atmosphere using pulsed
unbalanced magnetron sputtering (P-UBMS) from a pure Ce target (99.99%) with a substrate
heating capability system. Before being placed into the chamber for deposition, all substrates
were ultrasonically cleaned in acetone, ethanol, and deionized water for 10, 15, and 10 min,
respectively. Substrates were further cleaned in the deposition chamber by ion bombardment
using bias voltage of -350 V under Ar atmosphere of 8.8 Pa (65 mTorr) for 30 min. After
depositions of the samples, the CeO2 thin film samples were post-annealed at different
temperature (room temperature to 700C) in oxygen atmosphere in the chamber. This process
was achieved in a rapid thermal annealing (RTA) process allowing a high heating rate (50C /s)
and short duration temperature plateaus.
Figure 2 shows the cross-section SEM photomicrographs of the CeO2 thin films on silicon wafer
substrate. The CeO2 thin films
exhibit a dense columnar grain
structure. A significant grain
growth accompanied by a dense
structure was observed with an
increase in annealing
temperature after deposition.
The columnar size of CeO2
films increased from a range of
(a)
(b)
100 to 500 nm to a range of 800
Figure 2. Scanning electron photomicrographs of cross-section
to 1500 nm as annealing
of (a) as-deposited and (b) post-annealed CeO2 thin films at
temperature increased from
700C for 5 minutes.
room temperature to 700C.
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Phase Field Modeling of Grain Growth (El-Azab and coworkers): A novel phase field model is
applied to understand the thermally driven grain growth in CeO2. This model was initially
developed to study the sintering of oxide thermal barrier coating systems. In this model, the
polycrystalline material (with porosity) is modeled by two phase field variables, the conserved
order parameter (density) and a set of non-conserved order parameters representing the grains.
The system free energy formulation in terms of these order parameters leads to one CahnHilliard equation for the density and a set of Allen-Cahn type equations for the order parameters:
(C-H Eq.)
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with F, , a being the free energy, density and phase field variables, respectively. These
equations are integrated to yield the
evolution of porosity and grain boundary
network in the system. Figure 3 illustrates
a typical application of the model to
columnar grain structure. In the case of
CeO2, the model will be validated by
applying it to polycrystalline and film
Figure 3. Preliminary testing of the phase field
samples, where the pre-annealed
model on a thermal barrier coating system with
microstructure will be used as initial
columnar grain structure similar to CeO2 films
condition and the final result will be
shown in Figure 2.
compared with the annealed microstructure.
Irradiation of CeO2 by Swift Heavy Ion: Preliminary Results
Polycrystalline bulk CeO2
samples were irradiated by ~300
and ~1000 MeV Au ions to
fluences in the range 51010 to
51012 cm-2 at room temperature
in the irradiation facility GSI in
Germany. The irradiated samples
have been characterized using
conventional tools such as lab x(a)
(b)
ray diffraction, scanning electron
Figure 4. HR-TEM Characterization of swift heavy ion
microscopy, transmission electron
irradiated CeO2 showing severe lattice disorder. (a)
microscopy, and Raman
amorphous and recrystallized ion track areas, (b) an enlarged
spectroscopy. Figures 4 and 5
amorphous region.
show initial TEM and XRD
results for irradiated CeO2, respectively. Both single ion track and overlapped track were
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observed using TEM. The tracks have an average diameter of about 5 nm. Some tracks show
amorphous structure, while others show completely different orientation to the matrix
(recrystallized regions), indicating recrystallization may occur at room temperature. The XRD
analysis suggests that the lattice parameter of
CeO2 decreased after irradiation.
Future Plans
CeO2 thin film samples will be annealed
using RTA with much higher temperatures
in a range from room temperature to 1000C.
The crystallinity of the annealed samples
also will be characterized by x-ray
diffraction (XRD, PHILIPS, X’pert-MPD)
using CuKα radiation. X-ray photoelectron
spectroscopy (XPS, PHI XPS System,
5600LS) using a monochromatic Al source
will be also performed to determine the
contents of Ce and O and to observe the
Figure 5. XRD analysis of swift heavy ion
bonding status of the annealed CeO2 samples. irradiated CeO2.
A MTS nano-indenter equipped with
Berkovich diamond indenter will be used to perform depth sensing nanoindentation testing on
the annealed CeO2 films and to obtain mechanical values of nanohardness and Young’s modulus
with a Poisson’s ratio of 0.25.
The phase field model will be applied to the polycrystalline and thin film samples. Typical
micrographs will be digitized to provide the initial microstructure, and the phase field
simulations will be used to track the evolution of the grain structure, which will then be
compared with annealed microstructure. The simulations will give insight into the relative
importance of bulk, grain boundary and surface diffusion in the overall grain structure evolution.
The polycrystalline bulk CeO2 samples and P-UBMS-sputtered CeO2 thin films will be irradiated
using 2.6 MeV proton beam at various temperatures from 500C to 800C. In-situ irradiation
will also be performed using the IVEM-TANDEM facility located at Argonne National Lab to
study the fission product damage including bubble formation and fission gas evolution. The
swift heavy ion irradiated CeO2 will also be irradiated in-situ to study the radiation and
temperature effect on the track evolution. Phase field modeling will be applied to understand the
damage and microstructure evolution in CeO2 under irradiation.
Acknowledgment
This work was supported by the US Department of Energy, Office of Basic Energy Sciences as
part of an Energy Frontier Research Center.

14

Structure/Property Relationships in High Strength Nanostructured FeNiMnAl Alloys
P.I.: Ian Baker
Thayer School of Engineering, Dartmouth College, Hanover, NH 03755
Ian.Baker@Dartmouth.edu
Student: Xiaolan Wu
Program Scope
The objective of this research is to understand the microstructural evolution and
deformation mechanisms that control the strength of a range of nanostructured, very high
strength FeNiMnAl alloys as a function of temperature and strain rate. The work
involves:
1. Preparing a series of FeNiMnAl alloys by arc-melting, and then ageing them for
various times at different temperatures.
2. Characterizing the resulting microstructures using an array of state-of-the-art
techniques and instruments, both at Dartmouth and at the Oak Ridge National
Laboratory (ORNL), including: X-ray diffractometry (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) with convergent
beam electron diffraction (CBED) and energy dispersive X-ray spectroscopy
(EDS), local electrode atom probe (LEAP) and high-temperature X-ray
diffractometry in collaboration with Dr. M. K. Miller, Dr. K. More and Dr. A.
Payzant through the Shared Research Equipment (SHaRE) program.
3. Measuring the strength of the as-cast and aged alloys as a function of temperature
and strain rate by performing both hardness tests and compression tests.
4. Determining the deformation mechanism of the as-cast and aged alloys for a
variety of temperatures and strain rates using slip line analysis via SEM; and
dislocation analysis via both post-mortem TEM and in-situ TEM studies.
Accomplishments
Overview
In this period, a series of FeNiMnAl alloys of slightly different compositions (~5 at. %
difference, see in Table 1) were arc-melted, and then aged. XRD, TEM and LEAP were
used to characterize the resulting microstructures and analyze the phases present.
Hardness measurements were performed on both the as-cast and aged alloys. Table 1
provides a summary of the compositions examined, phases present, phase widths and
hardness values of the as-cast FeNiMnAl alloys.
As shown in Table 1, those FeNiMnAl alloys can be divided into three categories based
on the phases present: b.c.c./B2 (ordered b.c.c.), f.c.c./B2, and B2-/L21 (L21 is a further
ordering of the B2 structure). The b.c.c./B2/L21 microstructures may have formed by
spinodal decomposition, but the f.c.c./B2 alloys clearly did not. The latter alloys had
significantly lower hardness values.
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Table 1. Compositions, phases, phase widths and hardness values of as-cast FeNiMnAl.
Composition (at. %)
Phases
Phase Widths
Hardness
Present
(nm)
(HV)
Fe Ni Mn Al
30 20 20 30
B2-/L21
~10
514 ± 7
25 25 20 30
B2-/L21
~5
524 ± 13
30 20 30 20
f.c.c./B2
~65
454 ± 6
25 25 30 20
f.c.c./B2
~85
413 ± 10
30 20 35 15
f.c.c./B2
f.c.c. ~500; B2-ordered ~200
310 ± 15
30 20 25 25
b.c.c./B2
~50
504 ± 8
35 15 25 25
b.c.c./B2
~10
543 ± 17
One of the alloys, Fe30Ni20Mn20Al30, a B2/L21 two-phase alloy, was studied in greater
detail. In-situ heating in the TEM was used to study the effect of the temperature on the
microstructure. Compression tests of this alloy in both the as-cast condition and after
various heat treatments were performed at different temperatures and strain rates.
Phase Analysis
As-cast Fe30Ni20Mn20Al30 showed mottled contrast in bright field (BF) TEM images, see
Figure 1(a), while LEAP observation of the as-cast alloy showed a very fine structure
with phase widths of ~5 nm, see Figure 2. Annealing at 823 K for 30 min produced only
a modest increase in phase width to ~10 nm, see Figure 1(b), and for 72 h to ~ 20 nm, see
Figure 1(c). CBED patterns from the phases in the aged microstructures showed that the
alloys consist of L21 and B2 phases in a cube-on-cube relationship, see Figure 3. TEMbased EDS showed that the L21-ordered phase was enriched in Ni and Al, while the B2ordered phase was enriched in Fe and Mn, a feature confirmed by LEAP observations.
Table 2 shows approximate compositions of the phases. The compositions of the phases
changed little upon ageing.
Interestingly, TEM in-situ heating of as-cast
Fe30Ni20Mn20Al30 showed that the L21 phase started to disorder to B2-order at ~723 K
and that only two B2 phases were present at ~773 K.
Mechanical Properties
The hardness of Fe30Ni20Mn20Al30 showed a small increase of 5~6% for short time ageing
(10 min) at 823 K, but little subsequent change for longer anneals, see Figure 4,
indicating that the strength had no direct relationship with the phase size, which increases
with annealing time. Compression tests performed at temperatures up to 873 K at a strain
rate of 5  10-4 s-1 showed a brittle-to-ductile transition and a large drop in yield strength
at ~773 K, coincident with the L21/B2 order/disorder temperature, see Figure 5.
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a

b

c

Figure 1. BF TEM images of Fe30Ni20Mn20Al30: (a) as-cast, (b) after a 30 min anneal at
823 K, and (c) after a 72 h anneal at 823 K.

Fe+Mn & Ni+Al

Figure 2. LEAP isoconcentration surfaces of as-cast Fe30Ni20Mn20Al30. The mauve phase
contains Fe + Mn >50 at.%, while the blue phase contains Ni + Al >50 at.%.

b

a

Figure 3. CBED patterns from (a) B2 and (b) L21 phases in Fe30Ni20Mn20Al30 after 72 h
anneal at 823 K showing cube-on-cube relationship between the phases.

Table 2. Compositions (at. %) of the phases in Fe30Ni20Mn20Al30 as determined from
three EDS measurements on TEM thin foils.
Phase
Fe
Ni
Mn
Al
Alloy
30
20
20
30
B2-ordered
32±1
23±1
21±2
24±2
L21-ordered
15±1
39±2
12±1
34±1
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Figure 4. Hardness versus ageing time at 823 K for Fe30Ni20Mn20Al30.




Figure 5. Strength versus temperature for Fe30Ni20Mn20Al30. 
Future Plans
Future plans are to use both post-mortem TEM and in-situ TEM to perform dislocation
analyses and determine the deformation mechanisms of the as-cast and aged alloys for a
variety of temperatures and strain rates.
Publications
“Microstructural Evolution of spinodally formed Fe35Ni15Mn25Al25”, I. Baker et al.,
Intermetallics 17 (2009) 886-893.
“An Overview of the Microstructures of High-strength Two-phase Near-equi-atomic
FeNiMnAl Alloys”, I. Baker et al., in preparation.
“The Effect of Processing on the Microstructure and Mechanical Properties of
Fe35Ni15Mn25Al25”, X. Wu et al., in preparation.
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Materials for Extreme Irradiation Environments
Pascal Bellon, Robert Averback, Shen Dillon, William King, Dallas Trinkle
Frederick Seitz Materials Research Laboratory, University of Illinois
104 S. Goodwin Av. Urbana, IL 61801
Phone: (217) 265-0284, e-mail: bellon@illinois.edu
Pr ogr am Scope
A common roadblock in the development of future, high-efficiency, energy-generation technologies is the
lack of materials that could function safely and economically in the envisioned harsh and aggressive inservice environments. This materials challenge is a daunting one, as the envisioned in-service conditions
represent major departures from current systems, pushing materials into a domain that is largely
unexplored. In particular, future nuclear energy reactors will subject materials to high levels of irradiation
damage over prolonged periods of times and at very high temperatures.
We are developing in this program a new approach to design materials, which are intrinsically resistant to
irradiation and other extreme conditions by utilizing nanostructuring and self-organization in highly
nonequilibrium systems. While we focus on nuclear applications, we expect that the scientific
advancements achieved in this program will have broad based significance for materials needs in a
number of other extreme environments.
Recent Pr ogress
A generic property of nonequilibrium materials is that they can self-organize into patterns. In order to
understand and utilize these reactions, one needs to identify the control parameters that can trigger
patterning, the threshold values of these parameters for which patterning takes place, and the
characteristics of the patterns that develop, i.e., their nature, their morphology, and their length scales. In
the present research, we have focused on patterning of composition in alloys subjected to irradiation. We
have confirmed experimentally on a series of Cu-base alloys that, in moderately immiscible alloy
systems, such as Cu-Ag, Cu-Co, Cu-Fe, irradiation under appropriate conditions can induce
compositional patterning, and that its characteristics are in very good agreement with the model
introduced by Enrique and Bellon in 2000 [1]. In this model, compositional patterning results from the
dynamical competition between the forced mixing induced by irradiation and phase separation promoted
by thermodynamics, as illustrated in Fig. 1. A key condition for patterning to occur is that the average
ballistic relocation distance, R, exceeds a threshold value, which is typically one to two nearest neighbor
distances. We have also observed experimentally that, when the ion type and flux are kept constant,
patterning occurs only in a narrow temperature range. Indeed, at low irradiation temperature, the forced
mixing dominates and the forcing intensity γ, defined as the ratio of the forced mixing jump frequency
and the thermally activated atomic mobility under irradiation (see Fig. 1) takes large values. This large
forcing intensity leads to the stabilization of a nonequilibrium solid solution. As the irradiation
temperature is increased, thermally activated diffusion becomes more and more significant, and the
forcing intensity increases continuously. Fig. 1 illustrates the fact that, in the above model, when the
forcing intensity drops below a threshold value, compositional patterning is no longer a stable steady state
under irradiation, and continuous phase coarsening is predicted. This is indeed what we found
experimentally in Cu-Ag, Cu-Co, and Cu-Fe [2, 3].
We have directly imaged irradiation-induced self-organized nanostructures by transmission electron
microscopy and by atom probe tomography (APT) [3] (see Fig. 2 for Cu-Fe). While the observation of
compositional patterning in Cu-Fe for the conditions given in Fig. 3 is consistent with the model
predictions, APT reveals unexpected features in these nanoscale structures. In particular, the composition
of the Fe-rich regions is far from being pure Fe, as one would anticipate from the very low equilibrium
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solubility of Cu in Fe at 250̊C. In fact most of these zones have a maximum Fe concentration between
60% and 80%. Second, interfaces are very diffuse; they extend over several nanometers. It is noteworthy
that these two features are also observed in the nanoscale ODS steels, which are also processed by a
highly nonequilibrium route, ball-milling and extrusion [4]. These two techniques lead to severe plastic
deformation of the microstructure, and can also stabilize self-organized nanostructures [5]. These
similarities suggest that large nonequilibrium solubilities and diffuse interfaces may be intrinsic to selforganized nonequilibrium nanostructures, be it stabilized by irradiation or by plastic deformation.
Fig. 1. Analytical dynamical phase diagram
yielding the most stable steady-state of a phase
separating A50B50 alloy as a function of the average
forced relocation distance R and γ, the ballistic
jump frequency normalized by thermally activated
atomic mobility. Insets are (111) sections of 3D
kinetic Monte-Carlo results; the lateral size of the
section is 17 nm From ref. [1].

Another important finding obtained from our experimental studies in Cu-based, binary alloy systems is
that the maximum temperature of self-organization, i.e., the boundary γ1 in Fig. 1, is largely controlled by
the solute thermal diffusion coefficient in Cu (see Fig. 3). This maximum temperature ranges from 175˚C
for Cu-Ag, to 350̊C for Cu -Co. We expect that further reductions in the solute diffusion coefficient
would shift γ1 to even high temperatures, and indeed this is observed in Fig. 3.
In the case of Cu-Mo, Cu-W, and possibly also Cu-Nb, the strong immiscibility of the alloys leads to a
new and different type of self-organization. We first note that these systems are immiscible even in the
liquid state, and atomic mixing in the thermal spike can no longer be considered ballistic since these alloy
components do not randomize in the liquid. Ballistic
mixing due to energetic recoil events, E > 20 eV, still
occurs, but mixing by this mechanism is rather inefficient

Fig. 2. Compositional patterning in
Cu90Fe10 irradiated with 1.8 MeV Kr at
250˚C to 3×1016 ions/cm2. Composition
map from atom probe tomography.
Diameter of base ≈ 150 nm [3].

Fig. 3. Maximum temperature for irradiationinduced self-organization in Cu-base binary alloy
systems as a function of solute diffusion coefficient
(evaluated at 900K) [3]. Arrows for Nb and Mo
indicate that Tmax is higher, but not yet observed.
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[6]. We have found that these systems have very interesting properties for applications of extreme
radiation environments. Fig. 4 shows the precipitate sizes in Cu90Mo10 and Cu90W10 alloys as a function of
irradiation temperature or annealing temperature [7]. The microstructures of these two alloys are seen to
be remarkably stable. Notice that coarsening does not occur until annealing temperatures exceed 650°C
(0.68Tm) and 900 °C (0.86 Tm) in Cu90Mo10 and Cu90W10, respectively.

Fig. 4. Precipitate size versus temperature
during thermal annealing or irradiation at
high temperature in Cu-Mo and Cu-W
alloys. Blue solid line is a fit to Eq. 1.
From ref. [9].

Fig. 5. In-situ strain and stress in nanocrystalline Cu ()
and Cu-6.5%W () as a function of irradiation time
during 1.8 MeV Kr irradiation at 473 K (dose rate = 10-3
dpa/s) during creep using a bulge test on free-standing
thin films. The pressure, initially 1kPa, was increased to 2
kPa and 3 kPa at times indicated by arrows.

