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Foreword

This volume comprises the scientific content of the 2008 Mechanical Behavior
and Radiation Effects Contractors Meeting sponsored by the Division of Materials
Science and Engineering (DMS&E) in the Office of Basic Energy Sciences (BES)
of the U. S. Department of Energy (DOE). The meeting, held on April 13-16,
2008, at the Airlie Conference Center, Warrenton, Virginia, is the second
Contractors Meeting on this topic and is one among a series of research theme-
based Contractors Meetings being held by DMS&E. The meeting’s focus is on
research in mechanical behavior and radiation effects of materials, and it also
features research that cuts across several other BES core research program
areas where appropriate and relevant.

The studies of mechanical behavior and radiation effects have a long and
important history with respect to the generation, transmission, utilization and
conservation of energy. It is a tribute to the researchers that they have continued
to move the field forward into a number of important areas, as can be seen by
the diversity of projects being presented at this meeting.

The purpose of the Mechanical Behavior and Radiation Effects Contractors
Meeting is to bring together researchers funded by DMS&E in this important area
of research on a periodic basis (approximately every three years) in order to
facilitate the exchange of new results and research highlights, to nucleate new
ideas and collaborations among the participants, and to identify needs of the
research community. The meeting will also help DMS&E in assessing the state
of the program, identifying new research directions and recognizing
programmatic needs. The discussion sessions are a complement to the
programmatic presentations and | would like to especially acknowledge the help
of Bill Nix, Bill Weber and Rob Ritchie for facilitating the discussions.

| would like to express my sincere thanks to all of the attendees, especially the
invited speakers, for their active participation and sharing their ideas and new
research results. The effort and advice of the meeting chair, Dr. Amit Misra, of
Los Alamos National Laboratory, in helping to bring these ideas together is
deeply appreciated. | would also like to express my sincere gratitude to

Ms Christie Ashton in DMS&E; and Sophia Kitts, Lois Irwin and Barbara Cohen
of the Oak Ridge Institute of Science and Education (ORISE) for their dedicated
and outstanding work in taking care of all the logistical aspects of the meeting.

John Vetrano

Program Manager

Mechanical Behavior and Radiation Effects
Division of Materials Sciences and Engineering
Office of Basic Energy Sciences

U.S. Department of Energy
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Seeing is believing:
micro-compression in the spotlight of a synchrotron.

Helena Van Swygenhoven

Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Plasticity in single crystal micron sized pillars has gained considerable interest since the
development of a new micro-compression technique with a flat punch equipped nanoindenter.
For all fcc metals measured, the initial flow stress increases with decreasing pillar diameter.
Plastic deformation is characterized by slip events that are reflected in discrete strain bursts.
Large scattering amongst the data is reported, where pillars of similar orientation are
deforming according to different slip systems, sometimes shearing-off or barrelling. To
address the scattering and to understand the mechanism behind the increase in strength,

an in-situ micro-compression device has been developed at the Swiss Light Source (SLS)
allowing for the continuous measurement of time-resolved white beam Laue diffraction
patterns during compression of pillars, capturing the initial microstructure and the changes in
microstructure during deformation.



Smaller is Stronger: Observations and Possible Explanations

C.A. Volkert, University of Gottingen, Germany

The observation that yield stresses in metals increase with decreasing size has
been confirmed in a variety of metals with different grain and sample sizes. Both
the generality and the few notable exceptions to this trend can be used to gain
insight into possible mechanisms. The successes and limitations of models
based on dislocation interaction-limited and dislocation nucleation-limited
deformation will be discussed in an effort to clarify whether a single process can
account for the "smaller is stronger" trend.
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Microstructural evolution and mechanical response of complex alloys under prolonged
particle irradiation
Award number: DEFG02-05ER46217

Robert Averback Pascal Bellon

Department of Materials Science and Eng. Department of Materials Science and Eng.
University of Illinois at Urbana-Champaign University of Illinois at Urbana-Champaign
104 S. Goodwin Ave, Urbana IL, 61801 405 W. Green St, Urbana, IL 61801
averback@uiuc.edu Bellon@uiuc.edu

I. Overview: This program addresses issues critical to the development new nuclear reactors
that can provide safe, sustainable, and economically viable energy production in the near future.
For this purpose we are developing a generic, multiscale modeling approach to simulate the
evolution of microstructures in complex alloys for a wide range of irradiation environments. The
work is organized in four tasks. In Task 1, we develop and validate a quantitative multiphase
phase field model that will be capable of tracking the evolution of point-defects, defect-clusters,
precipitates, and dislocations, and we introduce a new efficient algorithm to integrate these
kinetic equations in real-space. In Task 2, we and collaborators at LLNL integrate this phase field
model with ParaDis, the dislocation dynamics code recently developed at LLNL. This integration
will provide the computational muscle needed to gain insights into the physics of strain
hardening, dynamic recovery, and dislocation reactions, self-organization and patterning. In Task
3 we perform molecular dynamics and kinetic Monte Carlo simulations of three dimensional
microstructural evolution for model alloys over actual time scales. This model will provide input
data, mechanisms, and validation of the phase field model. Task 4 consists of experiments that
will provide critical input data for the modeling and validation tests of specific approximations in
the models. These experiments utilize the most advanced imaging and diffraction techniques,
such as three-dimensional atom probe microscopy, transmission electron microscopy, and diffuse
x-ray scattering. The machinery developed in this program will be applied to evaluate the
viability of nanoscale self organization for producing radiation resistant materials.

Il. Progress to date:

A. Phase field model:

We have introduced a new phase field description that combines the standard continuous
approach for chemical and point defect diffusion with a discrete approach for point-defect
clusters. This mixed approach makes it possible to obtain a realistic description of the evolution
of defect clusters during irradiation, based on the primary recoil spectrum of the particular
projectile/target combination. It also allows us to retain a nanoscale description of the
microstructure. We have applied this new phase field model to study the effect of primary recoil
spectrum on segregation and precipitation either enhanced or induced by irradiation. An example
of this new code is illustrated in Fig. 1.
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B. Atomic level simulations

MD simulations of irradiated dilute Cu-Mo alloys: In connection with the experimental program,
we have performed large scale MD simulations to examine phase stability in two-phase Cu-Mo
alloys. We first show that bombardment of homogeneous Cu-Mo alloys with 50 keV Cu atoms
leads to precipitation of Mo, even at low temperature where thermal diffusion is suppressed. This
is a consequence of the low solubility of Mo in Cu and Mo transport during the thermal spike. We
next show that small (L1nm) Mo precipitates aggregate during bombardment at 200 K, but do not
coagulate into dense precipitates, see Fig. 2(b). In contrast, irradiation at 750 K leads to dense
precipitates, Fig. 2(c). This behavior is a consequence of the high melting temperature of Mo, i.e.,
during room temperature bombardment, the Mo precipitates can move in the liquid Cu produced
by the thermal spike and aggregate, but since the Mo precipitates do not melt, they do not
coagulate. At 750 K, on the other hand, Mo does melt during the thermal spike and coagulation
occurs. These results suggest that Mo precipitates thus grow by a cluster aggregation mechanism
and not the usual LSW mechanism. As a consequence, the nanoscale precipitate structure is stable
to very high temperatures, agreeing with the experimental results discussed below.

Kinetic Monte Carlo simulations of radiation-induced segregation: This work considered
homogeneous nucleation of precipitate phases (see publ. (1)). In this study the interesting finding
was that homogeneous nucleation of precipitates could form in systems that normally form ideal
solutions under equilibrium conditions. Moreover, these precipitates are generally ramified
structures. Small changes in the heat of mixing, however, dramatically altered the precipitate
structure to one that is compact. This unusual behavior can be attributed to the extremely large
chemical potential of interstitials in metals, and may provide an explanation for so-called
“mushy” zones observed in dilute Fe-Cu alloys.
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Fig.2(a) As prepared state: Cu
containing 1 nm Mo
precipitates. The precipitates are
10% atom fraction

Fig.2(b) Microstructure following
bombardment with 50 keV Cu at

200 K. Precipitates aggregate but
maintain ramified structure.

Fig.2(c) Same as Fig. 2b, but
bombardment at 750 K.