In addition to possible grain growth, a second potential drawback of employing nanocrystalline materials
for high temperature applications is poor creep resistance. Although we are just beginning to investigate
creep properties in our new materials, we see in Fig. 5, already, that the creep resistance in the Cu-W
alloy during 1.8 MeV Kr ion irradiation is far superior to that in pure nanocrystalline Cu. Moreover, the
grain size was stable in the alloy sample, whereas in increased to nearly the thickness of the film, 300 nm,
in the pure Cu. We believe that these in situ creep measurements are the first using heavy ion irradiation.
Futur e Plans
Our Cluster will investigate the fundamental processes controlling the formation of new, self-organized,
nanostructured materials, their long-term structural and dimensional stability, and the relationships
between the nanoscale features and the macroscopic properties. The research will combine irradiation
experiments, in situ and ex situ characterization of microstructure and mechanical properties, and
atomistic simulations and continuum modeling.
We will focus our work on model systems such as Cu-W-X, since we have established that
nanostructured Cu-W alloys are structurally stable during irradiation at very high temperatures to very
high doses. Ni and Fe matrices will also be investigated to determine whether the results on Cu alloys are
general and can be extended to other materials. In these cases nanoinclusions such as TiB2 or oxide
dispersoids will be employed to provide microstructural stability. Ternary and quaternary additions will
be selected, e.g., Cu-W-Nb, Cu-W-Co, Ni-TiB2-Cr, to create core/shell nanoprecipitates that we anticipate
will provide dimensional and creep stability under irradiation. Phase field modeling will be employed to
explore the generic materials and irradiation parameters conducive to the stabilization of these new
nanostructures, while atomistic kinetic simulations will be used to simulate the evolution of specific alloy
systems. New computational methods based on first-principles density-functional theory calculations will
be developed to elucidate the energetic and kinetic interactions of solute elements and precipitates with
grain boundaries and dislocations. Experiments will be performed to guide the theoretical developments
and to provide validation. Nanoscale characterization will be achieved by combining atom probe
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tomography and transmission electron microscopy tomography. We will measure the strength and creep
response of self-organized alloys during ion irradiation by in situ and post-irradiation experiments, using
microcantilevers for compression tests on micropillars, and laser deflection for bulge tests on thin films.
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The ability to characterize heterogeneous deformation in titanium is important, as it will lead to mechanistic
understanding that will support model development that can predict material performance in polycrystals. By
understanding how heterogeneous deformation occurs at the mesoscale, it will then be possible to develop
understanding of damage nucleation mechanisms that will allow optimal material processing strategies to be
developed. This will enable materials that are more resistant to developing performance-limiting damage. Building
on fundamental prior research on commercially pure titanium (CP Ti), we are examining how heterogeneous
deformation differs in titanium alloys in order to identify the mechanistic and microstructural features that are most
likely to cause damage nucleation. This paper compares and contrasts heterogeneous deformation in CP Ti and a
near-α alloy, Ti-5Al-2.5Sn (wt.%).
Experiments
Prior work on CP Ti was accomplished on 4-point bend specimens deformed to strains from 1 to 15% [1-4].
These specimens were characterized using a large range of experimental methods to quantitatively characterize
heterogeneous strain, including electron microscopy using both secondary (topographic) and backscattered electron
imaging (which can reveal regions of dislocation activity). Coupled with orientation imaging microscopy (OIMTM) ,
slip system and orientation gradients were identified. Additionally, atomic force microscopy was used to accurately
measure surface topography, which combined with orientation information from OIM, can be used to determine the
amount of shear on activated slip systems. These values of shear can be directly compared with computational
models of the same microstructural region examined using crystal plasticity-based finite element (CPFE)
simulations. In addition, 3-D x-ray microscopy (using beam line 35ID-E at the Advanced Photon Source)
observations have revealed details of dislocation slip interactions influenced by grain boundaries beneath the
surface. These observations have been compared with OIM near surface observations [3].
The forged Ti-5Al-2.5Sn alloy was received with grain sizes between 50 and 100 micron, making it suitable for
examining heterogeneous deformation as outlined above (heat treatments have been designed for Ti-3Al-2.5V, Ti6Al-4V, Ti-6Al-2Sn-4Zr-2Mo alloys to obtain larger grain sizes than the as-received state for future studies).
Tensile and four point bend specimens have been fabricated and results from a particular in-situ deformation
experiment on a Ti-5Al-2.5Sn alloy are presented here. This tensile experiment was interrupted 4 times while
straining to about 15% and SEM images were taken. OIM measurements were taken prior to and after deformation
to characterize the polycrystalline orientations. This information, combined with the SEM images of the surface slip
traces, allowed for accurate identification of the activated slip systems and calculation of the Schmid factors.
Crystal plasticity finite element (CPFE) models were built to replicate experimentally characterized patches of
10-20 grains of the CP Ti microstructure [1-3]. The mesh was projected into quasi-3-D space so that grain
boundaries were perpendicular to the surface. The mesh was surrounded by rim elements that roughly simulate the
effects of surrounding microstructure. The model was deformed so that the perimeter rim elements displaced to an
amount that matched the nominal strain imposed on the experimental specimen.
Heterogeneous deformation in commercial purity titanium
The deformation patterns in CP Ti in Figure 1 were observed with (a) SEM observation coupled with OIM, (b)
atomic force microscopy measurements converted into shear, and the same microstructure was (c) modeled using
CPFE [1]. The specimen was cut so that the bending tensile axis was 45° from the centroid of the strong basal plane
peak (with 8 x random texture), which results in high Schmid factors for basal slip. Despite this, slip trace analysis
indicated that the strain was predominantly due to prism slip (Figure 1(a)); weak evidence for basal and (2nd order)
pyramidal <c+a> slip are in faint plane traces best observed with higher-magnification images. In grains where
basal or <c+a> slip was observed, the amount of shear was small, around 20-30% of the shear in grains where prism
slip was favored. AFM analysis indicated that the strain was heterogeneously distributed, with shears on active slip
systems varying from near-0 to about 0.07 in a specimen nominally deformed to about 1.5% strain. Mechanical
twinning occurred in some grains with hard orientations, where neither basal or prism slip was favored (e.g. grain 2
in Figure 1(b)). Mechanical twinning was often stimulated by prism slip in a neighboring grain (e.g. grain 1). Basal
slip was occasionally observed (grains 5 and 10), and <c+a> slip was observed in grain 10.
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In this CP Ti specimen, about 6% of the grains exhibited mechanical twins, but about 40% of the grains had
orientations that would favor twin formation, implying that twin nucleation is difficult. Most of the twins were “T1”
extension (tensile) twins, which have a shear of 0.17. “T2” twins, which have a shear of 0.67, were also observed in
a few grains (~0.25%). In general, only one type of slip/twinning system was observed in most grains. Sometimes
two deformation traces were observed, but they were in different parts of the same grain. Multiple slip systems were
evident only within a few microns of grain boundaries, and in many cases, this was related to heterogeneous strain
accommodation by slip transfer across the grain boundary.
In CP Ti, three kinds of damage nucleation were observed as shown in Figure 2: (a) Grain boundary
microcracks at small strains associated with complex multiple twin activity including the rarer T2 twins. (b) At
larger strains, grain boundary sliding/mode II fracture was commonly observed. (c) Mode I crack opening
associated with a grain boundary with heavy T1 twinning activity.
The CPFE simulation shown in Figure 1(c) shows that the slip activity within a given grain is predicted at the
correct magnitudes. Nevertheless, the model fails to capture the spatial distribution of strains within a given grain,
and along grain boundary regions. This may result from the fact that slip resistance at grain boundaries is not
modeled, and the mesh does not simulate grain boundary inclinations or underlying grain orientations present in the
actual microstructure.

(a)
(b)
(c)
Figure 1 (a) SEM with OIM overlay information and color coded plane traces for slip bands (prism, basal, <c+a> and T1
twinning), (b) shears on observed slip and twining systems measured using atomic force microscopy, (c) simulated
deformation in a CPFE model using a phenomenological hardening constitutive model. The simulation captures the
magnitude and types of shears correctly, but not the spatial arrangement of shears within a grain or along grain boundaries.

(a)
(b)
(c)
Figure 2 (a) Heterogeneous strain in CP Ti is accentuated at grain boundaries facilitating damage nucleation such as this
microcrack observed after ≈1.5% strain, where many mechanical twins (T1, T2) interacted with a grain boundary (GB). (b)
Ledge development after about 15% strain in CP Ti related to grain boundary sliding or mode II cracking, and (c) mode I
crack opening related to intense T1 twinning on both sides of the boundary.
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Heterogeneous deformation in Ti-5Al-2.5Sn
A BSE SEM image of a microstructural patch containing approximately 100 grains of a Ti-5Al-2.5Sn specimen
after it was deformed in RT tension to a strain of about 15% (prior to failure) is shown in Figure 3. The
microstructure consists of large α grains with some scattered β (bright phase) that is often found in a grain
boundaries. The corresponding load displacement curve shows stress-relaxation at locations where the deformation
was stopped to take SEM images (none took place during elastic loading, where the first arrow is shown). Unlike
CP Ti, no evidence of crack nucleation observed in the alloy, even after large strains [5,6]. The deformed
microstructure differs considerably from CP Ti in several ways. First, no mechanical twinning was observed
anywhere on the specimen. In contrast to CP Ti, basal slip is activated as much as prism slip as shown in the
histogram in Figure 4, despite the fact that basal slip was more favored by the texture in the CP Ti. This result is
consistent with prior work showing that the c/a ratio is higher in Ti alloys, which favors the activation of basal slip
[7-8]. An implication of the greater activity of basal slip is that deformation is more likely to be homogeneous in
alloys, consistent with smaller crystal rotations in the alloy as compared to CP Ti (Figure 5). In addition to the
more homogeneous deformation in the alloy, slip bands that cross one another were commonly observed. This
observation is in contrast to the deformation behavior of CP Ti, where intersecting slip systems were rarely
observed. This suggests that accommodation of heterogeneous deformation in polycrystalline arrays occurs more
readily in this alloy and suggests that damage nucleation at grain boundaries should be less likely.

Figure 3 (a) BSE SEM image of a RT tensile deformed Ti-5Al-2.5Sn specimen which exhibited basal (blue) and prism
(red), but no pyramidal a (green) or pyramidal <c+a> (gold) slip traces for systems with high Schmid factors.. The
corresponding stress vs displacement plot shows arrows (b) the test was interrupted for SEM imaging.
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In addition to the manner in which alloying additions affect
the deformation of the α phase, formation of the β phase also
plays a role in the heterogeneous deformation of the alloy. In CP
Ti, analysis of the slip system geometry at the grain boundary
showed that observed slip transfer occurred when the slip plane
and slip direction on either side of the boundary were similar.
One example of this was twin nucleation stimulated by prism slip
in a neighboring grain [3]. For Ti-5Al-2.5Sn, the grain boundaries
slip transfer statistics for the area in Figure 3 are shown in Figure
6, where 23% of the grain boundaries showed evidence for slip
transfer. 25% of α-α grain boundaries showed correlated slip
from one grain to the other. 15% of boundaries with intergranular
β showed slip transfer from α to β, but very few instances of slip
transfer from α to α through the grain boundary β were observed.
This suggests that the soft bcc grain boundary β mitigates strain
concentrations associated with dislocation pileups at grain
boundaries, and may act to mitigate damage nucleation.
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Figure 4 Basal slip is more strongly correlated
with high Schmid factors than prism slip.

Figure 5 Comparison of (10-11) discreet pole figures for several deformed CP Ti grains [2], and all the grains in the Ti5Al-2.5Sn region in Figure 3. Black dots represent undeformed grains, and red is deformed. There are smaller rotations in
the alloy than in the CP Ti, which had half as much strain.
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Understanding the nature of heterogeneous deformation in CP
Ti and Ti alloys is critical for predicting material performance.
Alloying clearly modifies the nature of slip, but more critically, it
also enables multiple slip system activation that leads to more
homogeneous slip within grains that facilitates strain
accommodation at grain boundaries. This may result in lower
stress concentrations at grain boundaries, and reduced propensity
for grain boundary crack nucleation.
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In the coming year, we will model characterized
10
microstructure patches using the CPFE approach used for CP Ti, to
examine the effect of this modified slip behavior on strain
0
heterogeneity in CP Ti and Ti alloys. In our collaboration with
GB with beta alpha-alpha GB
colleagues at the Max-Planck-Institut für Eisenforschung, we will
use new approaches to model slip heterogeneity in CPFE
Figure 6 Slip transfer occurs in about 23% of
microstructures using dislocation-density based models that have
boundaries in Figure 3, and less occurs across
β than α boundaries.
features that force planar non-local slip to be propagated across
distances larger than one element. This should provide improved
simulation of local strains, and additional schemes to introduce slip transmission and slip resistance across grain
boundaries. We will extend our experimental characterization to additional alloys as indicated above, and conduct
3-D x-ray microscopy to measure grain orientations beneath the surface. We also plan to do more focused analysis
of dislocation-grain/phase boundary interactions in local volumes.
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Program	
  Scope	
  
	
  
We	
  are	
  exploring	
  the	
  fundamental	
  mechanics	
  that	
  drive	
  the	
  deformation	
  and	
  failure	
  
of	
  shape	
  memory	
  alloys	
  (SMAs).	
  SMAs	
  are	
  difficult	
  materials	
  to	
  characterize	
  because	
  of	
  
the	
   complex	
   solid-‐to-‐solid	
   phase	
   transformations	
   that	
   give	
   rise	
   to	
   their	
   unique	
  
properties,	
   including	
   shape	
   memory	
   and	
   superelasticity.	
   These	
   phase	
   transformations	
  
occur	
   across	
   multiple	
   length	
   scales	
   and	
   result	
   in	
   a	
   large	
   hysteresis	
   loop,	
   which	
   allows	
  
these	
  materials	
  to	
  store	
  or	
  dissipate	
  substantial	
  amounts	
  of	
  energy.	
  Our	
  current	
  efforts	
  
focus	
   on	
   new	
   methodologies	
   that	
   will	
   provide	
   the	
   first	
   quantitative,	
   full-‐field	
  
characterizations	
   of	
   phase	
   transformation	
   across	
   multiple	
   length	
   scales.	
   We	
   are	
  
working	
   on	
   utilizing	
   new	
   combinations	
   of	
   microscopy,	
   diffraction,	
   digital	
   image	
  
correlation,	
  and	
  customized	
  testing	
  equipment	
  (ultrasonic	
  testing,	
  miniaturized	
  testing)	
  
to	
  study	
  phase	
  transformation	
  processes	
  at	
  a	
  wide	
  range	
  of	
  length	
  scales,	
  including	
  very	
  
small	
  length	
  scales	
  with	
  fields	
  of	
  view	
  on	
  the	
  order	
  of	
  tens	
  of	
  microns.	
  
	
  
We	
   have	
   chosen	
   to	
   examine	
   Nickel-‐Titanium	
   as	
   a	
   representative	
   shape	
   memory	
  
alloy.	
  In	
  addition	
  to	
  being	
  the	
  most	
  widely	
  used	
  SMA,	
  it	
  is	
  also	
  a	
  very	
  good	
  example	
  of	
  
the	
  fact	
  that	
  nearly	
  all	
  materials	
  are	
  dependent	
  on	
  multi-‐scale	
  interactions.	
  We	
  aim	
  to	
  
have	
   the	
   lessons	
   that	
   we	
   are	
   learning	
   from	
   these	
   experiments	
   be	
   representative	
   of,	
   and	
  
applicable	
   to,	
   a	
   wide	
   class	
   of	
   materials.	
   Here,	
   atomic	
   interactions,	
   sub-‐granular	
  
transformation,	
   intra-‐granular	
   interactions,	
   localized	
   strain	
   banding,	
   and	
   macroscopic	
  
behavior	
   are	
   all	
   closely	
   linked.	
   We	
   expect	
   that	
   the	
   quantitative	
   information	
   from	
   our	
  
experiments	
   will	
   be	
   especially	
   useful	
   to	
   the	
   numerous	
   theoretical	
   and	
   computational	
  
studies	
   of	
   shape	
   memory	
   alloys	
   that	
   are	
   currently	
   underway.	
   In	
   addition,	
   the	
   new	
  
experimental	
   methodologies	
   that	
   we	
   are	
   developing	
   are	
   applicable	
   to	
   a	
   wide	
   range	
   of	
  
future	
   investigations	
   into	
   the	
   mechanics	
   of	
   strain	
   localization.	
   Finally,	
   these	
  
experiments	
   investigate	
   the	
   change	
   in	
   the	
   underlying	
   mechanisms	
   of	
   phase	
  
transformation	
   at	
   small	
   length	
   scales	
   (as	
   well	
   as	
   experiments	
   probing	
   macroscopic	
  
thermo-‐mechanical	
   behavior),	
   with	
   specific	
   attention	
   to	
   the	
   damping	
   behavior	
   and	
  
stability	
  of	
  these	
  alloys.	
  
	
  
Recent	
  Progress	
  
	
  
Fatigue	
  &	
  Fracture	
  
We	
   have	
   made	
   substantial	
   progress	
   towards	
   understanding	
   the	
   low-‐cycle	
   fatigue	
  
behavior	
  of	
  stress-‐induced	
  martensitic	
  phase	
  transformation.	
  These	
  experiments	
  are	
  on	
  
going;	
  we	
  are	
  currently	
  focusing	
  on	
  the	
  effect	
  of	
  strain	
  rate,	
  texture,	
  and	
  hard	
  cycling.	
  
The	
   rich	
   local	
   thermo-‐mechanical	
   interactions	
   that	
   underlie	
   transformation	
   are	
   being	
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examined	
   through	
   the	
   use	
   of	
  
three-‐dimensional	
   Digital	
   Image	
  
Correlation	
   (strain	
   fields)	
   and	
  
infrared	
  imaging	
  (thermal	
  fields).	
  	
  
Digital	
   Image	
   Correlation,	
   or	
   DIC,	
  
is	
   an	
   in	
   situ	
   method	
   that	
  
measures	
   displacements	
   (and	
  
thus	
   Lagrangian	
   strain)	
   on	
   the	
  
surface	
   of	
   an	
   object	
   by	
   tracking	
  
and	
  correlating	
  a	
  random	
  pattern	
  
on	
   the	
   sample	
   surface.	
   This	
   non-‐
contact	
   approach	
   to	
   material	
  
characterization	
   is	
   somewhat	
  
analogous	
   to	
   putting	
   tens	
   of	
  
thousands	
   of	
   contiguous	
   strain	
  
gages	
   over	
   the	
   entire	
   specimen	
  
surface,	
   except	
   that	
   by	
   using	
  
digital	
   image	
   correlation	
   we	
   can	
  
calculate	
   the	
   full-‐field	
   strain	
   as	
   a	
  
“snapshot”	
  in	
  time	
  and	
  with	
  much	
  
higher	
   resolution	
   than	
   through	
  
the	
   use	
   of	
   strain	
   gages	
   (which	
   are	
  
Figure	
  1:	
  A	
  recent	
  experiment	
  to	
  track	
  martensitic	
   locally	
  averaged).	
  
	
  
phase	
  transformation	
  in	
  a	
  SMA	
  using	
  combined	
  
A	
  representative	
  experiment	
  is	
  
Digital	
  Image	
  Correlation	
  (strain	
  measurements)	
  
shown	
  
in	
  Figure	
  1.	
  	
  We	
  are	
  able	
  to	
  
and	
  IR	
  imaging	
  (thermal	
  measurements).	
  Each	
  
quantify	
   the	
   complex	
   local	
  
full-field,	
  simultaneous	
  strain	
  and	
  thermal	
  
measurement	
  of	
  the	
  gage	
  section	
  corresponds	
  to	
  a	
   interactions	
   between	
   the	
   released	
  
point	
  on	
  the	
  stress-strain	
  curve.	
  
or	
   absorbed	
   latent	
   heat	
   and	
   the	
  
extent	
   of	
   transformation,	
   and	
   to	
   also	
   explore	
   the	
   characteristics	
   of	
   the	
   phase	
   fronts	
   and	
  
the	
  evolution	
  of	
  phase	
  volume	
  fraction.	
  We	
  have	
  found	
  and	
  quantified,	
  for	
  the	
  first	
  time,	
  
a	
   remarkable	
   amount	
   of	
   strain	
   memory	
   in	
   the	
   martensite	
   phase,	
   that	
   forms	
   in	
   the	
   wake	
  
of	
   the	
   phase	
   transformation	
   front.	
   This	
   means	
   that	
   the	
   accommodated	
   strain	
   in	
   the	
  
martensite	
   will	
   remain	
   stable	
   during	
   loading,	
   even	
   as	
   the	
   existing	
   phase	
   front	
  
propagates.	
   Interestingly,	
   we	
   are	
   also	
   finding	
   evidence	
   of	
   a	
   remarkably	
   strong	
   strain	
  
memory	
   in	
   the	
   martensite	
   that	
   persists	
   from	
   cycle	
   to	
   cycle.	
   We	
   are	
   able	
   to	
   quantify	
   this	
  
strain	
  memory	
  to	
  a	
  sub-‐micron	
  degree	
  of	
  accuracy.	
  This	
  memory	
  indicates	
  that	
  the	
  local	
  
elastic	
   stress	
   fields	
   in	
   the	
   martensite	
   are	
   driven	
   by	
   a	
   dislocation	
   structure	
   and	
  
martensitic	
  nuclei	
  that	
  largely	
  stabilize	
  during	
  the	
  first	
  loading	
  cycle.	
  	
  
	
  
We	
   are	
   also	
   working	
   on	
   an	
   experimental	
   setup	
   to	
   examine	
   the	
   behavior	
   of	
   SMAs	
  
under	
   very	
   high-‐cycle	
   fatigue.	
   Currently,	
   we	
   are	
   building	
   a	
   setup	
   utilizing	
   a	
   20	
   kHz	
  
ultrasonic	
  fatigue	
  tester	
  and	
  micro-‐strain	
  tracking	
  in	
  order	
  to	
  examine	
  the	
  strain	
  at	
  the	
  
level	
   of	
   the	
   microstructure	
   during	
   high-‐cycle,	
   low-‐load	
   fatigue	
   of	
   these	
   alloys.	
   The	
  
system	
  is	
  nearing	
  completion	
  and	
  is	
  currently	
  being	
  refined	
  for	
  experiments	
  beginning	
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in	
  Fall	
  2010.	
  Experiments	
  will	
  also	
  begin	
  in	
  Fall	
  2010	
  utilizing	
  two	
  high-‐speed	
  cameras	
  
(Photron	
  SA-‐1s)	
  to	
  map	
  mixed-‐mode	
  fracture	
  behavior	
  in	
  SMAs.	
  	
  
	
  
Small-Scale	
  Behavior	
  
In	
   order	
   to	
   examine	
   the	
   small-‐scale	
   phase	
   transformation	
   behavior,	
   we	
   need	
   to	
  
combine	
   the	
   Digital	
   Image	
   Correlation	
   (DIC)	
   technique	
   with	
   Scanning	
   Electron	
  
Microscopy,	
   a	
   technique	
   we	
   refer	
   to	
   as	
   SEM-‐DIC.	
   This	
   is	
   substantially	
   harder	
   than	
  
applying	
  DIC	
  to	
  track	
  macroscopic	
  strains	
  (length	
  scales	
  of	
  >mm),	
  because	
  of	
  two	
  main	
  
reasons:	
   (1)	
   the	
   need	
   to	
   apply	
   a	
   random,	
   isotropic	
   pattern	
   of	
   “tracking	
   markers”	
   for	
  
SEM-‐DIC	
   where	
   the	
   markers	
   are	
   now	
   very	
   small,	
   approximately	
   1-‐50	
   nanometers	
   in	
  
size;	
   and	
   (2)	
   the	
   complex	
   spatial	
   and	
   temporal	
   distortion	
   corrections	
   that	
   need	
   to	
   be	
  
applied	
  to	
  the	
  SEM	
  images	
  prior	
  to	
  calculating	
  displacements	
  through	
  the	
  DIC	
  algorithm	
  
(this	
  is	
  due	
  to	
  the	
  fact	
  that	
  SEM	
  is	
  a	
  rastering	
  method,	
  and	
  thus	
  each	
  pixel	
  is	
  captured	
  at	
  
a	
  different	
  point	
  in	
  time.	
  Electron	
  beam	
  drift	
  is	
  also	
  an	
  issue).	
  Over	
  the	
  past	
  4	
  months,	
  
we	
  have	
  made	
  good	
  progress	
  of	
  both	
  of	
  these	
  issues.	
  	
  	
  
	
  
Very	
   little	
   is	
   currently	
   known	
   about	
   small-‐scale	
   patterning	
   for	
   SEM-‐DIC	
  
measurements,	
  so	
  we	
  are	
  performing	
  an	
  on-‐going	
  study	
  to	
  systematically	
  examine	
  the	
  
feasibility	
   of	
   a	
   variety	
   of	
   patterning	
   methods.	
   	
   We	
   have	
   succeeded	
   in	
   creating	
   viable	
  
patterns	
   through	
   the	
   use	
   of	
   chemical	
   vapor	
   thin	
   film	
   rearrangement,	
   template	
  
patterning	
   methods,	
   focused	
   ion	
   beam	
   patterning,	
   e-‐beam	
   lithography,	
   and	
  
nanoparticle	
  patterning,	
  where	
  we	
  find	
  that	
  the	
  choice	
  of	
  optimal	
  method	
  depends	
  on	
  
the	
  length	
  scale	
  under	
  consideration.	
  We	
  have	
  also	
  succeeded	
  in	
  coding	
  the	
  first	
  portion	
  
of	
   the	
   temporal	
   correction	
   codes	
   needed	
   to	
   adjust	
   the	
   SEM	
   images	
   prior	
   to	
   strain	
  
calculations.	
   An	
   example	
   of	
   this	
   correction	
   is	
   shown	
   in	
   Figure	
   2.	
   Spatial	
   correction	
  
codes	
  (less	
  complicated	
  than	
  temporal	
  codes)	
  are	
  currently	
  underway.	
  	
  
	
  

	
  
Figure	
  2:	
  Initial	
  temporal	
  (drift)	
  correction	
  of	
  the	
  vertical	
  component	
  of	
  strain	
  (v)	
  in	
  
an	
   image	
   captured	
   by	
   SEM.	
   Note	
   that	
   prior	
   to	
   correction	
   (left	
   image),	
   error	
   in	
   the	
   v	
  
component	
  is	
  quite	
  large	
  with	
  a	
  mean	
  of	
  approximately	
  0.5	
  pixel.	
  After	
  the	
  1st	
  stage	
  of	
  
correction	
   accounting	
   for	
   temporal	
   drift	
   (right	
   image),	
   error	
   magnitude	
   is	
   now	
  
significantly	
  smaller,	
  and	
  is	
  correctly	
  centered	
  around	
  0	
  pixel.	
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Future	
  Plans	
  
	
  
	
  
We	
  will	
  continue	
  to	
  study	
  the	
  thermo-‐mechanical	
  response	
  of	
  shape	
  memory	
  alloys,	
  
and	
  the	
  effects	
  of	
  length	
  scale	
  on	
  the	
  mechanics	
  of	
  phase	
  transformation.	
  	
  
	
  
1. Thermo-Mechanical	
   Response:	
   Our	
   aim	
   here	
   is	
   to	
   obtain	
   the	
   first	
   quantitative	
  
measurements	
   of	
   the	
   complex	
   local	
   thermo-‐mechanical	
   interactions	
   that	
   occur	
   during	
  
phase	
   transformation.	
   Our	
   preliminary	
   experiments	
   have	
   been	
   successful	
   (see	
   Figure	
  
1),	
  but	
  we	
  still	
  have	
  much	
  to	
  accomplish.	
  We	
  are	
  particularly	
  interested	
  in	
  the	
  influence	
  
of	
  strain	
  rate	
  and	
  texture,	
  and	
  the	
  effect	
  that	
  loading	
  and	
  material	
  parameters	
  have	
  on	
  
the	
  cycling	
  response.	
  A	
  comprehensive	
  suite	
  of	
  experiments	
  has	
  been	
  started,	
  and	
  there	
  
is	
  a	
  substantial	
  amount	
  of	
  work	
  that	
  needs	
  to	
  be	
  done	
  in	
  this	
  regard.	
  These	
  experiments	
  
will	
   also	
   include	
   an	
   examination	
   of	
   phase	
   transformation	
   characteristics	
   during	
   both	
  
low-‐cycle	
  and	
  high-‐cycle	
  fatigue.	
  We	
  have	
  also	
  begun	
  to	
  examine	
  the	
  deformation	
  and	
  
failure	
   of	
   SMAs	
   under	
   structural	
   loads,	
   including	
   bending	
   and	
   combined	
   tension-‐
torsion.	
  	
  
	
  
2. Fracture:	
  Fracture	
  work	
  will	
  begin	
  in	
  Fall	
  2010.	
  As	
  a	
  first	
  step,	
  this	
  will	
  necessitate	
  the	
  
construction	
   of	
   an	
   experimental	
   setup	
   capable	
   of	
   measuring	
   and	
   quantifying	
   phase	
  
transformation	
   during	
   fracture	
   events.	
   One	
   aim	
   is	
   to	
   examine	
   the	
   contribution	
   of	
   phase	
  
transformation	
   towards	
   shielding	
   the	
   crack	
   tip	
   under	
   Mode	
   I,	
   II,	
   and	
   mixed-‐mode	
  
fracture.	
   The	
   dependence	
   of	
   crack	
   behavior	
   on	
   microstructural	
   variations	
   will	
   also	
   be	
  
investigated.	
  	
  
	
  
3. Micromechanics	
   of	
   Phase	
   Transformation/	
   Small-Scale	
   Studies:	
   Work	
   will	
   continue	
   on	
  
the	
   small-‐scale	
   patterning	
   and	
   distortion	
   correction	
   codes	
   needed	
   for	
   deformation	
  
tracking	
   in	
   the	
   SEM.	
   When	
   this	
   portion	
   of	
   work	
   is	
   complete,	
   we	
   will	
   use	
   the	
   SEM-‐DIC	
  
methodology	
   to	
   obtain	
   the	
   first	
   full-‐field	
   maps	
   of	
   strain	
   inhomogeneity	
   inside	
   of	
   and	
  
across	
   grains	
   of	
   SMAs	
   under	
   thermo-‐mechanical	
   loading,	
   as	
   well	
   as	
   pre-‐	
   and	
   post-‐	
  
microstructures	
  of	
  the	
  specimen	
  using	
  EBSD.	
  The	
  information	
  will	
  provide	
  insights	
  into,	
  
and	
   validation	
   benchmarks	
   for,	
   the	
   microstructural	
   evolution	
   (particularly	
  
intergranular	
   interactions)	
   that	
   are	
   central	
   to	
   constitutive	
   theories	
   of	
   phase	
  
transformation.	
  We	
  envision	
  characterizing	
  a	
  local	
  cluster	
  of	
  grains	
  –	
  including	
  stress-‐
strain	
  behavior,	
  energy	
  absorption,	
  and	
  degree	
  of	
  martensitic	
  transformation	
  –	
  and	
  also	
  
knowing	
   the	
   displacement	
   boundary	
   conditions	
   from	
   the	
   intragranular	
   constraints	
   on	
  
the	
  outer	
  edges	
  of	
  this	
  cluster.	
  A	
  main	
  aim	
  of	
  these	
  experiments	
  is	
  to	
  yield	
  a	
  wealth	
  of	
  
new	
   information	
   on	
   the	
   effect	
   of	
   microstructure,	
   relative	
   grain	
   size,	
   and	
   boundary	
  
conditions	
  on	
  the	
  ability	
  of	
  these	
  alloys	
  to	
  store/dissipate	
  energy	
  on	
  the	
  small	
  scale,	
  and	
  
to	
   provide	
   experimental	
   knowledge	
   that	
   can	
   be	
   directly	
   tied	
   into	
   current	
   theoretical	
  
and	
  numerical	
  modeling.	
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Mechanical Properties and Microstructural Evolution in Al-Li-Sc-Yb Alloys
Containing Multi-Shell Nanosize Precipitates
Prof . David C. Dunand (dunand@northwestern.edu), Prof. David N. Seidman, Prof. Christopher Wolverton
Department of Materials Science & Engineering, Northwestern University, Evanston IL 60208

1. Program Scope or Definition
Development - based on theoretical principles and modeling – of nanosize precipitates with atomic-level
control of composition and size within Al alloys to provide resistance to coarsening and creep up to 400 ºC.

2. Recent Progress
Microstructural Investigations and Ambient-Temperature Microhardness
Core–shell nanoscale precipitates in Al–0.06 at.% Sc microalloyed with Tb, Ho, Tm or Lu [1]
The age-hardening response at 300 °C of Al-0.06Sc-0.02RE (with RE = Tb, Ho, Tm or Lu; all concentrations
hereafter are in at.%), was found to be similar to that of binary Al–0.08Sc (at.%), except that a shorter
incubation period for hardening is observed, which is associated with nanoscale RE-rich Al3(RE1-xScx)
precipitates. Peak-age hardening occurs after 24 h, and is associated with a high number density of nanoscale
Sc-rich Al3(Sc1-xREx) precipitates. Analysis by three-dimensional local-electrode atom-probe tomography
shows that the REs partition to the core of the precipitates, and that x increases with increasing atomic
number. None of the REs studied was found to be superior to Yb as an addition to Al-Sc alloys, which affects
an early increase in microhardness, produces a high number density of precipitates, and exhibits a high degree
of Sc-replacement.
The effect of Li additions on precipitation-strengthened Al-Sc-Si and Al-Sc-Si-Yb alloys [2]
Four alloys: Al-0.12 Sc-0.013 Si, Al-2.9 Li-0.11 Sc-0.018 Si, Al-0.042 Sc-0.013 Si-0.0088 Yb, and Al-5.53
Li-0.048 Sc-0.013 Si-0.0092 Yb, were aged at 325 °C to produce strengthening L12-structured α′–Al3(Sc,Li)
and α′–Al3(Sc,Li,Yb) precipitates. The Li-containing alloys reach greater peak Vickers microhardness values
than their Li-free counterparts; and in the case of Al-0.12 Sc-0.013 Si, an addition of Li increases the
overaging time by a factor of four (Fig. 1a). Furthermore, for alloys in the peak-aged state, the addition of Li
causes the following changes in the precipitates: the number density is increased, the mean radius is
decreased, and the volume fraction is increased. These changes result from an increase in the driving force
for nucleation due to Li, and also a decrease in the interfacial free energy. This produces the unexpected

Figure 1. (a) Vickers microhardness vs. aging time for Al-0.12 Sc-0.013 Si and Al-2.9 Li-0.11 Sc-0.018 Si; and
(b) the volume fraction (φ), number density (Nv), and average radius (<R>) of precipitates vs. aging time for Al2.9 Li-0.11 Sc-0.018 Si, aged isothermally at 325 °C.
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result that addition of Li (which diffuses faster than Sc) to a binary Al-Sc alloy causes a decrease in the rate of
precipitate coarsening. As a result of a decreasing amount of Li incorporation in the α′–Al3(Sc,Li)
precipitates with aging time, their volume fraction reaches a maximum value at peak-age, and then decreases
during overaging (Fig. 1b).

Chemistry and structure of core/double-shell nanoscale precipitates in Al-6.5Li-0.07Sc-0.02Yb
(at.%) [3]
An Al–6.3Li–0.07Sc–0.02Yb alloy was
subjected to a double-aging treatment to
create nanoscale precipitates, which were
studied by atom-probe tomography and
transmission electron microscopy.
This
builds on our previous work on a double-aged
Al-Li-Sc alloy [4], which also exhibited coreshell precipitates. A first aging step at 325
°C leads to a doubling of microhardness as
result of the formation of coherent L12structured precipitates with an Al3Yb-rich
core and an Al3Sc-rich shell. The core and
shell both contain a large concentration of Li,
which substitutes for up to 50 % of the Sc or
Yb atoms.
These core/single-shell
precipitates provide excellent resistance to
overaging at 325 °C. Subsequent aging at 170
°C increases the microhardness by an
additional 30%, through precipitation of a
metastable δ'−Al3Li second shell on the
core/single-shell precipitates (Fig. 2), thereby Figure 2. A core/double-shell precipitate observed via atom
forming a chemically and structurally probe tomography, for aging at 325 °C for 8 h, followed by 2
complex core/double-shell structure. More weeks at 170 °C.
complex
multiple-core/double
shell
precipitate structures have also been observed [5].

High-Temperature Mechanical Properties: Creep of Al-Sc, Al-Li-Sc, and Al-Li-Sc-Yb Alloys [6]
Three alloys: Al-0.12Sc, Al-2.9Li-0.11Sc, and Al-5.53Li-0.048Sc-0.0092Yb, were aged at 325 °C, producing
precipitation-strengthened, creep-resistant alloys (see above section). The aged alloys were crept at 300 °C in
compression, yielding minimum steady-state strain rates from 10-9s-1 to 10-4s-1. The alloys exhibit high
apparent stress exponents in the range 13.8 – 33.0, which are indicative of threshold stress behavior; threshold
stresses are measured ranging from 7.9 MPa – 20.0 MPa. The normalized threshold stresses are expected to
increase with precipitate size and lattice parameter mismatch due to elastic strains induced in the matrix, and
their interactions with dislocations. The measured creep properties of the alloys will be accompanied by
microstructural investigations of the crept alloys (see Future Plans).

Dislocation Dynamics Modeling of Complex Microstructures
We have completed modifications of an existing code (written by V. Mohles [7]) to study the strengthening of
Al-Li-Sc-RE alloys with complex precipitate morphologies. This code was designed to simulate dislocation
interactions with precipitates to determine the critical resolved shear stress (CRSS). The code originally only
supported simulations of single-phase spherical precipitates having a prescribed size and spatial distribution.
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Figure 3. An obstacle field using experimentally-observed atomprobe datasets containing complex core/shell precipitates in a
double-aged Al-Li-Sc-Yb alloy. Two dislocations (D1 and D2) are
traversing the obstacle field under an applied stress.

The following modifications were made to
extend the model:
• large experimental obstacle fields
may be imported using atom-probe
tomography-measured datasets
• complex core-shell precipitates can
be simulated (Fig. 3)
• a stress field for lattice-parameter
mismatch of core-shell precipitates
having different lattice constants
has been derived and implemented
in the simulation code
• a stress field for modulus mismatch
between the precipitates and the
matrix has been derived and
implemented in the simulation
code
We are in the midst of applying the
extended model to a wide variety of
precipitate obstacle fields (see Future
Plans).

First-Principles Calculations of Al-Li-Sc System Properties [8]
We utilized first-principles density functional calculations to study the nucleation and stability of L12-ordered
precipitates in Al-rich Al-Sc-Li alloys. We find the following results: (1) The coherency strains to form
coherent interfaces between Al3Sc/Al, Al3Li/Al, and Al3Sc/Al3Li are relatively small, due to the small atomic
size mismatches in these systems; (2) the Al3Li and Al3Sc phases may be off-stoichiometric due to a non-zero
solubility of the other solute elements. Sc atoms from the a-Al-solid solution, substitute on the Li sublatticesites of the Al3Sc phase, while Li substitutes on the Sc sites of Al3Li; (3) the solubilities of Sc and Li in Al
alloys, calculated from first-principles, are in good agreement with experimental results, and in the case of Sc,
agree well with prior first-principles results; (4) we calculated the interfacial energies for Al/Al3Sc, Al/Al3Li,
and Al3Sc/Al3Li for (100), (110), and (111) interfaces, and the value of the Al/Al3Sc interfacial energy is
much larger than those of the Al/Al3Li, and Al3Sc/Al3Li structures; (5) Combing the bulk and interfacial
energies yields the nucleation barriers and critical radii for Al3Sc and Al3Li precipitates; and (6) if the Li

concentration in the alloy is sufficient , Al3Li(L12) will wet Al3Sc, decreasing the interfacial energy
of the system and leading to stable core/shell precipitates.
First-Principles Calculations of Al-Rare Earth Compounds [9]
We utilized first-principles density functional calculations to study the phase stability, magnetic properties,
and the solubility of aluminum rare-earth (RE) compounds. Standard potentials correctly predict all the stable
phases of Al-RE compounds and frozen potentials are also in good agreement with experiments, except
Al3Yb.cP4. The contributions of RE magnetic properties to the relevant formation energies are crucial to
predict the correct ground Al3RE structures. RE solubilities in Al were calculated, including the vibration
entropy, and our calculated results are in very good agreement with experimentally measured values.
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3. Future Plans
Elevated Temperature Mechanical Properties: Creep-Microstructure Correlations [10]
The creep properties measured for the three alloys studied (see Recent Progress) indicate threshold-stress
behavior, due to elastic interactions between dislocations and coherent, misfitting precipitates. The
magnitude of the elastic interactions scales with precipitate size. Hence, a complete understanding of the role
of the precipitates in imparting creep resistance necessitates measurement of the precipitate sizes, which
evolved during the early stages of creep testing. TEM will be used to verify that coherency misfit strains are
indeed found in the matrix surrounding the precipitates, and LEAP will be used to acquire accurate size
distribution information for the crept alloys. To add further insight into these results, we plan to extend the
dislocation dynamics model discussed above to investigate the possibility that threshold stresses are due to
departure-side attractive interactions between dislocations and precipitates during climb.

Dislocation Dynamics Modeling [11]
Development of the simulation (described above) is complete. The program is currently being evaluated by
comparing the measured strength increment to the simulated strength increment in alloys for which
microhardness and precipitate structure have been experimentally determined. A variety of alloys was
selected to obtain a broad range of strengths, including aging states for which both precipitate shearing and
Orowan looping is expected. This includes core-shell precipitates in the Al-Li-Sc system, with shear-resistant
Al3Li cores and easily shearable Al3Li shells. Once validated, the simulation may be used with simulated
precipitate fields to find optimal conditions for maximum strengthening in Al-Li-Sc alloys, which will depend
on alloy composition (volume fraction) and the distribution of the strengthening phases.