C. Experimental progress

Irradiation induced self organization at the nanoscale: It has long been known that the detrimental
effects of irradiation damage in crystalline materials could be suppressed by the inclusion of high
concentrations of unbiased defect sinks and/or defect traps in the microstructure. The difficulty
with this approach, however, has been that such specially designed microstructures are generally
not stable under prolonged irradiation. This program is looking into the potential of utilizing
alloys that undergo self organization of the compositional field under irradiation during high
temperature irradiation. We have been employing atom probe microtome (ATM) and x-ray
diffraction to address the potential of this approach. These results, moreover, enable quantitative
validation of the phase field model. Dilute Cu-Fe alloys provide an excellent test of the model
since Fe precipitates coherently in Cu, however, the size distribution and concentration of the
precipitates are difficult to measure by diffraction and so we employ ATM as illustrated in Fig.3.




At 300 °C, the Fe precipitates approach a steady size of ~ 5 nm, although precipitates are not
uniform in size or concentration. In another Cu eutectic alloy, Cu-10%Mo, we find using x-ray
diffraction that precipitates are stable with size, ~ 5 nm, up to at least 600°C, owing to the low
diffusivity and solubility of Mo in Cu.
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Fig.3(a) ATM grayscale concentration map of an Fig.3(b) Line scan through a Fe precipitate in
atom-probe tip of a Cu-13%Fe sample following irradiated Cu-13%Fe sample (on left), showing the
irradiation at 300 °C. Black areas represent 100% Fe. | Fe concentration in the vicinity of the precipitate.

Diffuse x-ray scattering of defect in Fe: One of the most difficult tasks in the study of irradiation
damage is identifying small defect clusters and determining their properties, i.e., structure and
mobility. Yet understanding defect clusters is crucial for both predicting the response of materials
to irradiation and establishing benchmarks for multiscale simulations, including our own. Diffuse
X-ray scattering remains one of the few methods capable of providing such information. We have
been performed such measurements on 2 MeV Kr irradiated Fe single crystalline thin films,
which we have grown in our laboratory. Results from recent experiments are illustrated in Fig. X,
where the scattering is plotted as a function of distance from a (110) reciprocal lattice vector, H,
i.e. Q = K- H, where K is the scattering vector. The data obtained after irradiation at 300 °C to
different doses show more scattering at —Q than +Q signifying that the size of the defect clusters
(loops) are much larger for vacancies than interstitials. More detailed interpretation of these
scattering data is greatly facilitated by computer simulation. For example, Fig. 4 shows the
expected scattering for ...
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Fig.4a. Diffuse x-ray scattering intensity plotted as Ig* vs Q/H Fig. 4(b) Calculated scattering from a
for Fe single crystals irradiated at 300 °C. Large scattering at vacancy loop with Burgers vector

negative Q illustrates that vacancies form large dislocation loops | a,(100). Note similarity to Fig.4(a)
but that interstitials remain mostly in small clusters

I11. Future Plans:




Phase field model: Using the newly developed phase field model and code, we will perform a
systematic study to determine the conditions leading to heterogeneous irradiation-induced
precipitation (1IP) in an undersaturated solid solution. In particular, we will focus on the effects of
temperature, displacement rate, and primary recoil spectrum, and compare with existing data for
1P, for instance for Ni-Si solid solutions irradiated with 1 MeV electrons and 500 keV Ni ions. In
parallel, we will collaborate with V. Bulatov at LLNL to include stress effects on diffusion, using
his newly developed real-space approach, based on fast multipole expansion. We will also work
with LLNL to fully optimize the parallel version of our code, in order to take full advantage of
the computing power of current computer machines.

Atomic scale simulations: Kinetic Monte Carlo (KMC) computer simulations will be performed
to set benchmarks for the phase field modeling. We will examine a simple eutectic alloy for
which both interstitials and vacancies couple to the solute and form precipitates at defect clusters.
This system is sufficiently complex that the outcome is not trivial, yet sufficiently simple to
examine the behavior of the phase field model. For this work, we will employ a new parallel
KMC code developed by our collaborators at LLNL. We will also employ KMC, in combination
with MD, to further explore the mechanism of precipitate coarsening in systems like Cu-Mo
during high temperature irradiation. Lastly, we will employ MD to explore the strength and
deformation mechanisms of nanocomposite alloy systems.

Experimental work: The experimental studies have been just been getting underway and most of
the work discussed above will be continued in our second year. Particular attention will be
focused on ATM studies of Cu-10%Mo alloy for which we will explore whether room
temperature irradiation of the alloy leads to a ramified structure, as suggest by the simulations,
and whether high temperature irradiations lead to compact precipitates with small size. We will
also begin investigations on the stability of nanoscale oxide inclusions in Cu and Fe. For these
studies we will employ our cluster deposition system to fabricate the specimens.

The work on diffuse x-ray scattering will be continued investigating the effect of alloying
additions on the defect structure in Fe.

IV. Publications:
P. Krasnochtchekov, R.S. Averback, and P. Bellon, The role of interstitials in phase segregation of binary
alloys under ion irradiation conditions from KMC simulations, Phys. Rev. B 75, 144107 (2007)

P. Krasnochtchekov, P. Bellon and R.S. Averback, “Precipitate Stability and Morphology in Irradiation
Environments” JOM 59: 46-50 (2007)

A. Badillo, Y. Liu, P. Krasnochtchekov, R. S. Averback, P. Bellon, “Generalized phase field modeling for
microstructural evolutions in irradiated alloys”, invited talk and proceeding publication for the 3" Int. Conf.
on Multiscale Materials Modeling, Freiburg, Germany, Sept. 18" 2006, p. 679.



Title: Nano Vacancy Clusters and Trap Limited Diffusion of Si Interstitials in Silicon

Principal Investigator: Wei-Kan Chu

Department of Physics and Texas Center for Superconductivity
University of Houston

Houston, TX 77204

TEL: 713-743-8252 (O); FAX: 713-743-8201;

E-mail: wkchu@uh.edu

Program Scope

The objective of this project is to develop a method to characterize nano vacancy clusters and
the dynamics of their formation in ion-irradiated silicon. It will impact (1) semiconductor device
processing involving ion implantation, and (2) device design concerning irradiation hardness in
harsh environments. It also aims to enhance minority participation in research and curricula on
emerging materials and ion beam science. Vacancy defects are of scientific and technological
importance since they are ubiquitous when the host materials are exposed to particle irradiation.
Studies on vacancy clustering in the past decades were mainly theoretical and the approach
heavily relied on the total-energy calculation methods. The lack of experimental data is mainly
due to the formidable task in measuring the cluster size and density using modern metrological
techniques, including transmission electron microscopy and positron annihilation spectroscopy.
To surmount these challenges, we propose a novel approach to tackle the metrological
problems on the nano vacancy clusters, especially in determining densities and sizes of the
nano vacancies based on the premise that the vacancy-clusters act as diffusion-trapping
centers. For a silicon substrate containing vacancy-clusters, the diffusion of interstitials (from the
surface) can be classified into three phases: (1) an ultrafast phase-l in which the trapping
centers have little effect on the diffusion of interstitials; (2) a prolonged phase-Il in which the loss
rate of interstitials by trapping balances the influx of interstitials from the surface; and (3) a
phase-lll diffusion in which surface
influx of interstitials depletes the
trapping centers and interstitials
consequently propagate deeper into
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the bulk. By measuring diffusion o O Interaction of Vacancy Clusters
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(c) Analyzing trap-limited diffusion of Si interstitials, which is experimentally detectable
by studying the diffusion of multiple boron superlattices grown in Si, and enables us to
characterize the nano voids, e.g. their sizes and densities.