First-Principles Calculations of Al-alloys with Li, Sc, Zr, and Rare Earth Additions
We are systematically studying the solubility of the substitution elements of Sc, Li and all rare-earth elements,
in aluminum by first-principles calculations [12], leading to the following preliminary conclusions:
• The solubility of metastable L12 Al3Li was calculated and is in good agreement with experimental
results.
• The calculated solubility of RE decreases significantly as the RE atomic number increases.
• The vibration entropy makes a significant contribution to the solubility of RE in Al
We are also studying the nucleation and precipitation of core-shell ordered structures in Al-Sc-Zr-Er alloys by
both experimental 3D APT and first principles calculations [13]. These results will reveal the possible
mechanism of the nucleation and precipitation process of such structures during aging. We establish several
theoretical models based on the experimental observations and bulk thermodynamics (both static total
energies and vibrational free energies) and interfacial energies by first-principles calculations.
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The Closure Problem in Density-Based Modeling of Dislocation Dynamics
Anter EL-AZAB
400 Dirac Science Library, Department of Scientific Computing, Florida State University,
Tallahassee, FL 32306, E-mail address: aelazab@fsu.edu

Program Scope
This research is performed as a part of a project entitled “Statistical Mechanics Modeling of
Mesoscale Deformation of Metals,” which aims to develop a statistical modeling framework of
dislocation dynamics in crystals. The research focuses on modeling the statistical properties of
dislocation ensembles and incorporating the resulting models into a kinetic description of
dislocations. This approach is thus called “density-based modeling of dislocation dynamics.” In
density-based models of dislocations, the space and time evolution of a dislocation population is
described in terms of a set of kinetic equations, the completion of which requires dealing with a
closure problem similar to that of classical kinetic theories of particle systems. Here, we tackle
this problem by modeling the statistics of dynamical dislocation systems and associated internal
elastic fields. We thus present the modeling results for the spatial statistics of dislocations, the
statistics of dislocation velocity and resolved shear stress, and the temporal statistics of cross slip
and short range reactions in deforming crystals. The statistics of the velocity and resolved shear
stress are required for the development of a density-based dislocation mobility law for use in the
kinetic equations. The spatial statistics is required for modeling the dislocation correlations, and
the temporal statistics is needed for fixing the source terms in the kinetic equations for the
dislocation density evolution. The method of dislocation dynamics simulation, along with the
appropriate theoretical formalisms of statistics, has been used to conduct numerical simulation of
all relevant statistical measures.
Recent Progress
Spatial Statistics of Dislocations—Modeling
the spatial statistics and dislocation
correlations has been performed using the
mathemtics of stochastic fiber process in
conjunction with the method of dislocation
dynamics simulation [1]. It has been found
that, in Cu and Mo crystals, the redial
(a)
(b)
dislocation correlation exhibits an oscillatory
Figure
1.
Anisotropy
of
3D
correlation
in
Cu at
behavior before reaching an uncorrelated
(a) 1% and (b) 1.3% strain. Linear dimension of
regime at several microns. It has been also
the figures is 7.5 microns.
found that the correlations of dislocations of
the same Burgers vector is much higher (about an order of magnitude stronger) that the
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correlation between dislocations of different Burgers vectors. In addition, the 3D correlation of
dislocations was found to be highly anisotropic in space. Figure 1 shows sample realization of
the 3D correlation in a Cu single crystal at strains of 1% and 1.3%. It is clear that the correlation
peaks along certain crystallographic directions and that the correlation values at the peaks are
strongly dependent on the strain.
The anisotropic and long-range nature of the dislocation correlation poses a challenge in solving
the kinetic equations for the density evolution of dislocations.
Temporal Statistics of Cross Slip and Junction Reactions—Cross slip and junction reactions are
important processes in the deformation of FCC crystals because they are directly related to
hardening and dislocation density increase. A time series analysis has been used to model the
temporal statistics of cross slip and junction reactions in dislocation dynamics. The objective of
this analysis is to model the coarse graining time scale of dislocation dynamics, and to
demonstrate how this time can be used to determine the source terms associated with cross slip
and junction reactions in the kinetic theory of dislocations. The analysis includes the collection
of time series data for cross slip and junction reaction events using the method of dislocation
dynamics simulation, stationarization of the time series and computing the correlation time [2].
Figure 2 (a) shows a typical
time series (blue curve) for
2
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Junction density
Cross slip
the junction density on slip
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1
system [110](1 11) in a Cu
Junction reactions
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series for junction reactions.
Active slip systems
Time (s)
Using the stationarized series,
(a)
(b)
the correlation time has been
Figure 2. (a) A time series of the junction density for a slip system in
computed for both cross slip
a deforming Cu crystal. (b) Correlation time for cross slip and
and dislocation reactions
junction reactions for active slip systems in Cu deformed under [100]
(junction formation and
type loading.
annihilation reactions) for all
slip systems in deforming copper. The results are summarized in Figure 2 (b).
Mean time between junctions reactions
per unit volume ~ 1 ns

It has been found that, the cross slip correlation time is larger than the junction reaction
correlation time, and that the latter is approximately the same as the correlation time for
dislocation annihilation reactions. The coarse graining time scale, which is a fundamental
characteristic time of dislocation dynamics, is thus taken to be the cross slip correlation time.
This time scale was then used to perform time-averaging of the cross slip and junction reaction
rates and compute the corresponding rate parameters in the kinetic equations.
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Statistics of Internal Stress of Dislocations—A detailed study of the statistics of internal stress in
deformed crystals has been completed. The ultimate objective of this study is to obtain
statistically averaged dislocation
velocity law for use in the
continuum (statistical) theory of
dislocations. Such law can be
obtained by connecting three
levels of statistics: the statistical
distribution of internal stress in
the crystal (this includes the
resolves shear stress), the
resolved shear stress statistics at
dislocation segments (a subset of
crystal points), and the velocity
statistics of dislocation. The mean
velocity of the dislocations, which
is directly connected to the
Figure 3. Sample result for the resolved shear stress
resolved stress on segments, is
correlation in 3D in a copper crystal. The top row shows the
now possible to relate to the mean
sections of the correlation at strain 0.25% and the bottom row
resolved shear stress in the crystal shows the same at strain 1.13%.
by simply correlating the statistics
of the latter on segments and at the crystal level. This step has not been accomplished yet. The
internal stress field at the crystal level, which is estimated from crystal mechanics computations,
will thus link the kinetic equations to crystal mechanics via the stress-velocity law. A probability
density function and pair correlation function of stress are important in this regard. A sample
correlation result for the resolved shear stress is shown in Figure 3. It is clearly shown that the
stress correlations are long ranged and that they are highly anisotropic. These properties are
dictated by the correlation of the underlying dislocation structure. As part of the internal stress
analysis, we were able to find the analytical connection between the stress correlation and the
dislocation correlation. More results can be found in [3].
Statistics of Internal Elastic Fields—In an effort to compare the modeling results with
experimental data on internal elastic field, we are performing a detailed analysis of the internal
geometric fields of dynamical dislocation systems; namely, the lattice rotation, elastic strain and
dislocation density tensor are being analyzed. This work is performed jointly with ORNL. The
lattice rotation and elastic strain have been computed by solving a complex elastic boundary
value problem of many-dislocation systems. The dislocation density tensor itself can be
computed from these fields or from the dislocation structure directly. At this point, we use the
method of dislocation dynamics simulation to obtain the internal elastic fields and the dislocation
density tensor. In the near future, these same quantities will be obtained using the statistical
theory of dislocations.
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Preliminary results show that, for a Cu, the probability density functions of all internal elastic
fields are nearly symmetric, with zero mean values for the elastic strain and the dislocation
density tensor components and non-trivial mean for the lattice rotation. The radial pair
correlation function of the dislocation density tensor and lattice orientation showed slow decay
followed by slight oscillatory behavior with correlation and anti-correlation regimes. Preliminary
comparison of simulation results with X-ray measurements showed good agreement for the
dislocation density tensor. The results are currently being refined.
Future Plans
The statistical analysis of dislocations and their internal fields, which has been performed under
this project, enables us to close the kinetic equations governing the space and time evolution of
dislocation systems in deforming crystals. This task will be accomplished by establishing closure
models based on the statistical analysis discussed earlier. The dislocation kinetic equations can
then be solved in conjunction with crystal mechanics to understand hardening and dislocation
patterning in deforming crystals starting from the properties of dislocations and their interactions.
We are now casting the dislocation correlations, density-based mobility law, and the rates of
cross slip and junction reactions in analytical forms. We are also establishing a coupled finiteelement scheme to solve the kinetic equations and crystal mechanics concurrently. Preliminary
results will be obtained in the near future, and comparison with experimental data for uniform
compression and indentation of single crystal copper are under planning.
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Program Scope:
We have established a new method for attaining extreme conditions in materials. The
combination of pressure, temperature and ion beams has been recently achieved by
injecting relativistic heavy projectiles through the diamond anvil of a diamond-anvil cell
into the heated and pressurized sample. These projectiles exhibit exceptional properties
because they deposit their kinetic energy within an exceedingly short interaction time (fs)
into nanometer-sized sample volumes. This high density of energy transferred to the
electrons along the ion path leads to intense electronic excitation, a confined plasma-like
state that screens the Coulomb field and decreases rapidly away from the ion trajectory.
Through electron-phonon coupling, the excited electrons transfer their energy to target
atoms by exceeding the average binding energy (few eV/atom), which leads to local
melting with an accompanying shock wave to the surrounding material. These collective
processes, which occur over pico- to nano-second time frames, drive the local atomic
structure far from equilibrium, resulting in rapid phase transition pathways through
equilibrium and nonequilibrium states that trigger complex structural modifications
within a cylindrical zone of diameter ~10 nm, the so-called ion track.
Combining such energy depositions simultaneously with extremes in pressure and
temperature adds complexity and provides unique access to an extended pressuretemperature space, which is difficult to access by other means. This opens up a unique
opportunity for a new physical regime that allows us to address exciting questions:
•
•

How do solids respond to the simultaneous exposure of several extremes, such
as pressure, temperature, and very large energy deposition?
Can these ion-matter interactions be used to create new phases that exist only
at extreme pressures and temperatures?
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•
•

Can nano-scale manipulations by swift heavy ions be used tune the
thermodynamic properties of unstable high-pressure phases, which leads to
their stabilization upon pressure release?
How are pressure-temperature phase boundaries affected by high-energy
irradiations?

Recent Progress:
The principal scientific accomplishment of the past three years has been to develop the
methodology for swift heavy ion (10s of GeV) irradiations in combination with highpressure (< 100 GPa) experiments. This has involved, not only developing the irradiation
techniques, but the extensive use of synchrotron sources (NSLS, CHESS, APS and ALS)
to investigate in situ phase transformations at high pressures. We have perfected
procedures that allow us to reclaim DAC samples for examination by HRTEM. We have
also applied a combination of quantum mechanical calculations (DFT) and Monte Carlo
simulations to understand the response of materials at the nanoscale (see for example, the
recent paper in the Journal of Materials Research, 2010, that describes and simulates the
internal structure of individual tracks created by swift heavy ions).
Because much of the recent work is entirely new, we have been invited to write review
articles for the Journal of Synchrotron Radiation (2009) and Nuclear Instruments and
Methods in Physics Research B (2010). In addition, important breakthroughs in the
research program have appeared in Physical Review Letters (2008, 2010) and Nature
Materials (2009). The first PRL paper (2008) identified the remarkable parallel between
radiation-induced and pressure-induced disordering. Both processes are controlled by the
energetics of the disordering process, and this was confirmed by DFT calculations. The
second PRL paper (2010) described a new technique for determining the degree or
disordering during in situ high-pressure experiments. Finally, the Nature Materials paper
illustrated, for the first time, how one can use irradiation at high pressure to manipulate a
material and stabilize previously unquenchable high-pressure phases.
Maik Lang received the Alvin Van Valkenburg Award, which recognizes a young
scientist who has made seminal contributions to high-pressure science.
Future Plans:
The objective of this research program is to develop a fundamental understanding of
materials behavior under extreme environments of intense irradiation fields, high
temperatures and high pressures. We will investigate irradiation-induced phase
transformations utilizing a wide spectrum of radiation sources and nano-scale analytical
techniques. We will specifically focus on the effects of high-temperature and highpressure on radiation-induced structural transformations: crystalline  crystalline;
crystalline  amorphous; amorphous  amorphous. The simple model structures will
be mainly oxides: SiO2, ZrO2, CeO2, HfO2, TiO2, SnO2, GeO2, as well as AlPO4 and their
composites.
The new research builds on the foundation of experimental results that were established
during the previous years; however, the next efforts will utilize new experimental and
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computational techniques to establish a more fundamental understanding of the response
in simple, model systems to radiation effects over a range of temperatures and pressures.
Although most of our previous work has focused on the order-disorder and amorphization
of complex structure-types, in the future, we will focus on simple oxides with multiple
structure types. The hallmark of our work will continue to be that of careful systematic
studies of different structure-types combined with detailed characterization as a function
of the type of damage and dose over a range of temperatures, pressures and fluences.
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Program scope:
Stress-coupled grain boundary migration has recently been manifest in observations of stressassisted room temperature grain growth in nanocrystalline metals. Of particular interest to this
study are micro-tensile experiments involving nanocrystalline Al thin films that highlight the fact
that the mechanical behavior of these films is not only different that bulk materials but dynamic
as well. These observations of stress-assisted grain growth in these nanocrystalline thin films
cannot be described by traditional grain growth driving forces and appears to be a direct
experimental observation of stress-coupled grain boundary motion. In additional to providing a
unique avenue for studying stress-coupled boundary motion, the experiments to be conducted in
this study will help lay the foundation for understanding and modeling the dynamic mechanical
response of nanocrystalline materials.
Observations of stress-assisted grain growth, accompanied by enhanced plasticity, also offer
intriguing prospects for increased fracture toughness. Nanocrystalline metals are generally
stronger but also much less ductile than their microcrystalline counterparts and fracture
toughness is emerging as a key consideration in their use. In situ TEM observations of our
nanocrystalline Al thin films have revealed that grain growth occurs predominantly at crack tips
and appears to be highly effective at crack-tip blunting. If properly understood and exploited,
stress-assisted grain growth, at crack tips where stress concentrations are highest, may naturally
lead to crack tip blunting and increased fracture toughness. Thus, the motivation for the proposed
work is actually three-fold: (i) to experimentally characterize stress-coupled boundary
migration, (ii) to provide a foundation for describing the dynamic nature of nanocrystalline
metals, and (iii) to explore the possibility of increasing the fracture toughness of nanocrystalline
materials through self-selected grain growth and crack tip blunting.

Description of accomplishments:
We have written a perspective on mechanical annealing [1] and expanded our experimental
studies to elucidate the fundamental mechanisms associated with stress-coupled grain boundary
migration as manifest in the observation of stress-assisted room temperature grain growth in
nanocrystalline metals. Evidence in support of the recently proposed theory of stress-coupled
boundary migration, which although widely accepted for low-angle grain boundaries has been
largely overlooked with regard to high-angle grain boundaries, has been forthcoming. In situ
TEM observations of anomalously fast grain growth that precedes dislocation activity have been
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linked to stress-coupled grain boundary
motion [2]. The development of surface
relief, terraces with dimensions of the grain
size as shown in Fig. 1, attest to the
presence of shear displacements that
accompany grain growth [3]. Variations in
grain growth associated with the deposition
background pressures have been used to
highlight the role of impurities in pinning
grain boundaries and preventing grain
growth [4]. Recent results from MEMSinspired micro-tensile experiments, which
incorporate geometric features (stress
concentrators) to experimentally quantify
the effect of stress state (deviatoric vs.
hydrostatic) on grain growth, point to the
importance of shear stresses in promoting
grain growth [5].

Fig. 1: SEM and AFM (insert) micrographs of a
nanocrystalline-Al thin film that has undergone RT
grain growth. The as-deposited film was smooth but
the surface topography of the deformed sample is
terraced and suggestive of stress-coupled grain
boundary migration.

One of the earliest reports of stress driven
boundary migration was for the motion of
low-angle tilt boundaries in hexagonal-close-packed (hcp) zinc. We are exploring the existence
of stress-coupled GB migration in various materials and crystal structures. Nanocrystalline Pt
thin films exhibit very high strengths, limited ductility and clear evidence of grain growth [6].
The fact that grain growth is realized in Pt at room temperature is especially important because
25ºC represents a homologous temperature of 0.14 for Pt as compared to 0.32 for Al. Thus, the
observation of grain growth in Pt confirms our previous finding that grain boundary migration is
stress-coupled and not thermally driven. Vapor deposition of bcc metals as ductile, stress-free
thin films has proven to be very challenging. Parallel studies involving vapor deposited Mg thin
films have, however, provide preliminary evidence of grain growth in an hcp metal.
160nm thick Pt, average response of 7 tests

(a)

Fig. 2: (a) Mechanical behavior of 160nm thick Pt and (b) cumulative grain size distribution
plot comparing as-deposited Pt to stressed Pt.
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It is challenging to obtain a detailed understanding of stress coupled GB migration using
nanocrystalline materials as they contain numerous overlapping grains of random orientation.
Such a microstructure makes it is difficult to accurately orient neighboring grains and track the
motion of the boundary between them. We are collaborating with Minor and colleagues at
NCEM to fabricate bi-and tri-crystalline films of Al and Au. The bi- and tri-crystalline films are
polycrystalline and have columnar grains with a variety of grain boundary character but only two
or three variants of crystallographic orientation. ‘Restricting’ the microstructure in this manner
will greatly facilitate our ability to load the films in tension and detect specifically how different
boundaries respond to the applied stress. This will require in situ mapping of grain orientations to
determine and track GB characters in the films during the application of stress. One option that
we are developing with Schuster and colleagues at the Army Research Laboratory is the use of
SEM-based electron back-scattered detection (EBSD). A second option that we are pursuing
with Legros and colleagues at CEMES Toulouse is the use of automated orientation detection
and mapping methods now available for TEM. With the combination of these two techniques,
we are now positioned to combine orientation mapping with mechanical testing and to make
direct in situ observations relating applied stress to GB migration.

Planned activities for the coming year:
The main focus of the upcoming year is two fold. The first will be to complete the work on the
Pt and Mg nanocrystalline thin films to provide insight on the influence of crystal structure on
stress-coupled GB migration. The second will be to conduct experiments with the bi-and tricrystalline films to explore the effect of gain boundary character on stress-coupled GB migration.
These films have known, well-defined microstructures. Therefore, if these special films are
loaded in tension, it should be possible to directly observe which boundaries (straight, curved,
high/low angle misorientation, etc…) couple to the applied stress and move. The fabrication of
thin film micro-tensile specimens is being conducted through collaborations with Professor
Minor and his group at NCEM, who have demonstrated the ability to produce both Au and Al bicrystalline films. Post mortem EBSD measurements and observations will allow us to identify
and characterize the salient GB characteristics, but we will also conduct micro- and meso-scale
in situ experiments by mechanically loading the films inside the electron microscope. Both SEM
and TEM experiments are planned. The GB migration will be tracked using both visual
observations from standard electron images as well changes in grain/microstructural maps
produced by orientation imaging microscopy such as electron backscattered detection (EBSD).
These micro- and meso-scale observations will provide meaningful complements to the highresolution in situ observations that are underway at NCEM.
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The Inverse Magnetoplastic Effect of Magnetic Shape-Memory Alloys
Peter Müllner
Department of Materials Science and Engineering, Boise State University, 1910 University Dr., Boise, ID 83725
petermullner@boisestate.eud
Program Scope
Inverse magnetoplasticity is the deformation-induced change of magnetization occurring in the martensitic phase
of magnetic shape-memory alloys. Inverse magnetoplasticity is the inverse effect to magnetic-field-induced
deformation (magnetoplasticity). The goal of this project is to investigate the underlying mechanisms of inverse
magnetoplasticity, its potential, and limitations both, experimentally and theoretically. Project objectives cover the
synthesis of high-quality single crystals, the control of twin microstructure, systematic magneto-mechanical
experiments, and numerical modeling. The outcomes of this project are defect-based experimental and theoretical
understanding of the micromechanisms of inverse magnetoplasticity, effects of thermo-magneto-mechanical
training on twin-microstructure and magneto-mechanical properties, and knowledge about potential and limits of
inverse magnetoplasticity of magnetic shape-memory alloys.
Recent Progress – Summary*
Twinning is the primary deformation mechanism in magnetic shape-memory alloys (MSMA). The effect of surface
damage on the mechanical properties and twin structure of Ni-Mn-Ga single crystals was studied. Spark eroded
samples were electropolished and characterized before and after each polishing treatment. Surface damage was
then produced with spark erosion, ion implantation, shot blasting and abrasive wearing. Surface damage stabilizes
a dense twin-microstructure and prevents twins form coarsening. The density of twins increases with increasing
degree of deformation. Twinning stress and hardening rate increase with increasing surface damage and twin
density.
Introduction**
The effects of composition on structure, thermal
properties, and magnetic properties of Ni-Mn-Ga
magnetic shape memory alloys (MSMAs) are very
sensitive to subtle variations. The surface
preparation procedures further impact the magnetomechanical properties of these materials. However,
data on the surface treatment and sample preparation methods is limited and of qualitative nature.

The interaction of differently oriented twins leads to
the formation of cracks and limits the lifetime in
high-cycle dynamical actuation. While cracks
nucleate very easily when twins are thick,
microstructures with very thin twins are more
resistant against crack nucleation. Therefore, the
performance of MSMAs in dynamical loading is a
compromise between large stroke and short lifetime
for well trained, nearly single variant crystals, and
short stroke and long lifetime for non-trained, selfaccommodated crystals. Improvement of the
performance may be achieved if the twin
microstructure can be designed such that twins are
thin but do not obstruct each other. Additionally, the
twin microstructure must be stable over a large
number of loading cycles.

Thermo-mechanical and thermo-magnetic training
increases the magnetic-field-induced strain (MFIS).
Single twin domain specimen can be produce by
applying simultaneously a magnetic field and a
mechanical load. Variants change from a single
variant state to a two variants state after thermomechanical training, and the variants rearrange
during straining in different directions and when
exposed to a rotating magnetic field. A simple two
variant state can be obtained by repeated
compressive deformation. This lead to a decrease of
twinning stresses for a 10M martensite sample from
2.3 MPa directly after thermo-mechanical training
(cooling from austenite to martensite with applied
stress) to 1.1 MPa in a trained state and for a 14M
martensite sample from 6.3 MPa to 2.9 MPa.
*
**

In this work, it is shown that, polishing reduces the
twinning stresses, especially in the high strain
regions where the rough surface layer causes
hardening. Polishing also leads to serrated flow.
Surface damage caused by surface abrasion and
glass ball blasting stabilizes the twin microstructure
and increases the twinning stress. The larger the
degree of surface damage is, the thinner the twins
are. The twins are thin but extend over the entire
sample and are, thus, mobile at moderate stress.

Excerpts of two publications, Refs. [12, 14].
References are listed in [12, 14].
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treatment occurred. The stress-strain curves 2, 3,
and 4 (treatments I2, I3, and I4, see Table 1) were
very flat, and all twinning stresses were below 5
MPa. The stress-strain curve of sample B2, which
was not electropolished had the same characteristics
and twinning stress level as those of sample A3. The
consecutive stress-strain tests of unpolished sample
B2 (curves 1-4) showed a reduction of the twinning
stresses from 7.4 MPa to 2.1 MPa after four stressstrain test cycles. From the second stress-strain test
on, the twinning stresses decreased only slightly
during the subsequent stress-strain experiment.
After sample B2 was mechanically polished
(treatments I5 and I6), the average twinning stress
dropped further to 1.9 MPa (curves 5 and 6 in Fig.
2b). The twinning stress of B2 remained low over the
entire strain range where twinning occurred. After
twinning was saturated the twinning stress sharply
increased. This is in contrast to the unpolished
samples, for which the stress levels increased
constantly with increasing strain, and transitioned
slowly to the elastic region when twinning is
saturated.

Experimental
The influence of the surface polishing treatments on
twinning stress of Ni-Mn-Ga single crytals was
studied on seven parallelepipeded samples, which
were labeled A1 to A4 and B1 to B3, with faces
parallel to {100}austenite. These experiments are here
referred to as test series I. The starting conditions
where the freshly cut surface (spark eroded). The
surface roughness and the damaged surface layer
were then reduced by successive electropolishing
treatments. In test series II, the starting condition
was the most perfectly electropolished surface. The
surface roughness and the damaged surface layer
were then enhanced by exposing the samples to
“successively heavier impact treatments”. Table 1
gives an overview on the surface conditions of
samples A1, A3, and B2 and a reference to the
figures representing results of deformation
experiments, which were performed repeatedly n
different directions in compression. Further details
on crystal preparation, surface treatments,
deformation
experiments,
and
surface
characterization are given in [12, 14].

Samples A1 and A3 were tested again during test
series II (Fig. 2) with average twinning stresses of
1.9 MPa and 3.7 MPa in the electropolished
condition. After the 9 μm mechanical polish (II2), the
twinning stresses increased to 3.5 MPa and 4.2 MPa.

Results
The stress-strain curves for the first deformation
experiment as spark eroded and after each polishing
treatment are given in Fig. 1 for test series I, for
samples A3 (a) and B2 (b). For sample A3, a drastic
decrease of twinning stress after the first polishing

Table 1: Summary of surface treatments for test series I and II and figures which present results.
Treatment
I1

Details
Spark eroded

I2

Electropolished once for 60 s

I3

I2 plus second electropolish for additional 60 s

I4

I3 plus third electropolish for additional 120 s

I5
II1

Mechanically polished with 9 μm and then 6 μm
Electropolished for 240 s

II2

Mechanically polished with 9 μm diamond particles

II3

II2 plus mechanically grinded with 1200 grit SiC particles

II4

II3 plus blasted with glass balls with diameters between 55 and
255 μm.
Chemically etched for 300 s.

II5

68

Sample
A1
A3
B2
A1
A3
A1
A3
A1
A3
B2
A1
A3
A1
A3
A1
A3
A1
A3
A1
A3

Stress-strain results
Fig. 1a, line 1
Fig. 1b, lines 1-4
Fig. 1a, line 2
Fig. 1a, line 3
Fig. 1a, line 4
Fig. 1b, lines 5 & 6
Fig. 2a, line 1
Fig. 2b, line 1
Fig. 2a, line 2
Fig. 2b, line 2
Fig. 2a, line 3
Fig. 2b, line 3
Fig. 2a, line 4
Fig. 2b, line 4
-

After grinding with 1200 grit SiC (II3), the twinning
stresses increased to 4.8 MPa and 6.8 MPa with a
smoothening of the stress-strain curve. Glass ball
blasting (II4) increased the twinning stresses even
further to 7.6 MPa and 8.4 MPa. At the same time,
the twinning stress ranges increased with these
surface treatments from 1.4 MPa to 7.6 MPa for
sample A1 and from 4.5 MPa to 9.7 MPa for
sample A3.

When the defective layer is removed, the twinning
stress decreases and the twins coarsen in repeated
compression experiments. Without defective surface
layer, the twin boundaries are pinned mainly by the
coarsely dispersed obstacles (defects) in the bulk of
the sample (Fig. 4c) causing serrated flow. For an
electropolished surface, the stress-strain curve is
steeper and smoother due to an increased number
of pinning sites (Fig. 4b). Treatments that cause
surface damage prevent the coarsening of the twins.

Fig. 3 shows micrographs taken after the stressstrain test cycles of test series II for sample A3 for
the electropolished (a), mechanically polished (b),
mechanically grinded (c), and glass ball blasted (d)
surfaces. After each micrograph was taken, the next
surface treatment was performed. While twins in the
electropolished condition were rare and wide (1 mm
and larger), finer twins appeared in the mechanically
polished surfaces with a width of about 0.2 mm. The
twins became even finer (<0.1 mm) and more
homogenously distributed after glass ball blasting.

Future Plans
The control over the twin microstructure allows
studying effects of the twin thickness on inverse
magnetoplasticity and on fatigue properties. We will
perform deformation experiments within an
orthogonal magnetic bias field. The bias field will
restore the original shape upon unloading [6]
allowing for repeated testing and, thus for
performing a study of fatigue behavior. We have
recently built an instrument with which we can carry
out such experiments at a frequency of up to 500 Hz.
8
More than 10 load cycles can be applied within one
week. We will systematically study fatigue by varying
twin thickness, displacement amplitude, and
frequency. The new instrument also allows for
measuring the change of the magnetization via a
pick-up coil. We will systematically study inverse
magnetoplasticity as a function of frequency,
displacement amplitude, and twin thickness.

Discussion and Conclusions
Surface damage and residual stress localized in the
surface layer hinder twin boundary motion. The
stronger the damage in the surface layer is, the
higher is the twinning stress and the larger are the
slope of the stress-strain curve and, thus, the
twinning stress range. In the samples with surfaces
containing defects due to different surface
treatments, twins are fine and the stress-strain curve
is smooth due to a large number of densely
dispersed pinning sites (Fig. 4a).

Fig. 1: Stress-strain curves of test series I for sample
A3 (a) and sample B2 (b).

Fig. 2: Stress-strain curves of test series II for sample
A1 (a) and sample B2 (b).
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Mechanical Properties of Materials with Nanometer Scale Microstructures
William D. Nix
nix@stanford.edu
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Program Scope
The rapid development of functional materials and devices with nanoscale and
microscale features has brought about the need to understand and control the mechanical
properties of materials at small length scales. Such important mechanical properties as the yield
and fracture strength are strongly dependent on microstructure and are very different for
materials in small dimensions compared to their bulk counterparts. The objective of this work is
to devise techniques for studying the mechanical properties of materials at the nanoscale and to
understand the fundamental defect processes that cause mechanical properties to be length-scale
dependent. Such understanding and such small-scale testing techniques might be useful in
characterizing the effects of radiation on structural materials, where small irradiated specimens
are typically required.
Recent Progress
Much of our recent work has focused on determining the role of dislocation content
(density) on the strength and plasticity of metals at the sub-micrometer scale. For this purpose
we have been studying the compression deformation properties of sub-micron sized pillars of
gold, grown epitaxially onto MgO substrates by sputter deposition. By growing gold films
epitaxially onto (001) MgO substrates and making micropillars using focused ion beam milling,
we are able to control the length of the gold micropillars precisely and also have a rigid support
for the compression deformation experiment [1]. Figure 1 shows such a nanopillar ready for
testing. The compression deformation experiments show that the pillars of this dimension are
more than an order of magnitude stronger that bulk gold, an effect that is in keeping with other
experiments on micro- and nanopillars. In our recent experiments we have developed a
technique for studying the effects of pre-straining and annealing on the strength properties of
these Au pillars and found that these effects are opposite to those found for bulk samples.
Surprisingly, pre-straining leads to softening, not hardening as in the case of bulk metals, and
annealing leads to hardening, not softening as in bulk metals. We have argued that these effects
can be understood by considering the role of dislocations as carriers of plasticity as opposed to
their role as obstacles for dislocation motion, as in the case of bulk metals.
In related work we are also studying the deformation properties of epitaxial gold
microcrystals formed on sapphire substrates. These crystals are made by de-wetting a
continuous film of gold by annealing at a very high temperature [2]. The sub-micrometer sized
microcrystals are nearly dislocation free and have ideal strengths, much like the whiskers of
Brenner in the 1950’s. Subjecting these pristine microcrystals to very slight exposure to a
focused ion beam of Ga ions causes a severe reduction in strength. Also, prestraining these
microcrystals leads to a weakening effect, much like the work of Bei et al. [3]. These
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experiments underscore the conclusion that at this dimensional scale plasticity is dislocation
source-controlled and that FIB processing reduces the strength instead of causing strengthening,
as some have assumed.

Figure 1. Nanopillar of [001] Au grown epitaxially onto a [001] MgO substrate.

Recent work has shown that plasticity in BCC micropillars might be quite different from
that in FCC micropillars. Theoretical work has indicated that the ease with which screw
dislocations cross-slip (and multiply) in BCC metals compared to FCC metals may be
responsible for these differences [4]. In an effort to shed new light on this we have grown
epitaxial films of BCC vanadium onto MgO substrates by vapor deposition and are making and
testing micropillars using these films [5]. Vanadium has been chosen for this work because it
has a sufficiently low atomic number to allow in situ TEM studies of pillar compression. We are
planning to conduct in situ TEM studies on these vanadium pillars by making use of the PicoIndenter in our lab.
Through our collaborations with Prof. Wei Cai at Stanford we are also conducting
modeling studies of the behavior of dislocations in small crystal volumes. In recent work we
have studied the stability of dislocation junctions and jogs in a free standing FCC thin film using
3-dimensional discrete dislocation dynamics simulations. We are making use of our recently
developed technique for removing the singularities associated with the termination of
dislocations at free surfaces in this work [6]. Due to the unconstrained motion of surface nodes
and dislocation annihilation at the free surfaces, junctions and jogs in thin slabs are unstable
except for some special (uncommon) conditions. If the film thickness is comparable to the mean
spacing between dislocations, a significant portion of the dislocation network is terminated at the
free surfaces, so that junctions and jogs can exist for only a finite time during deformation.
Junction and jog-related dislocation sources are thus more limited as the film thickness
decreases, with the consequence that there might be insufficient dislocation multiplication to
balance dislocation annihilation at the free surfaces.
Future Plans
Our experiments on the nearly ideal strengths of gold microcrystals show a surprisingly
strong size dependence, which we are trying to understand. Future efforts will be aimed at

76

determining whether shape defects grown into the microcrystals might be responsible for this
dependence. We have also recently become aware of a delicate technique for removing the FIB
damage and the implanted Ga ions in FIB processed metallic nanopillars. We plan to use this
technique to alter the properties of FIB machined gold nanopillars in an effort to better
understand the role of free surfaces in controlling strength and plasticity at this scale. We are
also pursuing a new technique for mechanical testing of metallic nanowires, wherein a pedestal
is first made on a substrate using focused ion beam machining and then a nanowire is placed on
top of the pedestal and tested using the nanoindenter fitted with a flat ended diamond punch.
The aim of this method is to be able to test chemically synthesized nanowires without the
complications of gripping the ends of the nanowire. We are also extending previous work at
Stanford on DD modeling of dislocations in cylinders in an effort to study both axial (without
strain gradients) and torsional (with strain gradients) deformation at a small scale.
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Program Scope
The study of materials with unusual properties offers new insight into structure-property
relations as well as promise for the design of novel composites. In this spirit, the PIs seek to (1)
understand fundamental mechanical phenomena in ceramics that exhibit pressure-induced phase
transitions, negative coefficient of thermal expansion (CTE), and negative compressibility, and
(2) explore the effect of these phenomena on the mechanical behavior of composites designed
with such ceramics. The broad and long-term goal is to learn how to utilize these unusual
behaviors to obtain desired mechanical responses.
Eucryptite, a lithium aluminum silicate (LiAlSiO4), has been targeted because it exhibits a
pressure-induced phase transition at a sufficiently low pressure to be accessible during
conventional materials processing [1]. Specifically, the hexagonal polytype β-eucryptite
transforms to ε-eucryptite under about 0.8 GPa hydrostatic pressure. Thus, it is theoretically
possible to design eucryptite-containing composites that exhibit a novel type of transformation
toughening involving the reverse phase transformation ε-to-β eucryptite. This rests on the
premise of being able to fabricate composites in which the high pressure phase ε-eucryptite is
stabilized. The functionality of this type of transformation toughening depends on the difference
between the pressure to form ε-eucryptite and that for the reverse transformation back to βeucryptite; this hysteresis in loading vs. displacement should correlate with the amount of
toughening. We perform a combination of activities, including synthesis and processing to
control structures, atomistic modeling, and mechanical characterization. Synthesis studies are
focused to understand how particular structures are formed and how to utilize this understanding
to control modify the critical pressure at which the phase transformation occurs. In particular,
the additions of dopants such as Mg2+ and Zn2+ to the structure are expected to modify the
transformation pressures. The atomistic modeling allows fundamental insight into the stability
of different structures of eucryptite under different thermodynamic conditions. Mechanical
characterization brings together micromechanical modeling to describe this unique toughening
mechanism and experiments that measure crack growth in eucryptite-containing composites.
Recent Progress
The sequence of chemical reactions when β-eucryptite is formed from raw constituents SiO2,
Al2O3 and Li2CO3 has been successfully identified with thermal analysis techniques [2].
Understanding this synthesis reaction path is the first step to alloying β-eucryptite with a dopant
in order to alter its thermomechanical properties (specifically, the critical pressure at which the
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pressure-induced phase transformation occurs). A model of the β-eucryptite structure is shown
in Figure 1. The Li ions are believed to ‘prop’ open the relatively open β-quartz structure of βeucryptite, and thus, it would be expected that any strategy to alter the phase transformation
characteristics (e.g., critical pressure for the transformation) would involve Li ions. Dopants
such as Zn2+ and Mg2+ have been shown to substitute for Li+ in the structure; the ionic charge
differences may lead to structural defects. Formulations in which some of the Li2CO3 is replaced
with either ZnCO3 or MgCO3 are being prepared.
A relatively new atomistic modeling approach developed by van Duin, et al. [3], termed ReaxFF,
has been successfully extended for the four-component (Li-Al-Si-O) system examined in our
work [4,5]. Van Duin, et al. have developed a new generation of force field to describe the
bonding between atoms that eliminates certain problems with conventional empirical force field
methods. Our work has involved significant benchmarking with well-established density
function theory (DFT) and experimental results for numerous known compounds comprising
combinations of the elements Li, Al, Si, and O. An example result comparing the relative
stability of the three major polytypes of eucryptite in which both DFT and ReaxFF were used
independently is shown in Figure 2. We have successfully developed atomistic bonding
descriptions for Li, Al, Si and O.

Figure 1. Depiction of the atomic
structure of β-eucryptite. The structure
is β-quartz, a relatively open structure in
which Li ions prevent it from collapse to
α-quartz. The structure of ε-eucryptite
is not known.

Figure 2. Equations of state of various
phases of eucryptite calculated using (a)
DFT and (b) ReaxFF. Both techniques
predict an identical order of stability of the
three polymorphs with a being the most
stable phase in each case.
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Micromechanical modeling work has been performed to predict the level of toughening expected
from this class of composites. It is noted that the difference in coefficient of thermal expansion
between a matrix (e.g., ZrO2 or Al2O3) and the particle (β-eucryptite) leads to the compressive
stress required to transform β-eucryptite to ε-eucryptite. The corresponding tensile stress in the
matrix is expected to lower the toughness, countering the raise in toughness expected from the
reverse ε-to-β transformation. The micromechanical model combines a classical transformation
toughening prediction of toughness with a model developed by Taya, et al. based on thermal
residual stresses. The result shows that a net toughening of up to about 100 percent is possible.
If there is hysteresis (i.e., a difference in the pressure for the forward transformation of β-to-ε
eucryptite and that for the reverse of ε-to-β), it is expected that the amount of toughening would
increase.
To verify the proposed toughening mechanism, composites comprising varying volume fractions
(from 0.5 to 0.2) of β-eucryptite particles in a matrix of ZrO2 have been fabricated with varying
β-eucryptite particle sizes. ZrO2 was chosen because it has a sufficiently high coefficient of
thermal expansion compared with β-eucryptite that cooling from a processing temperature leads
to a hydrostatic stress in the β-eucryptite particles in excess of that required for β-eucryptite to
transform to ε-eucryptite. The particle size of eucryptite was varied by milling for different
times. It is expected that the transformation characteristics would depend on particle size; also,
the tensile residual stress distribution in the matrix depends on particle size. A significant
challenge has been to prevent cracking due to the large tensile thermal residual stresses that
develop during fabrication. Figure 3 shows fracture surfaces from YSZ and two composites. A
reasonably good dispersion of β-eucryptite has been achieved. The toughness has not yet been
measured.