(2) We have experimentally derived 6 — T T T
the binding energy of vacancy clusters . o
function of sizes. Comparison = extracted from diffusion exp.
a$ a ’ . p 5 —e— caculated from MD 7
with theoretical prediction has been
conducted.
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(b) We have conducted large The binding energy of vacancy clusters as a
scale molecular dynamic simulations function of cluster size. The values are
based on the potential derived from extracted from the diffusion experiments, and
modified embedded atom methods. in a comparison with the values calculated
The binding energies of vacancy in from MD simulations.

voids as a function of void size have
been obtained and compared with the experimental data.

(3) We have studied the stability of voids under high temperature annealing. It shows voids
formed by MeV Si self ion implantation are very stable (up to 900 °C for 5 min anneal). This
suggests that voids can survive high budget thermal processes in device fabrication. Thus, MeV
implantation can be introduced in on-line processing with large flexibility, for the purpose of
defect engineering.

(4) Details of atomic scale diffusion, such as migration lengths and jumping frequencies for two
most important dopants, boron (B) and antimony (Sb), in the presence of voids, have been
studied. These studies reveal the fundamentals of impurity-defect interactions and will impact
defect engineering based approaches for a better control of doping profiles in fabricating
microelectronics.

Future Plans

Multiscale modeling of void growth needs to be completed. This involves using continuum
methods to predict void evolution, based on kinetics obtained through large scale molecular
dynamic simulation. With experimental and modeling data obtained through the project, we are
proceeding to accomplish the ultimate objective of the project, which is to better understand and
be able to predict evolution of voids in silicon.



References to Publications of DOE Sponsored Research

1. L. Shao, M. Nastasi, P.E. Thompson, Q. Y. Chen, Jiarui Liu and Wei-Kan Chu, “Application of High
Energy lon Beam for the Control of Boron Diffusion”; Nucl. Instrum. Methods. Phys. Res. B, 242, 670
(2006).

2. L. Shao, M. Nastasi, P.E. Thompson, |. Rusakova, Quark Y. Chen, Jiarui Liu and Wei-Kan Chu, “The
Energy Dependence of Excessive Vacancies Created by High Energy lon Implantation”; Nucl. Instrum.
Methods. Phys. Res. B, 242, 506 (2006).

3. L. Shao, M. Nastasi, J.K. Lee, T. Hochbauer, P.E. Thompson, I. Rusokova, H.W. Seo, Q.Y. Chen, J.R.
Liu and Wei-Kan Chu, “lon-cut of Si Facilitated by Interfacial Defects of Si Substrate/epitaxial Layer
Grown by Molecular Beam Epitaxy”; Nucl. Instrum. Methods. Phys. Res. B, 242, 509 (2006).

4. L. Shao, M. Nastasi, X.M. Wang, J. Liu and Wei-Kan Chu, “A Model for Damage Caused by Cluster
Implantation: Non-linear Effect due to Damage Overlap”; Nucl. Instrum. Methods. Phys. Res. B, 242, 503
(2006).

5. HW. Seo, Q.Y. Chen, M.N. lliev, L. W. Tu and C. L. Hsiao, J.K. Meen, and W.K. Chu, "Epitaxial GaN
nanorods free from strain and luminescent defects”; Appl. Phys. Lett. 88,153124 (2006).

6 L. Zhu, M. Martin, M. Hollander, Q. Y. Wang, Q. Chen, K. Ma, X. K. Yu, J. R. Liu, Wei-Kan Chu, L.
Shao, “Instability of junctions formed by low energy B implant and low temperature solid phase epitaxy
growth”, Journal of Vacuum Science & Technology B, 25 (2007) 1276-1279.

7. H. Chou, C. B. Wu, F. P. Yun, Z. H. Zhang, Wei-Kan Chu, “Particular strain relaxation for
La0.8Ba0.2MnO3 films on SrTiO3(100) substrates”, Applied Physics Letters, 91 (2007) 242505

8. K.R. Wang, S.J. Lin, LW. Tu, M. Chen, Q.Y. Chen, T.H. Chen, M.L. Chen, H.W. Seo, N.H. Tai, S.C.
Chang, I. Lo, D.P. Wang, and Wei-Kan Chu, “InN Nanotips as Excellent Field Emitters”, Appl. Phys. Lett.,
in press.

9. L. H. Chu, E. Y. Chang, Y. H. Wu,, J. C. Huang, Q. Y. Chen, W. K. Chu, H. W. Seo, and C. T. Lee,
“Study of interfacial reactions on Pt-based Schottky contacts on InGaP”, Appl. Phys. Lett. 92, 1 (2008)

Papers submitted or in preparation for publication

10. K. Ma, X. Yu, Q. Chen, X. Wang, J. Liu and Wei-Kan Chu, L. Shao, P.E. Thompson, “A Temperature
Independent Migration Length for the Diffusion of Antimony in Silicon”, in preparation.

11.L. Shao, P.E. Thompson, Q. Chen, K. Ma and W.K. Chu, “Energetics of Large Vacancy Clusters in Si”,
in preparation.

12. L. Shao, P.E. Thompson, Q. Chen, K. Ma, J. Liu and Wei-Kan Chu, “Stabilities of Vacancy Clusters
Formed in MeV Si Self-ion-implanted Si”, Appl. Phys. Lett., submitted.



Nanomaterial Thin-Film Structures: Fracture and Complex Environments

Principal Investigator: Professor Reinhold H. Dauskardt
Department of Materials Science and Engineering
Stanford University

Stanford, CA 94305 - 2205

Considerable research efforts are being directed at exploiting nanostructured
organosilicate thin films containing nanometer sized porosity or organic second phases
for emerging nanoscience and energy technologies. Applications include biosensors, size-
selective membranes, microfluidic structures, fuel cells, and microelectronics. While
their potential and wide application in nanoscience is clear, little is currently understood
regarding the mechanical and particularly fracture behavior of these nanostructured films,
how they may be characterized, how they are related to the underlying glass and
nanostructure, and how they are influenced by the presence of reactive chemical
environments.

The present proposed program addresses the deficit in fundamental understanding of
these properties by proposing an aggressive program involving two classes of very
promising nanostructured glass films based on the incorporation of either terminal or
bridging organic groups, the presence of nanometer sized porosity or organic second
phases with controlled length scales, a wide range of film structures, and detailed fracture
and nanostructural characterization in a range of complex aqueous solution chemistries.
The research program will also include the development of a new and novel thin film
fracture technique involving patterned test structures embedded in macroscopic fracture
specimens which is expected to be a major advance for quantitative testing of thin film
structures. Experimental research will be complimented with kinetic and multi-scale
computational modeling with the intended application of new reactive potentials that
have recently been developed by collaborators. The ultimate aim of the proposed research
is to provide a fundamental basis from which the mechanical reliability of thin-film
nanostructured materials in complex gaseous and aqueous environments may be
understood.
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Effect of Rare-Earth Additions on the Microstructural Evolution and Mechanical
Properties of Al-Sc Alloys Containing Nanosize Precipitates

Prof. David C. Dunand (PI), dunand@northwestern.edu
Prof. David N. Seidman (co-PI), d-seidman @northwestern.edu

Department of Materials Science & Engineering
Northwestern University, Evanston IL 60208

Program Scope

This program focuses on the effect of micro-alloying rare-earth elements (RE) to dilute
Al-Sc alloys containing nanosize L1,-structured Al;(Sc,RE) precipitates, in terms of
precipitation, coarsening, chemical partitioning, segregation and strength, both at ambient
and elevated temperature. Both experimental (atom probe, electron microscopy,
mechanical testing) and theoretical (coarsening and dislocation-based models)
approaches are taken to describe these phenomena.