Figure 3. Scanning electron micrographs showing the microstructure of (a) YSZ,
and YSZ with 10 percent by volume β-eucryptite particles with average particle
sizes (b) 1 µm and (c) 9 µm. The dark phase in (b) and (c) is β-eucrypite.
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Future Plans
We plan to perform in-situ Raman spectroscopy experiments in which β-eucryptite (doped and
un-doped) is exposed to pressures and temperatures to map out the thermodynamic stability of
the phase transformation; it may be possible to study the phase transformation kinetics as well.
A limited number of single crystals is available for this as well.
Atomistic modeling will focus on utilizing the newly developed descriptions for interactions
between Li, Al, Si and O to (1) describe the pressure-induced phase transformation, (2) describe
the crystal structure of the newly discovered ε-eucryptite phase, (3) predict the Raman
spectroscopy response of ε-eucryptite to compare with the experimental measurements, and (4)
develop a method by which to examine the role of dopants (Mg2+ and Zn2+) on phase stability.
Composites are being fabricated for fracture toughness measurements. Subcritical crack growth
will be evaluated using a dynamic indentation method recently developed by our group [6].
Microcracking is still prominent in most of the eucryptite-ZrO2 composites, and a strategy must
be developed to prevent this; particle dispersion probably plays a key role. A micromechanical
model is being developed to examine the role of hysteresis in governing toughening.
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NanoMechanics: Elasticity and Friction in Nano-Objects
Nanotubes, nanowires, nanosheets, and nanobelts hold the potential to become building
blocks in integrated nano-electronic and photonic circuits, nano-sensors, batteries
electrodes, energy harvesting nano-systems, and nano-electro-mechanical systems
(NEMS). While several experiments and theoretical calculations have revealed a plethora
of novel phenomena in these nanostructures, many fundamental and technological
questions remain open. For example, it is still unclear how the structural defects
contribute to the mechanical properties of nanotubes and nanowires, what are the scaling
effects on the mechanical, electro-mechanical and opto-mechanical properties of different
nano-objects (N-O). Another crucial issue in nanotechnology is related to the ability to
assemble nano-objects on a substrate. This issue is intimately connected with the
problematic of controlling friction and adhesion. Friction is one of the oldest problems is
Physics and yet, one of the least understood. The study of friction and adhesion in nanoobjects offers the opportunity to either understand at a fundamental level the energy
dissipation mechanisms in friction, or learn about the interaction forces acting between
N-O/N-O and N-O/substrate so that they can be assembled on a surface and/or used in
NEMS. The long term goal is to understand, predict and manipulate the interactions
between atoms, molecules, and small particles, for producing nano-objects with tailored
optimum mechanical, electro-mechanical and opto-mechanical properties.
Here, we propose a research program to study, simultaneously with the morphological,
structural and chemical properties, the frictional and elastic properties of individual
carbon nanotubes, nanowires, 2D nanosheets, and piezoelectric and photostrictive
nanostructures. The research activity is focused on three Topics:
1. Friction and frictional anisotropy in carbon nanotubes
2. Elastic properties of nanowires, and nanosheets as a function of their size, structure,
defects and temperature.
3. Piezoelectricity, photostiction, and pseudoelasticity in piezoelectric nanostructures
produced by a method, thermochemical nanolithography, recently developed by the
PI. The focus will be on the role of size, geometry, and defects.
Related to Topic 1, in our past work we have performed a joint experimental and
theoretical investigation of the frictional forces encountered by a nano-size tip sliding on
top of a supported multiwall CNT along a direction parallel or transverse to its axis, as a
function of normal load, sliding velocity, and tube radius. Experimentally, the
longitudinal shear stress is found to remain almost constant with varying CNT radius,
whereas the transverse shear stress decreases with increasing radius, reaching the value of
the longitudinal shear stress for radii larger than 10 nm. Experiments and theory find that
for a fixed total normal force, i.e., applied normal load plus adhesion force, the friction
force, FF, in the transverse direction is higher than in the longitudinal direction. This
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result appears clear in the AFM data reported in Figure 1, where it is shown a typical plot
of FF acquired on top of a CNT as a function of the normal load, FN, for transverse and
longitudinal sliding. In each graph we also add the results for the silicon substrate, which
is the reference surface. The slope of the FF vs. FN curve for the transverse CNT is similar
to the slope measured on Si, and it is about three times the slope measured on the
longitudinal CNT. On the other hand, the adhesion force remains almost the same for the
two sliding. No substantial differences have been detected in the FF vs. FN curves
acquired on the same CNT and for the same sliding direction but for different sliding
velocities, in the range v = 0.8 - 4 µm/s. This unanticipated behavior was explained with
the help of the theoretical simulations. We found that transverse sliding probes not only
the elastic deformations of the stiff carbon-carbon bonds of the graphitic basal planes,
common to the longitudinal sliding, but also a much softer overall swaying motion of the
tube, akin to a "hindered rolling". This added softness is the source of the additional
transverse tip dissipation and increased friction in the transverse direction.
This friction anisotropy should be observable in very different geometries/situations, e.g.,
when a CNT slides on a substrate parallel or perpendicularly to its axis. Our findings
could thus help in developing better strategies for large scale self-assembling of surface
deposited nanotubes [59], design of CNT adhesives and nanotube/polymer composite
materials. These results have been published in Nature Materials in 2009 [1].

Related to Topic 2, in our past work, the elastic properties of ZnO nanobelts have been
investigated with an AFM by means of the modulated nanoindentation technique [2, 3].
Their Young's modulus is found to decrease significantly from about 100 GPa to 10 GPa,
as the width-to-thickness ratio increases from 1.2 to 10.3. In order to understand the
origin of the low elastic modulus of nanobelts with high w/t, surface effects and the
possibility of a structural phase transition were investigated. However, the surface to
volume ratio reported in our study is more than one order of magnitude smaller than the
value required for noticeable surface effects in previous investigations. Also, no
hysteresis or sudden force variations have been observed in our experiments when the tip
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is approaching or retracting during the
indentation process. Since no surface
effects or structural phase transitions can
be invoked to explain the observed w/t
dependence, it was necessary to
understand if this dependence was related
to any structural property/defects of the
nanobelts. We have thus developed a
system to investigate in-situ the structure,
meaning growth direction and presence of
defects, and the mechanical properties of
an individual nano-object. This system
combines an AFM with a Raman
microscope through an inverted optical
microscope, see Fig. 2. The morphology
and the mechanical properties of
individual ZnO nanobelts were then
determined by AFM, while polarized
Raman (PR) spectroscopy was used to
characterize in-situ and non-destructively
the growth direction and randomly
distributed defects in the same individual
nanobelts. Indeed, this investigation shed
light on the origin of the observed elastic
behavior of ZnO nanobelts. We found that
the presence of point defects decreased the
elastic modulus of the nanobelts by almost
one order of magnitude. Furthermore, PRAFM data revealed two growth modes
during the synthesis of ZnO nanobelts by
physical vapor deposition. In the
thermodynamics-controlled growth mode,
nanobelts grow along a direction close to
[0001], however the growth-direction is
increasingly moving far away from the cdirection as the w/t ratio increases from 1
to 2, and they exhibit no point defects. In
the kinetics-controlled growth mode,
nanobelts grow along directions almost
perpendicular to [0001], they exhibit point
defects, and they can have w/t > 2. The
origin of a larger Young's modulus for nanobelts with w/t = 1 as compared with nanobelts
with w/t = 2 is still unclear. However, we remark that the majority of the nanobelts
presenting the highest modulus values were identified as nanowires with an hexagonal
cross section from AFM topography measurements. The symmetry of the structure seems
thus to play a role. These results have been published in the References [2, 3].
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Nanofabrication and in-situ mechanical and
electrical characterization of nanostructures is
considered the ultimate goal in nano-electrical
mechanical systems. Related to Topic 3,
recently, by using a resistively-heated atomic
force microscopy tip, the PI in collaboration
with a team of people from GeorgiaTech and the
University of Illinois has demonstrated the
ability to thermally activate a chemical reaction
at the nm scale at the surface of a material. Local
chemical and topographical changes with feature
sizes down to 12 nm at scan speeds up to 1 mm/s
have been obtained with this new technique,
ThermoChemical NanoLithography (TCNL).
Thus far, the material used in our TCNL
experiments consisted of copolymers containing
thermally labile groups, precursors/conjugated
polymers, and epitaxial graphite oxide/graphene
FIG 3. Local thermal reduction of a GOepi film:
(see Fig. 3). The process is quite versatile, can
current and topographical images. (A) Room
temperature AFM current image of a zigzag shaped
produce simultaneous
partially independent
graphene-like nanoribbon fabricated by TCNL on
chemical
and
topographical
changes, and can be
GOepi. (B) Corresponding topography image taken
simultaneously with (A). (C) Averaged profiles of
extended to a wide range of thermally activated
current and height.
chemical transformations.
In the future we plan to use this technique to produce ferroelectric and piezoelectric
nanostructures with controlled size and geometry. The results related to the TCNL project
are published in the References [7-11].
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USING ARTIFICIAL MICROSTRUCTURES TO UNDERSTAND
MICROSTRUCTURE PROPERTY RELATIONSHIP IN METALLIC GLASSES
Jan Schroers, Yale University, Mechanical Engineering and Materials Science
Materials science seeks to correlate microstructure with (mechanical) properties.
Various approaches have been employed to understand this correlation including
conventional direct approaches where the microstructure is varied through processing
parameters and composition and the effects on the mechanical properties determined.
“Virtual experiments” through molecular dynamics simulations have been widely used to
investigate structure-property relationships but are limited by today’s available
computing power, which limits the system size and simulation time. Alternatively, model
systems such as colloidal systems have also been employed which exhibit limitations in
terms of the limited number of properties that can be varied. Technologically relevant
materials have reached a level of complexity that conventional metallurgical strategies
as well as above mentioned model and simulation strategies are at their limit.
Therefore, we propose a novel approach to study microstructure-property
relationship; artificial microstructures, which allow us to individually and independently
vary parameters and thereby determine their individual effects on mechanical properties.
The artificial microstructure is fabricated using our recently developed miniature
fabrication method, which allows us to manipulate the material on a length scale ranging
from 10 nm to millimeters. Examples where this novel approach can be applied include
toughening mechanism in metallic glasses, size effects, and the transition from plastic
deformation to elastic buckling in metallic glass heterostructures.
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Understanding and Controlling Toughening Mechanisms in Nanotube
Reinforced Ceramic Coatings
Brian W. Sheldon and William A. Curtin
School of Engineering, Brown University, Providence, RI 02912
This project consists of integrated experimental, theoretical, and computational efforts that are
designed to understand the basic mechanisms that can toughen nanotube and nanofiber reinforced
ceramics. These nanocomposites have the potential to provide substantial toughening at the length scales
where damage and failure initiation typically occur in coating systems.

Our work in this area

demonstrates that there are significant differences between behavior at the nanoscale and conventional
micron-scale fiber-reinforced ceramics. In particular, reducing the reinforcement dimensions by roughly
two orders of magnitude leads to important new questions. In nanomaterials, the scale over which
fracture and decohesion occur are comparable to the fiber dimensions (e.g., nanotube diameter). The
intrinsic lengths and nanotube lengths are thus intertwined, and a key feature of our work is to examine
how crack deflection, nanoscale interface deformation and fracture occur.

In these materials the

distinction between the fiber, the matrix, and the interface must be considered in light of the fact that the
entire reinforcement is within a few atomic spacings of the matrix. Exploring the ways in which these
inherently smaller size scales will impact toughening mechanisms is the central idea that motivates our
work. The current experiments are focused on coatings that consist of multiwalled carbon nanotubes in a
silicon nitride matrix produced by chemical vapor infiltration, where we have demonstrated that
mulitwalled carbon nanotubes can provide substantial mechanical properties improvements.

The

fabrication methods employed make it possible to systematically vary the structure of these materials in a
variety of ways, including the internal carbon structure (primarily graphene ordering); nanotube
dimensions (diameter and wall thickness); the nanotube-matrix interface (roughness and bonding); and
residual stresses.
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1. Program scope and Definition
The objectives of this project are to i) use electronic structure calculations and large-scale
molecular dynamics (MD) to characterize the size and dimensionality dependence of the
martensitic nanostructure of nanoscale NiTi alloys and the resulting thermo-mechanical response
including shape memory and superelasticity, and ii) computationally explore avenues to optimize
the performance of nanoscale SMA samples for applications that require active components.
The following three sections describe our accomplishments in three areas: i) size effects in
martensitic nanostructure of Zr wires; ii) First principles calculations of the crystal structures
involved in the thermo-mechanical response of NiTi, the shape memory alloy of choice for this
project; and iii) large-scale MD simulations.

2. Recent Progress
The work during the first funding period of this project can be divided in two main
categories: i) ab initio calculations of NiTi alloys using density functional theory (DFT), and ii)
MD calculations to predict size effects on the martensitic nanostructure of nanoscale samples. In
the following paragraphs I summarize the key results.
2.1 Ab initio calculations of NiTi crystal structures and phase transformations
We used DFT within the generalized gradient approximation (GGA) to characterize the
various crystalline structures that govern NiTi alloys: i) high-temperature austenite phase B2; ii)
orthorhombic B19; iii) the monoclinic martensite phase B19’; and iv) a body-centered
orthorhombic phase (BCO). Our calculations confirm, as theoretically observed earlier, that BCO
is the ground state structure of NiTi. We also investigated possible transition pathways between
the various phases and the energetics involved, see Figure 1. We found B19 to be metastable
with a 1 meV energy barrier separating it from B19’. Interestingly, we predicted a new phase of
NiTi, denoted B19’’, that is involved in the transition between B19’ and BCO. B19’’ is
monoclinic and, unlike BCO, it can exhibit shape memory, see bottom panel of Figure 2.5. We
find that the presence of this intermediate phase reduces the internal stress required to stabilize
the experimentally observed B19’ structure, and, consequently, it plays a key role in NiTi’s
properties. This work was published in Acta Materialia, see Section 4.
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Figure 1. Energetics of phase transitions between NiTi phases.
2.2 Ab initio predictions of surface energies and size effects in NiTi
Surface energy differences between crystalline phases can play an important role in solidsolid phase transformation of nanoscale materials. Thus, we used DFT-GGA to characterize the
surface energies of the various crystal structures of NiTi. We focused on low energy (110)
surfaces of which there are two kinds (see Fig. 2): i) surfaces with in-plane atomic displacements
and ii) ones with out-of-plane atomic displacements. Our results show that the B2’ phase (the
high temperature austenite phase) exhibits the lowest free surface energy, followed by B19, B19’
(martensite) and BCO, see right panel of Fig. 2, although the energy difference is smaller for outof-plane surfaces.

Figure 2. Atomic snapshots of (110) NiTi surfaces with in-plane and out-of-plane atomic
displacements (left) and their corresponding formation energies computed from slabs of various
lengths.
The total energy difference of slabs of the various phases with thickness N (number of unit
cells) can then be determined from the relative energy of the bulk (Ebulk) and their surface
energies (γ) and cross-sectional areas (A) in the following way:
E αslab ( N ) − E αslab ( N ) = N ( E αbulk − E βbulk ) + 2( Aα γ α − Aβ γ β ) ,

€

where the subscripts indicate the phase. The difference in surface energies between the various
phases cause the relative energy of slabs of different crystal phases to become size dependent;
consequently the martensite transition temperature will also be expected to be size dependent.
Figure 3 shows the predicted relative energy between B2’ and the martensite (B19’) and ground
state (BCO) slabs as a function of their thickness. Our DFT-GGA calculations predict different
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trends: i) for out-of-plane slabs where B19’ and BCO phases become more stable as thickness is
reduces (thus increasing the transition temperature for nanoscale samples); ii) for in-plane slabs
the B2’ phase increases its stability with respect to B19’ and BCO with decreasing slab thickness
leading to a decrease of transition temperature. In summary our results show that reducing the
size of NiTi samples affects the relative stability of the martensite and austenite phases and
consequently the transition temperature. For slabs with in-plane displacements we predict a
critical thickness below which the martensite transition would not occur.

Figure 3. Energy of B2’ slabs and B19’ (martensite) and BCO as a function of thickness.

3. Future plans
During the next stage of this project we will perform large-scale MD simulations to
characterize hetero-epitaxial or lattice coherent integration of shape memory alloys. Coherent
integration of dissimilar materials at the nanoscale is a powerful technique to tune materials
response and achieve properties not possible with bulk materials. This approach is widely used in
microelectronics to engineer the band structure of semiconductors and in metamaterials for
optical and energy conversion applications. Strain engineering via hetero-epitaxial integration
has the potential to revolutionize the field of shape memory alloys (SMAs) since changes in
lattice parameter can be used to control martensitic phase transformations which are responsible
for the unique properties of these materials: their ability to remember shape and superelasticity.
Experimental efforts in hetero-epitaxial SMAs are at a nascent stage and progress is hindered by
a poor understanding of coherent (defect free) integration of these materials and the properties of
the resulting nanostructures. Our efforts will focus on large-scale MD simulations to
characterize the thermo-mechanical response of epitaxial shape memory heterostructures
consisting of NiAl alloys designed to achieve properties not possible with bulk samples. We will
focus on two classes of nanostructures:
• Hetero-epitaxial nanolaminates consisting of two NiAl alloys with different composition
and, consequently, different lattice parameter and thermo-mechanical properties. We will
focus on alloy combinations designed to result in heterostructures with martensitic
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transformation temperature and mechanical damping fully tunable not only by
composition but also by the characteristic sizes of the nanostructure.
• Axial and core-shell hetero-epitaxial nanopillars. Surface relaxation in 1-D
nanomaterials enables the epitaxial integration of materials with very different lattice
parameters (over 10% in some cases) beyond what is possible in planar geometries. We
propose to use this additional flexibility in material selection and partial strain relaxation
to achieve properties beyond those in planar configurations.
Our goal is to provide a quantitative assessment of the potential and limitations of heteroepitaxial integration as an avenue to develop shape memory materials with tailored properties.
This may address some of the limitations that currently restrict the use of SMAs as active
materials. From the point of view of basic science our effort will shed light into the fundamental
phenomena that govern and limit the fabrication and performance of hetero-epitaxial SMAs
nanostructures: i) coherency limits in terms of materials and size, and ii) the role of strain,
interfaces, and free surfaces in their martensitic transformation and thermo-mechanical response.
Shape memory materials have an enormous potential for a wide range of applications from
nanoscale switches for communications and low power electronics to microfluidics and this
project will contribute to the knowledge base necessary for the development of next-generation
materials nanoengineered to achieve specific functionalities.

4. References of DOE sponsored work
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Thompson and A. Strachan, Physical Review B, 81 085429 (2010).
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RADIATION EFFECTS IN NANOCRYSTALLINE SILICON CARBIDE
PROGRAM TITLE:
Radiation effects in nanocrystalline ceramics: Multi-scale model and experiment
LEAD PRINCIPAL INVESTIGATOR: Izabela Szlufarska, Associate Professor (Department
of Materials Science & Engineering, Department of Engineering Physics, University of
Wisconsin - Madison)
Address: 242 MSE, 1509 University Ave., Madison, WI, Ph: 608-265-5878. E-mail:
izabela@engr.wisc.edu.
CO-PIs: Prof. Dane Morgan and Prof. Todd Allen (Department of Materials Science &
Engineering, Department of Engineering Physics, University of Wisconsin –
Madison)
SCIENTIFIC STAFF: Dr. Narasimhan Swaminathan, Dr. Peng Xu, Laura Jamison
PROGRAM SCOPE: The scope of this program is to determine relationships between the
structure and radiation response of nanocrystalline (nc) silicon carbide (SiC) and to determine
under what conditions refining the grain size leads to improved radiation resistance. The efforts
involve both computational modeling and experiments. On the computational side, we are
developing a continuum model of irradiation-induced defect evolution and overall radiation
response, which model is based on input from molecular dynamics (MD) simulations and ab
initio calculations. Experiments are being carried out to validate predictions of our models and to
compare radiation resistance of nc and polycrystalline samples.
PROJECT PROGRESS
Abstract
We hypothesized that two mechanisms can lead to differences in radiation responses of
nc and coarse-grained materials. Firstly, the large GB fractions in nc materials may alter the
defect production rates and secondly, increased GB fraction can also lead to more efficient
annihilation of the irradiation defects. To understand the former phenomenon, we performed MD
simulations of radiation cascades in nc SiC with varying grain sizes. We found that grain size
does not have a significant effect on the initial (a few picoseconds after cascade initiation) defect
production rates. This result suggests that size effects on radiation damage may be due to longterm evolution of the point defects, as they interact with each other and with GBs. To investigate
this long-term behavior of defects we extended a rate theory model to binary alloys and we used
this model to predict size effects on radiation-induced amorphization. Defect production rates are
derived from MD simulations while the kinetic parameters for diffusion and defect reaction rates
are taken from ab initio calculations. Our model reveals a complex dependence of dose to
amorphization on grain size and temperature. Results show that grain size can both enhance and
reduce the dose to amorphize SiC depending on the temperature regime.
In the experimental part of the project we spent a significant amount of time synthesizing
nc SiC samples. We have succeeded on preparing CVD grown nc SiC and we are now
investigating its response to radiation. In the meantime we irradiated nc SiC powders to
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determine the dependence of a critical temperature to amorphization on the grain size. The
preliminary results are in a qualitative agreement with predictions of our models.
Results and key findings: A brief description of the methods and key findings are summarized
in the following sections.

p

MD simulations: MD simulations of displacement cascades were conducted on single crystal
(sc) and nc SiC with grain sizes (5,7,10 and 12 nm) with 4KeV and 10KeV Si atom as the PKA
(Primary Knock on Atom). The primary motivation was to discover whether the increased GB
fraction in the nc material actually affected defect production. The simulations used the Tersoff
[1] force field for long range interactions and the ZBL
$&(
force field [2] to capture the short range interactions
$&'
occurring during collisions. The defect production (p) is
$&%
defined as:
$&#
Dnc − Dsc
p = IG sc IG
$
DIG
nc
!$&#
where DIG is the total number of defects inside the grains
sc
of the nc and DIG
is the total number of defects in an
equivalent volume
of the sc. The equivalent volume in
€
the
sc
was
determined
using a new mapping method the
€
details of which can be found in Ref. [3]. The parameter
€ 4KeV simulations) is plotted in Fig. 1 and we
p (for
found that the increased GB fractions for the grain sizes
we considered did not affect the initial defect production.
The 10KeV simulations showed the same qualitative
trends.

!$&%
!

"

#$

#%

Grain size, l (nm)

Figure 1: Defect production p
showing that GBs do not alter
defect production in the primary
cascade regime
	
  

Continuum Modeling: Although the effect of GBs on primary defect production in nc SiC is
insignificant, the GB can act as sinks for defects and therefore affect a long-term damage
evolution. Processes like radiation-induced amorphization typically take place on time scales
from a few seconds to several years. To determine whether the presence of GBs affected the
amorphization response of nc SiC, we developed a continuum model by extending the ratetheory framework to include multiple sub-lattices. Relative concentration of defects of a given
type was estimated based on our MD simulations of radiation cascades, while the migration,
formation [4, 5] and recombination [6] energies needed for the diffusion and recombination
reactions were taken from published ab intio data. In Fig. 2 we plot the dose to amorphize SiC of
various grain sizes at different temperatures. We show that the resistance to amorphization
displays a cross over in its behavior at 448K. Below this critical temperature of 448K, there is an
optimum grain size for which the resistance is maximum. For temperatures larger than 448K,
larger grain sizes seem to have a higher resistance to amorphization than smaller ones, which
means that at these temperatures refining the grain size is not a promising path to increasing
radiation resistance. It is therefore very important to consider operating temperatures of nc
materials. As shown in Fig. 3 we also found that the critical temperature for amorphization was
higher for finer grains than for coarser ones. For example, at 10nm the critical temperature is
about 1280K and for 5µm it is about 600K.
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Figure 3: Dose to amorphization vs.
Temperature curves for bulk, and
grain sizes of 5µm and 10nm	
  

Figure 2: Dose to amorphization vs.
grain sizes for various temperatures
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Experiments: Irradiation experiments were conducted on 10nm and 45-55nm SiC powders
using Kr2+. The main motivation was to determine the
&
!"9)
critical dose to amorphization. Figure 4 shows the dose
%;!;;9)
<7-/=4+/-6(/!"9)/:,-,
to amorphization for several temperatures for both the
<7-/=4+/-6(/%;!;;9)/:,-,
10nm, and the 45-55nm samples. Also shown are
%
curve fits of the data to the equation ln(1-Do/D)=C(E/kT)[7], where Do is the extrapolated dose to
amorphization at 0K and D is the dose to amorphization
#
at a particular temperature (T). Fromfd this fit, the
critical temperature for 10nm grain size was determined
to be 625K, and for 45-55nm grain size 410K. While
"
!""
#""
$""
%""
'()*(+,-.+(/012
this data is still preliminary, from the fit it appears that
	
  
the critical temperature for amorphization is higher for
Figure	
  4:	
  Dose	
  to	
  amorphization	
  
smaller sized grains (10nm) than for coarser ones (45vs	
  Temperature	
  experimental	
  
55nm). This result is qualitatively agrees with the
data	
  and	
  fit	
  for	
  10nm	
  and	
  45-
modeling results discussed in the previous sections (see
55nm	
  SiC	
  samples	
  
Fig. 3).
Summary and key findings: In conclusion we have shown that the initial defect production
remains unaffected by the GBs in SiC. Over longer time scales, the interaction between
temperature, GB and the various point defects is quite complex. Whether the smaller grain sizes
will enhance resistance to amorphization or not actually depends on the temperature regime. At
smaller temperatures and small grain sizes the diffusion of interstitials and their annihilation at
GB enhance the resistance to amorphization (T<448K). At higher temperatures (T>448K)
however, excessive annihilation of the interstitials at GBs leave behind vacancies, which actually
decrease the resistance to amorphization. The experiments also show that smaller sized grains
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might have a higher critical temperature for amorphization than coarser grains. This conclusion
is in qualitative agreement with the physics explained by the theoretical modeling using rate
theory methods as descibed above.
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Chemomechanics of Far-From-Equilibrium Interfaces (COFFEI)
Principle Investigators: Harry L. Tuller (Rm.13-3126; tuller@mit.edu), Craig Carter (13-5018;
ccarter@MIT.EDU), Yet Ming Chiang(13-4086; ychiang@MIT.EDU), Yang Shao-Horn (3-342A,
shaohorn@mit.edu) Krystyn Van Vliet (8-237; krystyn@mit.edu), Bilge Yildiz(24-210;
byildiz@mit.edu), Sidney Yip(24-208; syip@MIT.EDU). 77 Massachusetts Ave. Cambridge, MA 02139
COFFEI Thrust I (PIs: Carter, Chiang and Van Vliet; Students/postdocs: Woodford, Qu):
Scope: Develop continuum models linking electrochemical cycling conditions to fracture mechanics
failure criteria for lithium intercalation compounds. Study how electrochemical duty cycles and electrode
microstructures influence mechanical damage accumulation in lithium-ion battery active materials. This
requires a novel synthesis of electrochemistry, battery engineering, and solid mechanics. To the best of
our knowledge, this work represents the first synthesis of electrochemical kinetics and fracture mechanics
as applied to battery materials.
Recent progress: We have derived a fracture mechanics failure criterion for individual electrode
particles subjected to constant current electrochemical cycling [1]. To demonstrate the utility of our
method, we use galvanostatic charging of LixMn2O4 as a model system. Our fracture mechanics analysis
predicts a critical C-rate above which active particles fracture; this critical C-rate decreases with
increasing particle size. We produce an electrochemical shock map, shown in Figure 1(a), a graphical tool
that shows regimes of failure depending on C-rate, particle size, and the material’s inherent fracture
toughness KIc. The different curves on the map indicate different possible values of fracture toughness,
which is presently unknown for most lithium-ion battery materials. We are measuring fracture toughness
for LiCoO2 and LiFePO4, two commercially important positive electrode materials. Preliminary results
showed that both the fracture toughness (KIC) and elastic modulus (E) varied significantly between grains.
From our analysis, we find that the fracture dynamics are sensitive to the gradient of diffusion-induced
stresses at the crack tip; as a consequence, small initial flaws grow unstably and are therefore potentially
more damaging than larger initial flaws, which grow stably. This can be seen from the changing slope of
the stress intensity factor – flaw size relationship shown in Figure 1(b).

!"#$

!%#$

Figure 1: (a) Electrochemical Shock Map for LiMn2O4 showing critical combinations of particle size and
charging rate for fracture of individual particles; (b) Calculated stress intensity factor - flaw size
relationship for one particular set of conditions.
Future Plans:
1. Experimental validation of the electrochemical shock model using in situ optical imaging of single
particle electrodes and/or acoustic emission measurements of composite electrodes during
electrochemical cycling.
2. Embedding the electrochemical shock model [1] in existing mean-field models for composite battery
electrodes. This will allow us to model cyclic fatigue of these electrode particles during different
“real-world” duty cycles.
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3. Finite element modeling of compatibility stresses due to anisotropic phase transformation strains in
polycrystalline particles using LiCoO2 as a model system.
4. Determination of distribution of E and fracture toughness within and among grains. Here, we aim to
determine whether correlations exist between grain orientation and fracture toughness.
5. Establish the elastic properties and fracture toughness of LiCoO2 grains and bulk compacts, possibly
extending to elevated temperature and pre-/post-cycling.
6. Measurement of fracture toughness for an additional oxide of interest, LiFePO4.
Publications:
[1] W.H. Woodford, Y.-M. Chiang, and W.C. Carter, “‘Electrochemical Shock’ of Intercalation
Electrodes: A Fracture Mechanics Analysis,” J. Electrochem. Soc., 157 [10] A1052-A1059 (2010).
COFFEI Thrust II (PIs: Tuller, Van Vliet & Yip; students/posdocs: Bishop, Jung, Kuru &
Qu):
Program Scope: Investigate interplay between chemical and mechanical behavior of solid oxide fuel cell
materials and related thin films. Nonstoichiometry and high point-defect densities lead to oxygen
“breathing modes” i.e. dilation connected with formation of oxygen vacancies. Resulting chemical strain
effects induce mechanical stresses leading to membrane fracture; routes for reducing chemical expansion
are therefore important for stabilizing such structures. Objectives include quantification of elastic and
plastic properties at elevated temperature (up to 800oC) and oxygen rich environments using nanomechanical and other tools and to investigate role of strain in influencing defect formation and transport.
Two metal oxide systems were chosen as model systems: SrTi1-xFexO3-δ (STF) and Pr1-xCexO2-δ (PCO).
Recent Progress: Study of thermo-chemical expansion and defect equilibria in bulk Pr0.1Ce0.9O2-δ was
initiated. We also report on nano-indentation measurements of thin films of Pr0.1Ce0.9O2-δ. Pr1-xCexO2-δ
(PCO) is a particularly interesting material given that it releases significant oxygen with decreasing
oxygen partial pressure (pO2) and/or heating. Figure 2 shows our measurements for expansion as a
function of temperature in 10PCO (Pr1-xCexO2-δ x=0.1). The sample initially undergoes thermal
expansion followed by a significant positive deviation from “linear” thermal expansion above ~500 oC
where non-stoichiometry (δ) begins to increase. This chemical expansion can increase the measured
coefficient of thermal expansion from ~10 to ~28 ppmoC-1 as shown in the inset of figure 1. Using this
data and a defect equilibria model that we have developed, we extract a chemical expansion coefficent
where
is the change in
( ), analogous to the thermal expansion coefficient,
stoichiometry. We find
per
for 10PCO, similar to literature values for the reduction of
undoped and acceptor doped ceria. The elastic modulus may also vary with these chemical and strain
changes. One way to induce strain is to deposit PCO on substrates with different lattice parameters. We
have initiated instrumented nanoindentation experiments in air at room temperature on Pr0.01Ce0.99O2-δ
(01PCO films), Pr0.1Ce0.9O2-δ (10PCO) and CeO2 films on four different substrates: STO, MgO, YSZ and
Si. Thin films with thickness ~500 – 700 nm were produced using pulsed laser deposition. Indentation
results are shown in Fig. 3. To the best of our knowledge, these data represent the first measurements of
elastic modulus on PCO films. We found that although the elastic moduli of 10PCO, 1PCO and CeO2 on
STO are the same within measurement error, the elastic properties showed significant differences among
samples when deposited on MgO substrates: E10PCO > E1PCO > ECeO2. On YSZ, E10PCO is about 23% higher
than E1PCO , while E10PCO is comparable to ECeO2. On Si, films of both 10PCO and 1PCO exhibited a
higher E than films of CeO2. These films are residually strained by the deposition process, due to both
peening effects and thermal mismatch between films and substrates. Thus, we find that the elastic
properties and fracture toughness of films on different substrates can be tuned by changing the deposition
parameters and substrate materials. AFM images were also acquired on these films to quantify the surface
roughness and film morphology as a function of film composition and substrate.
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Figure 2: Thermo-chemical expansion of
10PCO compared with undoped ceria. The inset
shows the derivative of expansion with respect to
temperature for the bulk dilatometry sample.

Figure 3. Elastic modulus of 10PCO, 1PCO and
CeO2 films on different substrates, as measured by
instrumented nanoindentation at room temperature.
Elastic moduli of substrates are also shown (yellow
dots) for reference.

Future Plans:
1. Correlation of film elastic modulus to film texture.
2. Receipt and installation of new instrumentation that will enable nanoindentation experiments at
elevated temperature and controlled partial pressure of oxygen.
3. Measurement of E(T) and E(PO2) for 10PCO, 1PCO and CeO2 films up to 800oC.
4. Measurement of the chemical and thermal expansion of films at high temperature, via expansioninduced displacement of the nanoindenter probe during expansion.
5. Measurement of the chemical and thermal expansion of films at high temperature and controlled pO2
using XRD
List of Papers:
[2] Tailoring Material Properties Through Defect Engineering, H. L. Tuller and S.R. Bishop, Chemistry
Letters, (invited review; in print)
COFFEI Thrust III (PIs: Tuller, Yildiz & Shao-Horn; students/posdocs: Jung, Kushima,
Han, Chen, Cai, Crumlin, Mutoro):
Program Scope: For enabling durable and economic solid oxide fuel cells (SOFCs) at intermediate
temperatures, highly active cathode surface chemistries are needed for oxygen reduction. For this
purpose, the equilibrium surface structure, chemistry and electronic and catalytic properties of thin film
cathodes are being investigated at SOFC working conditions of temperature, pressure. In addition, our
goal is to assess the mechanistic role of “lattice strain” as a thermodynamic and kinetic driver of the
oxygen reactions and transport in SOFC materials. We have taken a multidisciplinary approach
integrating new surface sensitive measurements (High resolution Scanning Tunneling Microscopy and
Spectroscopy (STM, STS), X-ray Photoelectron Spectroscopy (XPS)), Electrochemical Impedance
Spectroscopy (EIS), together with first principles-based modeling and simulations to improve our
understanding of the interactions between energy band and defect structures, surface chemistry, strain and
electrochemical performance.
Recent Progress: Two related perovskite oxide systems are under investigation. The first, Sr(Ti1-xFex)O3
(STF), in the form of dense thin films, exhibits superior mixed-conductivity with capability of controlling
properties through Fe substitution renders STF an attractive model cathode material. The surface
exchange kinetics of STF were examined over a wide range of x and were found to be charge transfer
limited at high pO2 and oxygen adsorption limited at low pO2. The charge transfer limitation was directly
tied to the energy band structure of STF that could be varied systematically by control of the Fe/Ti ratio
on the B-site. The surface of highly textured PLD prepared Sr(Ti0.65Fe0.35)O3 films exhibited clear Sr
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enrichment with the A to B site ratio of 2.1 compared to the bulk nominal value of 1. STS (first-of-a-kind
designed to operate at temperatures to 700oC and gas pressures to 1 mbar – 1 bar range) showed the
electronic structure to transition from an insulator to the metallic state from room temperature to 400oC,
as opposed to the bulk semiconducting characteristics. The oxygen exchange kinetics were found to slow
with increasing Sr segregation. Our early observations show that the surface electronic state, topography
and chemistry are sensitive to temperature and partial pressure of oxygen, and that they respond in a way
different from the bulk studies of this material.
The second system examined is the perovskite La1-xSrxCoO3-δ (LSC), Fig. 4, which exhibits very
good cathode behavior at intermediate temperatures. To understand how strain could be playing a role in
Oxygen Reduction Reaction (ORR) kinetics, it is important to establish what the strain state is at high
temperatures comparable to SOFC operating conditions. A Panalytical four-circle diffractometer with gas
chamber and in-situ heating stage was used to obtain XRD spectra of ~100 nm thick epitaxial LSC(80:20)
and LSC(60:40) films in air from RT to 550 °C. Table 1 provides in-plane, normal, and relaxed lattice
parameters thermal expansion coefficients for LSC(80:20) and LSC(60:40) thin-films. While both
epitaxial LSC(80:20) and LSC(60:40) thin-films relaxed thermal expansion coefficients are ~20% larger
than reported bulk values, the in-plane and normal coefficients were significantly different (60% and 50%) relative to bulk values. EIS measurements at elevated temperatures are therefore performed on films
are under tensile strains normal to the film and compressive strain in-plane. These show distinctively
different performance than bulk electrodes.
In related work, we apply density functional theory (DFT) formalism with Hubbard-U correction
for strongly correlated electronic systems, to determine the dominant strain-driven mechanisms governing
both the thermodynamics and kinetics of unit processes that influence the oxygen reduction kinetics;
namely the oxygen vacancy formation energy in the bulk, and oxygen molecular adsorption and vacancy
formation energies on the surface, and the energy barriers of dissociation, adsorbed oxygen transport, and
vacancy transport on the surface of LaCoO3. We show that elasto-plastic effects cause a transition in the
adsorption mechanism from chemisorption to physisorption. An implication of this work is the prospect
of controlling the oxide reactivity through strain to develop highly active ionic nano-structures in, for
example, solid oxide fuel cells, sensors, and batteries.
Figure 4: (a) schematic of LSC/GDC/YSZ(001) thin-film with oriented
unit cell representations for each material and their relative alignment with
respect to each other.

Table 1: LSC(80:20) and (60:40) normal, in-plane, and relaxed average thermal expansion coefficient.
Average Thermal Expansion Coefficient 10-6/C° (stdev)
normal (c)
in-plane (a)
relaxed ( â )
LSC(80:20)
LSC(60:40)

27.22 (1.50)
27.19 (4.08)

8.54 (0.92)
8.08 (2.46)

19.84 (1.11)
19.53 (1.28)

List of Papers:
[3] Akihiro Kushima, Sidney Yip, and Bilge Yildiz, Competing Strain Effects in Reactivity of LaCoO3
with Oxygen, Physical Review B, in print,
[4] Catalytic Activity Enhancement for Oxygen Reduction on Epitaxial Perovskite Thin Films for Solid
Oxide Fuel Cells, Gerardo Jose la O’, Sung-Jin Ahn, Ethan Crumlin, Yuki Orikasa, Michael D. Beigalski,
Hans M. Christen and Yang Shao- Horn, Angew. Chem. Int. Ed., accepted, 2010.
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COMBINED ATOMISTIC AND MESOSCOPIC STUDY OF
DEFORMATION OF BODY-CENTERED-CUBIC TRANSITION
METALS: EFFECTS OF ALLOYING AND MAGNETISM
V. Vitek
Department of Materials Science and Engineering, University of Pennsylvania,
Philadelphia, PA 19104
e-mail: vitek@seas.upenn.edu

Grant No. DE FG02-98ER45702
Body-centered-cubic (BCC) transition metals from groups 5B and 6B, α -iron, as well as
their alloys, are the most important materials employed in technologies of energy production and
conversion. Understanding of microscopic phenomena that govern processes of their fabrication
as well as failures, acquired in materials science, physics and chemistry, increased tremendously
the efficiency of the development of new materials needed for ever progressing technologies. The
goal of this research is to advance our fundamental understanding of the deformation behavior
that is, together with the fracture processes, the major failure mechanism encountered in service.
The aim is to start from the electronic structure and proceed via atomistic modeling and
mesoscopic models with atomistic input to constitutive relations usable at levels where atomistic
approach is neither feasible nor needed. This is shown schematically in Fig. 1.