Recent Progress

The microhardness of Al-0.06 Sc—0.02 RE alloys (at.%, with RE (rare-earth) =Y, Sm,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) was measured as a function of aging time at 300 °C
(Fig. 1). As compared to Al-0.08 Sc, the ternary alloys exhibit: (i) the same incubation
time, except for alloys with Tb, Ho, Tm, Yb and Lu which hardens much faster; (ii) the
same or reduced peak micro-hardnesses (which are higher than for Al-0.06 Sc); and (iii)
the same over-aging behavior. Local Electron Atom Probe (LEAP) measurements (Fig.
2) show that RE partition to the Al;(Sc;xREx) precipitate where they segregate to the
precipitate core. The accelerating effect on incubation time shown by some of the RE is
due to the early formation of AI;RE precipitates (as shown by LEAP), on which Al;Sc
subsequently grow epitaxially. Creep experiments show that the partial replacement of
Sc with RE has no deleterious effect on the excellent creep resistance of these alloys up
to 300°C, which is expressed by the presence of threshold stresses.

An Al-11.3Li—0.110Sc (at. %) alloy was double-aged to induce first a’-Al 3Sc and then
d’-Al s;Li precipitates. Atom-probe tomography (Fig. 3) revealed both single-phase o'-
precipitates and core-shell o'/d"-precipitates (with respective average radii of 16 and 27
nm, and respective volume fractions of 12 and 9%) conferring a high strength to the
alloy. Although the 6'-shells contain little Sc (~0.027 at. %), the a'-precipitate cores have
a high Li content, with an average composition of Aly72(Sco.17L10.11), Fig. 4. The Li
concentrations within the o'-phase and the Li interfacial excess at the 6'/a’-interface both
exhibit wide precipitate-to-precipitate variations.
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Fig. 1: Vickers microhardness (MPa) versus aging time at 300°C for Al-0.06 Sc-0.02 RE (at.%). Error
bars are 1 standard-deviation from the mean. AlIScYb forms Al;Yb early (YD is most likely a faster diffuser
than Sc, while the other five rare-earth metals are probably slower than Sc), which is why there is
significantly more hardening in this alloy before 1 h.

Fig. 2: Atom-probe tomograms of (a) Al-0.06 Sc-0.02Er (at.%) aged for 24 h at 300°C and (b) Al-0.06 Sc-
0.02Gd (at.%), aged for 96 h at 300°C. Note the higher number density of finer precipitates in the sample
containing Er.
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Fig. 3: LEAP tomographic reconstruction of doubly-aged specimen showing ten single-phase d'-
precipitates and four numbered dual-phase o'/a’-precipitates (only a small portion of the a'-core of
precipitate 2 is contained in the reconstructed volume). Li atoms are in blue, Sc atoms are in red, and Al
atoms are omitted for clarity, as are all matrix atoms; the atomic diameters are not to scale.

Fig. 4 - Combined proximity histograms of six core-shell precipitates displaying the average concentration
of Al, Li, and Sc as a function of distance from the a-matrix/d'-shell and &'-shell/a’-core interfaces (as
defined by 12.5 at.% Li and 9 at.% Sc isoconcentration surfaces, respectively). The interruption of the x-
axis in the &'-shell removes, on average, 11 nm from the proxigram in a region where the concentration
profiles are stable.
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Future Plans

Starting in March 15, 2008, we will focus our efforts on a new program (with C.
Wolverton as additional co-PI) which builds upon the current DOE research project
sponsored. We will investigate the effect of adding large quantities of Li (up to ~12
at.%) to dilute Al-Sc and Al-Sc-RE alloys (with RE = Yb), with the ultimate goal of
improving mechanical properties at ambient and elevated temperature, while also
reducing density.

Scientifically, the goal of the project is to understand the complex interplay
between the various L1, nano-size precipitates in these systems (Al;Li, Al;Sc and AI3RE)
both in terms of microstructure (nucleation/growth/coarsening) and mechanical properties
(shearable vs. non-shearable). This will be accomplished by both experimental
techniques (electron microscopy, atom probe tomography, mechanical testing) and
modeling (first-principles methods, lattice kinetic Monte-Carlo and continuum
dislocation mechanics). The output of the project will be an experimentally-validated
suite of predictive models from which Al-Li-Sc-RE alloys can be designed with optimal
microstructural stability and deformation/creep resistance behavior, while being castable
and heat-treatable (and thus less expensive and more ductile than powder-metallurgy
alloys based on rapidly-solidified powders). A similar strategy has been very successful
used in cast nickel-base superalloys.

We will study the interaction, during deformation at low and elevated
temperatures, between dislocations and core-shell precipitates. With an outer AlsLi shell
that is shearable, dislocation intersecting the Al;(Sc,RE) core will be blocked; we will
compare this situation to that found in Al-Li alloys where simple precipitates are fully
shearable. We will also address the effect of the elastic strain field of the precipitates
(due to lattice mismatch with the matrix) upon dislocations, this effect providing
enhanced creep resistance at elevated temperature. Models will be developed that will
provide quantitative prediction for yield strength and creep resistance.

Additionally, in both above cases, we will investigate the microstructural
evolution during nucleation, growth and coarsening of these complex precipitates, with
particular attention to the issues of interfacial segregation, elemental partitioning and
interdiffusion, number density and average precipitate size. In some cases, the situation
may be complicated by the presence of two or more populations of precipitates with
distinct chemical composition.

Our scientific goal is to achieve a comprehensive atomic-level understanding of
the synergistic interactions among partitioning, segregation, interdiffusion, coarsening,
heterophase interfacial free energy and resistance to dislocation shearing or climbing for
these new quaternary alloys with core-shell precipitates. This understanding will lead to
the creation of predictive, physics-based models of microstructural temporal evolution
based on basic thermodynamic and kinetic properties and micromechanical, dislocation-
based models of mechanical properties. These basic properties will be computed from
first-principles density functional theory calculations: diffusivities of the alloying
elements, lattice parameters, precipitate/matrix interfacial free energies and segregation,
and solute-defect interactions (e.g., solute-vacancy binding energies). The development
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of these models will allow for the rational and efficient design of Al-Li alloys micro-
alloyed with Sc and Yb (and other RE), without the inefficient Edisonian research effort
that would be needed to screen all possible heat-treatments and compositions. Our
models should also provide guidance for the rational design of other alloy systems
containing core-shell precipitates.
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Particle-induced Modification of Complex Ceramics: Response of Materials to
Extreme Conditions

Rodney C. Ewing, Lumin Wang and Jie Lian
rodewing(@umich.edu, Imwang@umich.edu, jlian@umich.edu

Departments of Geological Sciences, Nuclear Engineering & Radiological Sciences and
Materials Sciences & Engineering, University of Michigan, Ann Arbor, MI 48109

Program Scope

Our research program on radiation effects on complex ceramics mainly focuses on the
determination of the fundamental processes by which radiation interacts with complex oxide,
silicate and phosphate minerals and ceramics. The investigations include systematic studies of
radiation damage in minerals, ion beam irradiations of minerals and synthetic ceramics, and
actinide-doping experiments. The damage mechanisms and the evolution of the microstructure
are studied by a wide array of electron beam and spectroscopic techniques, mainly advanced
techniques in electron microscopy and Raman spectroscopy. The new aspects of our research
program investigations are response of materials to extreme pressure and the very high-energy
irradiation of materials at elevated pressures (up to 100 GPa) using diamond anvil cells. We have
established the fundamental connection between radiation-induced and pressure-induced phase
transitions, including order-disorder transformations and the formation of aperiodic domains.
The model structures under investigation include pyrochlore, apatite, and zircon, as well as their
derivative and polymorphic structure-types (e.g., muratiate, reidite and xenotime). The
correlations between chemical composition, structure (e.g., close packing vs. open-framework
structure), chemical bonding (ionic vs. covalent) and materials properties (e.g., phase stability)
under interacting irradiation, pressure and temperature will be elucidated. The results of this
research program should be generally applicable to the understanding of the behavior of
ceramics in radiation fields (e.g., fission reactor materials; nuclear fuels and SiC coatings; long-
term stability of ceramic, nuclear waste forms; sensitivity of electrical and optical devices to
radiation fluxes in space).

Recent Progress

During last three years, we have performed systematic ion beam irradiations on the

pyrochlore (A;B,07) and murataite (A3;BsC2022.x2, F43m ) ceramics, and investigated the
microstructural evolution as a function of irradiation damage and temperature. Both pyrochlore
and murataite-structure types are the derivative of parent fluorite structure but with ordered
arrangements of cation and anions. Particularly, pyrochlore structures display diverse chemistry
and structural flexibility by accommodating extensive cation and anion substitutions in the
crystal structure. The diverse crystal chemistry and structural flexibility provide a great platform
for us to investigate how the chemical composition and structural variation (cation substitutions,
structural distortion, chemical bonding, etc) affect the radiation response behavior of materials
such as the crystalline-to-amorphous and order-disorder structural transitions. Furthermore, we
have synthesized murataite polytypes, anion-deficient fluorite-structured oxides, and investigated
the effects of different degrees of structural disordering on ion beam-induced amorphization and
the order-disorder structural transition. Systematic ion irradiation studies of lanthanide
pyrochlores with B = Ti, Zr, and Sn combining with in-situ TEM observations have indicated
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that the radiation response of the pyrochlore compounds is highly dependent on compositional
changes. Both the ionic size and cation electronic configurations (e.g., bond-types) affect the
structural distortion from the ideal fluorite structure and thus the response of pyrochlore-structure
types to ion beam irradiation [1]. An ion beam-induced pyrochlore-to-fluorite structural
transition occurs in all irradiated pyrochlore compositions, and the independent kinetics of the
cation and anion disordering processes were discussed. A dramatic increasing critical
amorphization dose for Gd,Ti,O; was found under dual beam irradiations simulating a-decay
events, in which the electronic excitation and ionization of energetic He™ greatly enhance the
defect annealing behavior and thus the structural stability under extreme irradiation environment.

We also performed systematic swift heavy ion irradiations in the Gdy(Zr<Ti;«),0O7 binary
system exposed to **Ni, '*’Xe, '’ Au, ***Pb, and ***U projectiles with specific energy 11.1 MeV/u
and characterized the radiation damage-induced structural transformation processes by ex-situ
Synchotron X-ray diffraction and Raman spectroscopy. A comparable structural modification
occurred in pyrochlore compositions with pure electronic excitations and ionizations induced by
swift heavy ions and nuclear collision processes under low energetic heavy ions. The observed
structural transitions strongly depend on the pyrochlore compositions, and the effects of
electronic energy loss on the structural modification have been clarified [2].

We reported dramatically different behaviors between isostructural Gd,Ti,07 and Gd,Zr,0;
pyrochlore at pressures up to 44 GPa, in which the substitution of Ti for Zr significantly
increases structural stability [3]. Upon release of pressure, a self-amorphization process occurred
in the compressed Gd,Ti,07, while the high-pressure phase of Gd,Zr,O7 transforms gradually to
a disordered defect-fluorite structure. A consistent trend in the phase stability and structural
transformation processes for titanate and zirconate pyrochlores at high pressures and in high
radiation fields. Pyrochlore compositions that can accommodate disordering are resistant to
forming an amorphous phase at high pressures or high irradiation fluxes. The response of such
structures to extreme environments, such as high pressures or irradiation fields, is directly related
to the energetics of the disordering process. Quantum mechanics calculations revealed that the
response of pyrochlore to high pressures was controlled by the intrinsic energetics of defect
formation. The performance of materials in extreme environments can much improved by a
consideration of the atomic-scale disordering mechanism and energetics.

We have also made great progresses in understanding the materials behavior under extreme
conditions of combining pressure, temperature and irradiation. For example, swift heavy ion
beam-induced nanocrystallization or order-disorder structural transformation in ZrSiO4 and
Gd,Zr,05, respectively, stabilize the phase stability and enhances the compressibility upon
subsequent pressurization [4]. While, simultaneous exposure to pressure and ion beams lead to a
quite different material response: in pressurized zircon (ZrSiO,4), e.g., the ions trigger the
formation of the scheelite-structured high-pressure phase reidite, which cannot be induced by the
applied pressure or ions alone. Beside the nucleation of other high-pressure/temperature phases,
modifications such as long-range amorphization and decomposition into nanocrystals have been
observed. We also showed that the simultaneous combination of relativistic heavy ions, high
pressure, and high temperature can be used to simulate fission-track formation in minerals under
conditions relevant to the Earth’s deep crust (e.g., zircon) [5]. The fundamental knowledge of the
phase stability and transformation processes under these conditions can be used to create a new
class of materials that have novel properties, and allow us to design materials with excellent
radiation performance and resistant to extreme thermo-mechanical stress or pressure.
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Future Plans

Our future research will focus on developing a fundamental understanding of materials
behavior under synergetic extreme environments consisting 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 high-pressure on radiation-induced
structural transformations. The fundamental aspects of materials response behavior will be
studied by advanced techniques of electron microscopy (HAADF-STEM, EELS and EFTEM), a
variety of spectroscopies (Raman, Synchotron X-ray and IR), and a novel experimental design
for very high-energy irradiation of materials at elevated pressures (up to 100 GPa) using
diamond anvil cells. The correlations between chemical composition, structure (e.g., close
packing vs. open-framework structure), chemical bonding (ionic vs. covalent) and materials
properties (e.g., phase stability) under interacting irradiation, pressure and temperature will be
elucidated. Quantum mechanics calculations will be initiated to model the energetics of the
damage mechanisms and disordering processes of materials. Combining the advanced
experimental design and characterization tools, a synergetic model from the perspectives of non-
equilibrium thermodynamics and kinetics will be developed to understand the phase stability and
transformation processes of materials under intensive radiation and extreme pressure
environments. From a more fundamental perspective, irradiation and pressure represent a unique
means of creating non-equilibrium states of matter, providing new possibilities for tailoring
novel materials with new properties. The combination of intense irradiation, high pressure, and
high temperature opens up unprecedented possibilities for the study of the interaction of nano-
scale structures and surfaces with different types of irradiation over a range of temperatures and
pressure. An important aspect of our future studies lies at the design of materials for extreme
conditions with enhanced performance. The integration of the concept of non-equilibrium
thermodynamics, introduced by pressure or/and irradiation, offers new pathways for the
investigation of fundamental phenomena and for the development of new materials with
improved properties, such as the stabilization of metastable high-temperature phases (e.g.,
tetragonal =zirconia at elevated pressures) or self-organized nanostructures with novel
morphologies and functionalities.
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Plasticity in ultra fine grained materials
Marisol Koslowski
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Many of the fundamental mechanisms underlying the inelastic behavior of
materials are mediated by defects with mechanisms that operate at atomistic
scales. Conversely, continuum theories rest on the assumption that the relevant
fields that describe the state of the material vary slowly at atomic scale.
Therefore, continuum theories break down in the microscopic range and fail to
describe the relevant phenomena at this scale. It is clear that atomistic and
continuum theories need connection, this connection is attempted, for example,
by the multiscale modeling framework in which the materials behavior is divided
in hierarchical length scales and the higher length scale is informed by averages
of the preceding length scale [1]. However, in this process the local detail of the
microstructure and its relation with the macroscopic behavior is lost. This is
particularly important when the scale of the volume of analysis approaches the
microstructure and the continuum assumption diminishes as in micron and
submicron size grains in polycrystalline materials.