Fig. 1. Scheme of the studies proceeding from electronic structure up to continuum plasticity.
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Using this approach we studied the glide of the 1/2[111] screw dislocation in Mo and W
under the effect of shear, tensile and compressive stresses and combination of shears parallel and
perpendicular to the Burgers vector. The most important finding is that the critical resolved shear
stress (CRSS) in the maximum resolved shear stress plane (MRSSP) at which the dislocation
moves depends not only on the orientation of the MRSSP but also on the shear stress
perpendicular to the Burgers vector. Based on this finding we constructed the Peierls barrier that
reflects these fundamental features and used earlier dislocation models of the mechanism of
formation of kink pairs that controls the glide of screw dislocations at finite temperatures and
strain rates. Using these results we then formulated flow criteria for deformation of Mo and W
and, as an example, a comparison between calculated and experimentally measured flow stress of
W is shown in Fig. 2

Fig. 2. The temperature dependence of the flow stress in W. Curves are calculated using the
present research that demonstrate strong difference between tension and compression arising due
to the effect of shear stresses perpendicular to the Burgers vector. Points are measured values
but no measurements for compression are available.
Further results of this research encompass explanation of the choice of slip systems in B2
compounds that was achieved by combining investigation of possible APB type faults on {101}
planes using a density-functional theory (DFT) based method combined with elastic analysis of
possible dislocation splittings. The most important finding is that these faults vary from
material to material and are not the usually assumed 1/2[111] APBs. Similarly, the dislocation
splittings were studied in MoSi2 with the C11b structure and a possible non-planar dissociation
of the 1/2<331] screw dislocations that explains the very low ductility for compression along the
[001] direction was identified.
The present studies follow the scheme outlined in Fig. 1. We again employ the bond-orderpotentials (BOPs) to describe atomic interactions. While the DFT is at present the state of the
art when including fully the electronic structure, the size of the atomic blocks that can be studied
and periodic boundary conditions are severe limitation when treating extended crystal defects.
Hence, coarse-graining the problem such that the electronic degrees of freedom are removed and
the atoms are considered to interact with each other via potentials, is an essential step forward.
Earlier we constructed BOPs for several non-magnetic transition metals and the development of
the BOP for iron, in which magnetism stabilizes its BCC structure, is now complete. Two new
developments proposed are constructions of BOPs for Fe-Cr, which is the primary structural
material in advanced nuclear reactors, and for B2 intermetallic compounds based on transition
metals, which are all important high-temperature materials. A very important recent
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development is advancement of analytical BOPs which will be introduced to our studies in
collaboration with the group at University of Bochum.
Similarly as in non-magnetic transition metals, we will investigate the dislocation glide at
finite temperatures and strain rates assuming that screw dislocations move via thermally
activated formation of kink pairs. This mechanism will be treated in the framework of
dislocation models developed earlier but with the stress-dependent Peierls barrier determined so
as to reproduce atomistic calculations of the Peierls stress. Here the crucial step is establishment
of the Peierls barrier that cannot be done uniquely just from knowledge of the Peierls stress.
Hence, we will employ the nudged elastic band model to evaluate the Peierls barrier within the
atomistic model which will self-consistently enhance the approach utilizing the Peierls stress the
calculation of which is much less time consuming.
An important reserach proposed is study of the possible observation of screw dislocations
in BCC metals. Although it is generally assumed that 1/2<111> screw dislocations with nonplanar cores control the plastic behavior of BCC metals, the cores of such screw dislocations
have never been observed. Hence, we will be modeling a realistic thin foil (Mo and Nb)
employed in the high-resolution electron microscopy with the screw dislocation running through
the foil. The results will then be used in contrast calculations and provide basis for interpretation
of experimental observation.
Summarizing the main thrust of this research, we first develop potentials in order to enable
atomistic studies of dislocations and their glide in all non-magnetic transition metals,
ferromagnetic iron, Fe-Cr and a number of B2 intermetallic compounds. We then proceed to
advance mesoscopic models of dislocation glide at finite temperatures and strain rates using the
results of atomistic studies as input for construction of the stress-dependent Peierls barrier that
enters these models and develop corresponding yield and flow criteria for crystal plasticity.
Publications from 2008-2010
1. V. Vitek and V. Paidar: Non-planar dislocation cores: A ubiquitous phenomenon affecting
mechanical properties of crystalline materials, Dislocations in Solids, edited by J. P. Hirth,
Elsevier: Oxford, Vol. 14, p. 441, 2008.
2. R. Gröger, A.G. Bailey and V. Vitek: Multiscale modeling of plastic deformation of
molybdenum and tungsten: I. Atomistic studies of the core structure and glide of 1/2<111>
screw dislocations at 0K, Acta Materialia 56, 5401, 2008.
3. R. Gröger, V. Racherla, J. L. Bassani and V. Vitek: Multiscale modeling of plastic
deformation of molybdenum and tungsten: II. Yield criterion for single crystals based on
atomistic studies of glide of 1/2<111> screw dislocations, Acta Materialia 56, 5412, 2008.
4. R. Gröger and V. Vitek: Multiscale modeling of plastic deformation of molybdenum and
tungsten: III. Effects of temperature and plastic strain rate, Acta Materialia 56, 5426, 2008.
5. R. Gröger and V. Vitek: Temperature and strain rate dependent flow criterion for bcc
transition metals based on atomistic analysis of dislocation glide, Int. J. Materials (Zeit.
Metallkunde) 100, 315, 2009.
6. M. Cak, M. Sob, V. Paidar and V. Vitek: Stacking Faults and Dislocation Dissociation in
MoSi2, in Advanced Intermetallic-Based Alloys for Extreme Environment and Energy
Applications, edited by M. Palm, B.P. Bewlay, M. Takeyama, J.M.K. Wiezorek, Y-H. He,
MRS Symposium Proceedings, Vol. 1128, U7-10, 2009.
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7. Yi-Shen Lin: Relation between electronic structure and deformation properties of B2
compounds, MSc Thesis, University of Pennsylvania, 2009.
8. R. Gröger and V. Vitek: Directional versus central-force bonding in studies of the structure
and glide of 1/2<111> screw dislocations in BCC transition metals, Philos. Mag, 89, 3169,
2009.
9. V. Paidar, M. Cak, M. Sob and V. Vitek: Theoretical analysis of dislocation splitting in
MoSi2, J. Phys: Conference Series 240, 012007, 2010.
10. V. Paidar, Yi-Shen Lin, M. Cak, and V. Vitek: Why is the slip direction in CuZn and FeAl
different than in CoTi, Intermetallics, 18, 1285, 2010.
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NANOSTRUCTURE PATTERNING UNDER ENERGETIC PARTICLE
BEAM IRRADIATION
(Supported by DOE BES under Grant # DF-FG02-02ER46005)
Lumin Wang1,2 (Principal Investigator)
Wei Lu3 (Co- Principal Investigator)
1

Department of Nuclear Engineering and Radiological Sciences
2
Department of Materials Science and Engineering
3
Department of Mechanical Engineering
University of Michigan, Ann Arbor, MI 48109-2104
lmwang@umich.edu

Program Scope
Energetic particle beam irradiation provides a highly controlled means of manipulating
material microstructures at the nanoscale, representing an effective way to modify physical
properties of materials. This research program explores the unique one step process for creating
various forms of patterned nanostructures by using energetic particle beam irradiation. During
the previous years, we have demonstrated particle beam induced formation of 1-D periodic
surface arrays of nanodots and ripples, 2-D ordered nanodroplets or nanoholes, as well as 3-D
networks of nanofibers and void/bubble superlattices that extended underneath the irradiated
surface of various materials. The amazing common feature in those nanopatterns is the
uniformity of the size of nanoelements (nanoripples, nanodots, nanovoids or nanofibers) and the
distance or wavelength separating those features. Our research focuses on understanding of the
possible link between those nanoscale patterning of different dimensions and the fundamental
scientific basis for nanoscale self-organization processes under irradiation. Defect production and
migration, sputtering, redeposition, viscous flow, diffusion and anisotropic movement of species,
all of which contribute to the formation of nanopatterns, have been investigated through a
combination of in situ and ex situ microscopic observations and computer modeling.
Recent Progress
Through a systematic study of ion and electron beam irradiation study, we have explored
nanostructure patterning on the surface of various material substrates as well as imbedded
nanostructures with higher energy irradiation. The roles of material property, initial surface
morphology and irradiation parameter control (temperature, incident beam angle, beam energy
and flux) have all been explored. The following are some example findings:
The quality of focused ion beam (FIB) induced 1-D nanoripple structures on material
surface was found to be greatly dependant on the prior surface treatment (e.g. carbon coating)
that changes the initial surface roughness that in turn greatly affects the dynamic competition
between the roughening and smoothing processes on the irradiated surface as the irradiation
parameter and material properties (G. Ran, et al, APL 2009; Q. Wei et al, PRB 2009).
Ostwald ripening or coalescence that often leads to non-uniform particle sizes during
particle growth on material surfaces thus preventing 2-D ordering of particles can be hindered
under low energy ion bombardment, and highly ordered and uniform hexagonal patterns of
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nanoparticles can be induced at an optimal irradiation condition (Q. Wei, et al, PRL 2009).
Interplay among ion sputtering, redeposition, viscous flow, and surface diffusion is
responsible for the 2-D ordered nanohole pattern formation on ion bombarded germanium
surface. Simulation of surface morphology evolution based on a damped Kuramoto-Sivashinsky
(DKS) growth model has been performed to facilitate the interpretation of the experimental
findings (Q. Wei, et al, Adv. Mater. 2009. Fig. 1).

Fig. 1. Comparison of surface morphology calculated by DKS equation with experimental observations of
ordered nanoholes on 5 kV Ga ion irradiated Ge surface. a) 2-D result of simulation, b) 3-D result of
simulation, c) an enlarged segment of b), d) AFM image of the irradiated surface, e) an enlarged segment of d),
f) Log-log plot of the PSD curves obtained from a) and d). (Q. Wei et al, Adv. Mater. 2009)

Four main formation mechanisms have been considered: sputtering, surface diffusion,
redeposition, and viscous flow. It was found that the DKS growth model can describe these four
mechanisms well for the long-time limit. Visible light emission or absorption from the ordered
semiconductor nanostructure patterns has been observed (Q. Wei, et al, Adv. Mater. 2009; X.
Zhou, et al, J. Appl. Phys: A 2009; X. Zhou, et al, APL 2009).
The formation process of 3-D nanoscale void superlattice in electron beam irradiated CaF2
has been observed by in situ TEM, but the formation of such a structure in different materials
requires very precise irradiation conditions that have not been predicted by the current models.
The exact controlling mechanisms are still unclear. Through collaboration with V.N. Kuzovkov,
E.A. Kotomin at the University of Latvia, we have been making progress in understanding the
mechanism for the 3-D supperlattice formation by a kinetic Monte Carlo simulation (V.N.
Kuzovkov et al, NIMB 2010, in press).
Although another type of ion beam induced nanoscale patterns we have studied does not
seem to have a periodic stacking of nanoelement, but it contains 3-D nanoscale features (e.g.,
nanofibers and nanoholes) of uniform dimensions. We have observed these nanostructures in the
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surface region of several semiconductors. Once formed, the nanoscale dimension of the fibers is
quite stable upon further irradiation. After annealing, the crystalline nanofibers may demonstrate
unique photoluminescent properties. Under high energy ion irradiation, the structure can form
underneath an intact surface indicating the process is not sputtering controlled but rather a void
formation induced phenomenon (A. Perez-Bergquist et al, Small 2008, JMR 2009,
Nanotechnology 2010). A phase field model has been developed to successfully simulate the
formation process and the irradiation parameter control of such nanostructure patterns (K.D. Li
et al, NIMB 2009, JCTN 2010, IJMCE 2010).
Future Plans
We will incorporate the results of previous research to improve the scientific understanding
of the common self-organization mechanism responsible for the formation of the very different
but apparently related nanopatterns under irradiation as demonstrated in the previous section. We
will also explore the potential for technological utilizations of the self-organization process by
establishing relationships between the morphology of the nanopatterns and their mechanical,
optical, and electronic properties. We will focus on the dimension and wavelength control
nanopatterns by conducting both high energy electron and ion beam bombardment as well as
continued theoretical modeling and computer simulation. For modeling and simulation, we will
expand our effort from the phase-filed modeling to multiscale modeling by incorporating first
principal, molecular dynamic and Dynamic Monte Carlo simulations. Through renewed effort,
we seek for improved understanding on the roles of experimental parameters (particle mass,
energy, dose rate, irradiation temperature) and intrinsic material parameters on pattern formation.
Based on the improved understanding of mechanisms, it is expected that the morphology, size,
shape, density, and distribution of particle beam induced nanostructures shall be precisely
controlled. The research shall have a great impact on the future development of innovative
irradiation-based nanoscale material processing techniques and technological applications of the
processed nanostructures.
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Environmental Conditions
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Program Scope and Approach
While it is well known that irradiation accelerates intergranular stress corrosion cracking (IGSCC) in
high temperature water, the mechanism remains unknown. The dramatic change in the nature of plastic
deformation due to irradiation results in large amounts of slip, in the form of dislocation channels,
impinging on grain boundaries in very local regions. Understanding the nature of the interaction of these
channels with the grain boundaries is the primary objective of the project. A discovery-based approach is
being pursued to determine the processes by which localized deformation in irradiated materials leads to
intergranular cracking in alloys in aggressive environments at high temperature. To reach our objective,
we are focusing on four controlled purity alloys and one commercial purity alloy. These are: commercial
purity 304 SS (18Cr-8Ni), and controlled-purity alloys 18Cr-10Ni, 13Cr-15Ni, 21Cr-32Ni and18Cr-12Ni1Si. These alloys span a range of stacking fault energy (15 – 61 mJ/m2) and a wide range of known
cracking susceptibilities; 18Cr-8Ni and 18Cr-12Ni-1Si are very susceptible to cracking, 13Cr-15Ni is
moderately susceptible and 21Cr-32Ni is very resistant. We will evaluate the nature of deformation and
cracking by conducting stress corrosion cracking experiments in high temperature water at low values of
plastic strains. The nature of cracking, the localized deformation structure and their interaction will be
evaluated to understand how they work together to induce cracking. A simulation effort is being
conducted on digital samples generated using Voronoi constructions in which the orientation of each
grain is taken from the characterization of the alloys. The simulations seek to understand unit processes
such as dislocation generation, emission and absorption and the role of the grain boundary structure in
these processes. The in-situ microscopy will tie the macroscopic SCC and deformation behavior with the
modeling results by probing the nature of dislocation channel-grain boundary interaction, which is
believed to be at the root of the IASCC initiation process.
Recent Progress
Stress corrosion cracking experiments were conducted first on 3 alloys that were characterized using
orientation imaging microscopy to determine grain boundary misorientation, and then irradiated to a dose
of 5.0 dpa using 2 MeV protons at a temperature of 360°C. Samples were then strained to about 5%
plastic strain in two steps in 288°C water with a conductivity of better than 0.2 µS/cm. Surface oxides
were stripped from the samples to reveal intergranular cracks and surface slip steps. Cracked boundaries
were characterized according to the nature of the cracks, their location on the boundary, their angle of the
grain boundary trace with respect to the tensile axis, the Schmid and Taylor factors of the bounding grains
and the ease of slip transmission across the boundary. Figure 1 shows the two types of cracks formed
after 5% strain in 288°C water; localized cracks at the intersection of the dislocation channels and the
grain boundary, and IG cracks that extend the lengths of a facet and between triple points.
Cracking behavior exhibits some distinct dependence that can be summarized as follows:
•
•

Cracking is most prevalent on random high angle boundaries (RHAB), less so on low angle
boundaries (LAB) and least on coincident site lattice boundaries (CSLB).
The fraction of cracked boundaries increases with the trace of the grain boundary angle with respect
to the tensile axis. Grain boundaries that make an angle of 70-90° to the applied stress direction have
a much higher incidence of cracking than those at lower angles, Fig. 2a.
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Figure 1. (a) Localized cracks at the intersection of dislocation channels and a grain boundary, and (b) a
crack extending the length of a grain boundary facet. Tensile stress is in the horizontal direction.
•

•
•

Cracking seems to depend on the Taylor factor pair type. If the Taylor factors of grains bordering a
cracked grain boundary are divided into categories of low, medium and high, then the cracking
propensity of boundaries with at least one grain having a low Taylor factor is significantly lower than
the remaining pair types, Fig. 2b.
There is a dependence of slip continuity on grain boundary angle, with significantly greater slip
continuity across boundaries that make smaller angles to the applied tensile stress, Fig 3a.
If the data is parsed between cracked and uncracked grain boundaries, then slip continuity is greater
across boundaries that don't crack vs. ones that do, Fig. 3b.

Figure 2. (a) Grain boundary cracking as a function of the angle of the grain boundary trace with respect
to the tensile stress, and (b) cracking as a function of Taylor factor pair types.
Molecular dynamics simulations were used in a virtual tensile test, to study the intergranular cracking
behavior of model FCC polycrystalline samples. These samples include both columnar grain
configurations with random boundaries as well as samples that have a thin-film configuration with grain
and grain boundary orientations modeled after distributions determined experimentally. Various
characteristics of the boundaries were analyzed; grain boundary energy, type, and Schmid factors of both
grains, and boundary orientation with respect to the tensile axis. In agreement with the experimental
results, it was found that cracks generally occur in random high angle boundaries that are oriented close to
perpendicular to the tensile direction. Within high angle grain boundaries, the orientation of the boundary
plane with respect to the tensile axis was the single most important factor that correlated with cracking.
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Figure 4 shows an example of cracking along a grain boundary in a sample strained in the horizontal
direction.

Figure 3. Fraction of boundaries exhibiting slip continuity (a) as a function of the angle of the grain
boundary trace with respect to the tensile stress, and (b) as it depends on whether the boundary cracks.
By analyzing the
inhomogeneous distribution
of strain in the deformed
samples, strain localization
was studied in the
simulations and it was found
that strain localization
occurs near some of the
grain boundaries,
contributing to failure.
Plastic deformation through
dislocation emission also
occurred in an
Figure 4. Cracking along a
Figure
5:
Inhomogeneous
nature
of
inhomogeneous manner,
grain boundary lying close to
with some grain boundaries
normal to the tensile direction. strain distribution and dislocation
emission in a virtual sample strained emitting more dislocations
5% in the horizontal direction.
than others due to the nature
of the boundary and Schmid factor of both grains. Figure 5 shows the inhomogeneous nature of
deformation, with color-coding showing the regions of high local strain. The stacking faults left by the
emission of Shockley partials are shown in black.
Deformation experiments in-situ in the TEM have been conducted in unirradiated samples as a function
of temperature as well as in samples in which the matrix has been hardened by heavy-ion irradiation
produced obstacles. The key results from these tests are summarized as follows. The effect of
temperature on the interaction of dislocations with grain boundaries is to increase the complexity of the
interaction and the final response of the grain boundary to that interaction. This appears as an increase in
the number of slip systems activated by the grain boundary to relieve the increase in strain energy density
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caused by the dislocation being accommodated in the grain boundary. A more significant difference in
the behavior of dislocations is caused by the introduction of a hardened matrix. Irradiation-produced
defects were shown unequivocally to arrest mobile dislocations but not to influence significantly the
operation of dislocation sources. The obstacle field changed the motion of a dislocation, causing
segments of the line dislocation as opposed to the entire dislocation to move in a start-stop manner. This
behavior changed as the number of dislocations passing through the obstacle field increased. That is, the
effectiveness of the obstacles as barriers decreased with the passage of each dislocation. Consequently,
the dislocations moving along a partially cleared channel experienced a resistance that increased with
distance travelled from the source. This in turn impacted the dislocation distribution in the cleared
channel effectively increasing the equilibrium separation distance between the dislocations. This resulted
in two significant effects: First, the spatial arrangement of dislocations against a barrier at least in the
early stages evolves more slowly than in the unirradiated case, and this has implications for the local
stress generated and, ultimately, for slip transmission. Secondly, at the source end of the channel the
dislocations accumulate, and this generates a large back stress on the source that can limit source
operation and could cause the grain boundary response to change from slip transmission to crack
nucleation. The change in the form of dislocation distribution with the grain boundary as a barrier and as
a source is compared in Figure 6.

Figure 6. The first two panels compare the build-up of dislocations near a grain boundary in
unirradiated and irradiated 304 SS. Note the time difference between the images. The third panel
shows the development of the dislocation structure at a grain boundary source. The time difference
between the two images is 10 s.
Future Plans
Immediate plans are to continue characterization of cracking and slip transmission in samples strained in
either inert environment or in high temperature water and to match simulations to the experiments to
understand the features governing slip transmission and cracking as a function of boundary type, stress,
grain boundary orientation, etc. We will also continue in-situ deformation experiments on ion irradiated
steels as well as commencing in-situ deformation experiments on pre-deformed, proton irradiated steels as
a function of temperature. Molecular dynamics simulations will continue to be used to perform virtual
tensile tests as a function of temperature and study the influence of stacking fault energy on the
deformation behavior.
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