Our goal is to develop a predictive continuum plasticity model to address
the evolution of dislocations in confined geometries and their interaction with
grain boundaries. This model constitutes an important step towards the
integration of the microstructural evolution as well as the effect of high
surface to volume ratio in the mechanical response into continuum
mechanical modeling for crystalline materials.

When the characteristic size or certain characteristic length, such as the
grain size, approaches the micron or sub micron range, metals display a strong
size dependency given by an increase in the yield stress as the characteristic
size decreases following a power law:

oo0cd™
where oy is the yield stress, d is a characteristic length of the specimen and a is
an exponent reported to be between 0.5 and 1. This relation, known as Hall-
Petch relation [2, 3], is well established experimentally in polycrystalline materials
with sub micron and micron grain size. It is observed that for an average grain
size in the micron regime the yield stress of the metal increases as the grain size
decreases following a power law with exponent a=0.5. Therefore, a physically
based theory of plastic deformation for crystalline materials should include a
description of these boundary conditions on dislocation fields to properly
represent the microstructures and how they affect the macroscopic response.

Figure 1 shows the relation between the yield stress and the characteristic
size for different experiments [4, 5, 6, 7] in metallic materials and our simulations
with the phase-field model [8]. The value of the exponent in the power law
relation spans from 0.5 for single crystals to 1 for free standing thin films. This
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shows that surface effects play
a key role in the mechanical
response of materials. 10°

Figure 1 illustrates the
ability of the phase field theory
to account for size effects in
plastic deformation. A great 10°F
advantage of our method is
that we do not need the
introduction of length scale
parameters. Size dependency
results from the non-local

[MPa]

/'f

02

Present model

i 1 1 1 {3 Multil
dlsloca_ltlon mterac_tlons and the N ey fikns
formation of microstructures Single crystals

. . e e THIN filMS
due to confined geometries, 10’ !
. 1 0 1 2
affecting the overall response. 10 10" gpum) 1° 10
Classical continuum

theories originally developed t0  Figure 1: Vield stress dependency on size for
describe bulk materials have ifferent experimental conditions: thin films [5],
been enhanced to incorporate single crystals [4], multilayers [6] and passivated
the experimentally observed thin films [7] and compared to our simulations [8]
size effect at micron and

submicron scales through the

introduction of length scale parameters [9, 10, 11, 12, 13, 14, 15, 16]. We will
show a comparison between the gradient theory of plasticity developed by
Gurtin [16] and the phase-field theory of dislocations developed by Koslowski
et.al [17, 8] for a constrained layer geometry. This problem represents a metallic
film bonded to a substrate that acts as a rigid constraint and it is of importance to
represent the behavior of passivated thin films. The same boundary condition is
also used to simulate other interfaces that are impenetrable to dislocations
including grain boundaries. For this particular geometry we are able to predict in
closed form the value of the length scale and strength parameters defined in the
strain gradient theory and their dependency on the geometry and material
properties.
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Figure 2: Effect of thin film thickness on dislocation profile.
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Figure 2 shows the profiles of the plastic strain obtained with the phase-field
model, for the same applied stress, in the constrained channel geometry. The
lines represent the position of dislocations along the channel thickness. The
phase-field model predicts dislocation pile-ups of opposite sign forming at the top
and bottom interfaces. As expected from experiments, for the same applied
stress the average plastic deformation increases with increasing thickness.
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Figure 3: Effect of thickness on stress-strain curve.

Figure 3 shows the stress/strain response for thin film thickness h = 1, 2,
and 4um. It is interesting to notice the hardening effect due to the formation of
dislocation pile-ups as well as the effect of size in the yield stress as a result of
the nucleation of dislocations. The arrows in Figure 3 display the onset of plastic
deformation. For the particular case of h = 17um the slope does not change after
yielding, even though dislocations are nucleated. This effect is a consequence of
the high hardening rate produced by the dislocation pile-up due to the constraint
in the motion of dislocations. This effect is also observed in free standing thin
films experiments [5] and may explain why even though dislocations are being
nucleated the stress/strain response seems elastic.
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Nano-mechanics of Tunable Adhesion using Non Covalent Forces
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Objective

The objective of this program is to examine, via experiment and atomistic and continuum
analysis, coordinated noncovalent bonding over a range of length scales with a view to obtaining
modulated, patterned and reversible bonding at the molecular level.

Scope

The first step in this project will be to develop processes for depositing self-assembled
monolayers (SAMSs) bearing carboxylic acid and amine moieties on Si (111) surfaces and probe
tips of an interfacial force microscope (IFM). This will allow the adhesive portion of the
interactions between functionalized surfaces to be fully captured in the force-displacement
response (force profiles) that are measured by the IFM. The interactions will be extracted in the
form of traction-separation laws using combined molecular and continuum stress analyses. In
this approach, the results of molecular dynamics analyses of SAMs subjected to simple stress
states are used to inform continuum models of their stress-strain behavior. Continuum analyses
of the IFM experiment are then conducted, which incorporate the stress-strain behavior of the
SAMs and traction-separation laws that represent the interactions between the tip and
functionalized Si surface. Agreement between predicted and measured force profiles is taken to
imply that the traction-separation laws have been properly extracted. The traction-separation
laws obtained in this way will be correlated to the number/areal density of attractive ammonium-
carboxylate interactions used to bind the surfaces.

Scale up to larger contact areas will be considered by forming Si/SAM/Si sandwiches and
then separating them via fracture experiments. The traction-separation laws obtained from the
IFM experiments will used to predict the fracture response (load-displacement and crack growth
history) of the sandwiches. Comparisons will then be made with the measured responses for a
range of areal densities of attractive ammonium-carboxylate interactions.

Progress

Progress has been made in the three areas of SAM deposition, IFM nano indentation
experiments and the development of a high vacuum fracture experiment. These are each
summarized below.

SAM deposition

The two SAMs that are being considered here consist of an alkyl chain with ten CH,
groups that are terminated with either carboxyl or amine groups. The substrate is a 125mm,
p/boron <111> 5-11 ohm-cm, 550-600 um, double side polished, silicon wafer that presents the
Si(111) surface for deposition. The deposition starts with a piranha solution and ammonia
fluoride (NH4F) treatments of the Si surface. The piranha cleans off the native oxide layer and
replaces it with a 2-nm silica layer that is OH terminated and then the ammonium fluoride
provides a hydrogen terminated surface with a roughness of approximately 0.4 nm. This latter
step was preferable to HF etch, which gave rise to much rougher surfaces. This sets the stage for
the deposition of a 10-undecylenic trifluoroethyl ester SAM [Si(CH2)10(CO)O(CH,CF3)] using a
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2,2,2-trifluoroethyl undec-10-enoate solution whose (CH,CF3) group can be replaced by
carboxyl or amine terminuses. A solution of 0.25 M t-BuOK in dimethyl sulfoxide (DMSO) is
used to remove the fluorine terminated SAM and replace it with a carboxyl terminus to form a
10-undecylenic acid SAM [Si(CH2)10(CO)OH]. We have explored the formation of amine and
diamine surfaces. The latter is more promising and makes use of a neat N,N-dimethyl-1,2-
ethyldiamine solution (1 ml) with 50mg of pyridinium p-toluenesulfonate to remove the the
fluorine and leave a 10-undecylenic N-(2-
(dimethylamino)ethyl amide SAM SAM | Chain o ohness
[Si(CH2)10(CO)(NH)(CH)-NMe,] SAM on the | Samplel thickness | length |17 )
silicon wafer. The presence of the expected (nm) (nm)
monolayers is checked using XPS (surface
chemistry), AFM (surface roughness) and
ellipsometry (layer thickness). The results to date
are summa_rized in Table _1 Wher(_e the measured COOH 187 194 0.42
thickness is compared with chain length. The
agreement between the two, coupled with the
roughness data indicates that monolayers are indeed | | NMe2 2 59 2 46 0.35
being formed. We are now examining the statistical
aspects of the data in order to establish confidence | Table 1. SAM thickness and roughness
limits.

IFM Experiments and Analysis

Pending deposition of the carboxy and amine terminated SAMs, we present some results
of IFM experiments and analysis on monolayers of octadecyltrichlorosilane (OTS) These were
stable monolayers with an rms roughness less than 0.1 nm [1], very similar in quality to those
deposited in an anhydrous manner, but with a different solvent that required less stringent
environmental control [2]. The presence of a monolayer was confirmed by X-ray photoelectron
spectroscopy (XPS), ion scattering spectroscopy (ISS) and AFM imaging of patterned and
blanket monolayers. Ellipsometry was used to determine the thickness of the OTS monolayer,
which was 2.5+0.1 nm, due to a 16° tilt from the normal.

The coated specimens were probed with an IFM using electrochemically etched tungsten
wires with tip radii ranging from 100 to 200 nm. The IFM clearly distinguished [3] the presence
of the OTS monolayer in the compressive regime. There were some interesting differences in the
tensile (adhesive) regime. For the uncoated silicon, there was an adhesive step in the response of
about 0.2 uN as a water bridge presumably formed in the ambient humidity in which the
experiment was conducted. There was a slightly smaller initial step when the OTS-coated
specimen was probed. We think that this was due to a reduction in the 16° tilt as the tungsten tip
approached. The water explanation is also possible, but probably to a lesser extent, due to the
hydrophobic nature of OTS. Adhesive hysteresis was clearly observed in the unloading
responses of bare and coated silicon, presumably due to more water being attracted to the contact
region during contact.

The analysis of the IFM force profiles had to account for the fact that specimens
consisted of an OTS monolayer covering the SiO, layer (2.0£0.1 nm) that had been grown in the
piranha solution. These two thin layers on top of the silicon meant that substrate effects would be
present, thereby disallowing [4] the use of classical contact mechanics theories (Hertz, JKR,
DMT and Maugis developed for monolithic bodies) for extracting the mechanical behavior of the
OTS layer. Accordingly, a finite element analysis of the IFM experiment was conducted that

CF3 2.20 2.21 0.31
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incorporated normal surface interactions via a triangular traction-separation law. The area
underneath the curve gives the thermodynamic work of adhesion « = Q.2 @d: between the
tungsten tip and the OTS, where @a is the maximum stress and &: is the critical opening
displacement. In all analyses, the tungsten tip, silicon and silica were assumed to be linearly
elastic and isotropic. The OTS was first assumed to be linearly elastic and isotropic and its

modulus was extracted by matching finite 25 ! ‘ ‘

element solutions for the force profiles with P, ° Data

measured ones. However, the match (uN) — Nonlinear analysis

between the numerical solutions and 15 - 1

measured force profiles was not satisfactory. T o o1 /

The OTS was therefore taken to be an tr P ] ]

isotropic hypo-elastic material based on the os L 1 |

results of a molecular dynamics analysis of ogf o f

uniaxial compression straining of the OTS. 0 gy 1
The stress-strain behavior of the s | | |

OTS under uniaxial compressive strain as 20 22 24 26 28

obtained from the molecular analysis was —> 3§(nm)

quite nonlinear and reminiscent of rubbery | Figure 1. The solution for the IFM force profile
materials. There were several discontinuities | with a hypo-elastic representation of the OTS is
in the response, which are probably due to | compared with measurements.

configurational changes. At higher stress

levels, the three normal stresses were nearly the same, indicating an approach to
incompressibility. The tangent modulus and Poisson’s ratio of the hypo-elastic model were
extracted from the molecular analysis results. The values of the tangent modulus reflected the
nonlinear behavior with an initial modulus of 1 GPa, rising to 30 GPa at high compressive
strains. The Poisson’s ratio remained constant at 0.44. These values of tangent modulus and
Poisson’s ratio were used in a hypo-elastic model of uniaxial compressive strain and provided
very reasonable agreement up to about 40% nominal strain, which was sufficient for modeling
the IFM experiment.

This continuum representation (hypo-elastic material with traction-separation law) of the
behavior of an OTS monolayer was then used in a finite element analysis of the IFM experiment.
The finite element solution compared well with the measurements (Fig. 3) even in the low
compressive force regime without any further adjustments to the hypo-elastic model. The
agreement between analysis and experiment is remarkable, given that the constitutive law that
was used in the continuum model was based directly on molecular dynamics simulations without
any adjustment. This result suggests that the

behavior of the OTS is indeed simple gﬁfpa) 2]?“) atm) ?r)nJ/mz)
enough that differences in the time scales of |"g=-—=r-om 6 3 7 210
the molecular dynamics analyses and the (“STs/silicon 135 5 7 1225

actual experiments are not important. It
appears that a class of problems has been | Table 1. Extracted adhesion parameters for bare
opened up where spatial and temporal scales | and coated silicon.

can be crossed in a relatively simple
manner, and molecular dynamics analyses may be used to motivate continuum representations of
self-assembled monolayers in a simple but direct manner.
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The parameters for the traction-separation laws for bare and coated silicon are listed in

Table 1. The work of adhesion between the tungsten tip and the bare silicon was higher than the
value obtained for tungsten probing an OTS monolayer. Such values are consistent with the

formation of water bridges and the ordering reflects the hydrophobic nature of OTS.

High Vacuum Fracture Rig

The development of a fracture rig for separating two functionalized surfaces that have
. In view of concerns regarding the effect of water

been pressed together is nearing completion
molecules on the interactions between the
functionalized surfaces, the experiment will
have the capability of being conducted in
high vacuum (10°® Torr). A schematic of the
fracture specimen and device is shown in
Figure 4. The four point bending
configuration consists of a carrier beam that
transmits a uniform bending moment to the
specimen. The load is provided by a
piezoelectric motor that is rated for high
vacuum. A view port will allow the crack
opening displacement to be measured using
infra red crack opening interferometry [5].
The specimen and carrier beam have been
designed on the basis of surface interactions
between tungsten and OTS and a parametric
study based on those values [6]. The facility
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Figure 2. A schematic of the specimen and
loading rig for separating SAM coated beams.

has been constructed and is currently undergoing trials using mica specimens.
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Abstract

The central theme of this work is the characterization of the ductile-to-brittle
transition of high-strength steels in hydrogen. The brittle mode is stress-
controlled intergranular decohesion, which is the mode generally known as
hydrogen embrittlement. The ductile mode is displacement-controlled, plasticity-
related cracking along planes of high shear stress, and it is transgranular with
respect to the prior austenite grain boundaries. One can imagine a diagram in
three-parameter space characterized by the strength of the steel, the hydrogen
fugacity, and the purity of the grain boundaries. The diagram has a parabolic
surface separating the ductile from the brittle regions, the former nearer the
origin where the strength and hydrogen fugacity are both low and the grain
boundaries are pure.

Working with the Tohoku University group of Kenji Abiko, we have found that
one can produce a 4340-type steel that is effectively ideally pure as far as grain
boundaries are concerned, and that this will still fail by brittle intergranular
fracture in even low-fugacity hydrogen at high strength levels. Therefore, in the
high-purity limit, there is some microstructural factor (or factors) that causes
grain-boundary weakness. We are exploring the effects of cyclic thermal
treatments to overcome this weakness and will present the results to date.

This finding allows us to eliminate the purity variable by using an effectively
pure steel and therefore to concentrate on the two-dimensional diagram in which
yield strength (or applied stress intensity) is plotted against hydrogen fugacity to
establish the parabolic boundary separating the ductile and brittle regions. The
steel being used is a 5%Ni, Cr, Mo, V HY130-type steel containing no Mn or Si,
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and having a yield strength greater than 150ksi, or 1050MPa. This steel is not
brittle in 20psi hydrogen, and we are exploring collaborations to do testing at
higher pressures.
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Program Scope and Definition

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. The outcomes will significantly affect
(1) further research in the field of magnetic shape-memory alloys and (ii) novel solutions in
sensor, memory, and power generation technologies.

Recent Progress

A) Experimental

Training experiments were performed with Ni-Mn-Ga single crystals. Samples with
approximate size of 3 mm x 4 mm x 6 mm were annealed under a compressive stress of up to
12 MPa and cooled through the martensitic transformation while maintaining the
compressive stress (thermo-mechanical training). The stress was applied along the shortest
direction. Subsequently, the sample was tested in a compression test where the load was
applied parallel to the longest edge of the sample. Thermo-mechanical training and
deformation experiments were repeated several times. The twinning stress decreased during
the first couple of thermo-mechanical treatments. Thereafter, training lead to hardening. This
sample did not exhibit magnetic-field-induced recovery of the strain. A second sample
deformed by twinning at lower stress than the first and displayed significant magnetic-field-
induced recovery. The two samples were prepared from different sites within one single
crystal, which was grown via a modified Bridgman technique. The variance of the results is
attributed to inhomogeneities with respect to composition, defects, and/or structure
throughout the original single crystal.

A casting furnace was acquired and installed. First casting experiments were performed with
Nis;MnysGay; alloys. A device for encapsulating ingots in quartz tubes in an inert argon
atmosphere was assembled and is currently being tested. A device for measuring the inverse
magnetoplastic effect was designed and built.
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B) Numerical Simulation
A defect model for a hierarchical twin microstructure of thermoelastic martensite was
developed [1,2]. The model makes use of the disclination description of twins [3-5]. Two
micrographs of typical twin patterns are shown in Figs. la and 1b. The corresponding
schematics and disclination contents are shown in Figs. 1c and 1d. Disclinations are present
where twins meet and form disclination walls. A dislocation-disclination dynamics code was
written using the programming language C#. The code makes use of a disclination
quadrupole approximation for a twin double layer as elementary unit of the twin
microstructure. In this approximation, two disclination quadrupoles represent a twin double
layer (Fig. 2a). Twinning disconnections are introduced when the twin boundary is inclined
(Fig. 2b). Disconnections are the equivalent to dislocations when located in interfaces. A
series of numerical simulations were run for a range of slope angles « (see Fig. 2b for a
definition of «). The resulting stress-strain curves are displayed in Figs. 3a and 3b. For small
a, the shear stress increases gradually with strain while the twin boundary is displayed. For
increasing ¢, the hardening rate increases gradually until the slope angle reaches 45°. Above
45°, a threshold stress is required to initiate twinning. For the critical angle of 45°, the mutual
interaction force of dislocations (respresenting the twinning disconnections) vanishes. Below
45°, the mutual interaction force is repulsive, whereas above 45°, the mutual interaction force
is attractive. Thus, for large slope angle, the disconnections are being pulled into the vertical
interface and form a disclination quadrupole. This is a metastable defect arrangement.
Therefore, a threshold stress is required to pull individual disconnections out of the interface
and to initiate twin boundary motion.

o)

Figure 1: Hierarchical twin microstructure of Ni-Mn-Ga magnetic shape-memory alloys. (a) Magnetic-force
microscopy image of a twin arrangement where secondary twins meet orthogonally across a boundary of
primary twins. (b) Transmission electron micrograph of a twin arrangement where secondary twins (S) in
neighboring primary twins (P) are almost parallel. (c,d) Schematics of the structures in (a) and (b). The positive
and negative disclinations are indicated with solid and open triangles.
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(a)
Figure 2: Quadrupole approximation of the twin-microstructure. (a) The elementary unit of a double twin layer
of the pattern in Figure 1d. The double layer is bound by two vertically arranged disclination quadrupoles. In
each quadruple, the central two disclinations have the same sign and are positioned at the same location, i.e.
they appear as one disclination with strength +2@. In (b), the twin boundary is inclined by the angle «.
Therefore, the twin boundary is decorated with twinning disconnections (displayed with dislocation symbols).
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Figure 3: Stress-strain results of numerical simulations. (a) For large p = 2¢/I (corresponding to small ¢, see
Fig. 2b for a definition of the parameters), the shear stress increase gradually with increasing strain and
decreasing p. The shear stress-shear strain curve displays a threshold stress for small p (corresponding to large
). (b) At the transition value of p = 0.2 (corresponding to & = 45°), there is increased noise. This is a numerical
artifact resulting from increased bypassing events due to small mutual interaction forces between neighboring
dislocations.

Future
1.

Plans

Upon completion of the encapsulation device, systematic annealing experiments will
be performed with the goal to create large grains from which single crystalline

samples will be prepared.

Systematic training experiments will be performed to establish a particular twin
microstructure. The twin microstructure will be characterized using atomic-force
microscopy, magnetic-force microscopy, scanning electron microscopy, optical
microscopy, and transmission electron microscopy.
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Systematic deformation experiments will be performed with the trained samples to
evaluate the twinning threshold stress and magnetic-field-induced recovery as a
function of twin microstructure (i.e. twin thickness and twin aspect ratio).

. Eliminating the numerical issue of disconnection bypassing.
. Numerical simulation experiments will be performed with the goal to study the

effects of twin thickness and twin aspect ratio on twinning threshold stress.
The results of the numerical simulations will be compared with the mechanical
experiments.

. Magneto-mechanical experiments will be performed to evaluate the effect of twin

microstructure and mechanical properties on the inverse magnetoplastic effect.
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Roles of nanoclusters in shear banding and plastic deformation of bulk
metallic glasses
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Scope

The objective of this research is to establish a basic understanding of shear banding in bulk
metallic glasses (BMGs) at an atomistic scale. Based upon previous observations of the presence
of nanoclusters (about 1 nm in the length scale) in shear bands induced by nanoindentation and
thermographic measurements showed that the shear band temperature in metallic glasses (Pd and
Zr-based) is close to the glass transition temperature, we propose a systematic study of
topological and chemical organizations of constituent atoms in shear bands during deformation.
Since shear transformation zone (STZ) is the basic flow unit in metallic glasses, the kinetics for
the STZs clustering and transformation into nanoclusters (or medium-range-order domains) will
be studied. The effect of the presence of these nanoclusters on shear band nucleation and
propagation will be particularly identified. Critical shear band nuclei as a function of material
parameters, such as size, shape, and chemical compositions, will be investigated. A mechanistic
model to describe the shear band interactions with nanoclusters and other structural features, for
example, another shear band and volumetric defects (e.g., nanovoids) and the effect of these
interactions on plasticity, will be established. Parallel molecular simulations will be performed
to aid in and validate experimental results, particularly in binary systems, e.g., Cu-Zr.

Experimentally, we will use instrumented nanoindentation technique to characterize shear
band emission from a highly localized, deformed, region at various indentation rates and
temperatures. The atomistic structure in shear bands will, then, be examined using combined
spherical aberration-corrected (Cs-corrected) high-resolution transmission electron microscopy
and high-intensity x-ray microdiffraction methods. Chemical ordering and segregation will be
examined using Atom Probe Field Ion Microscopy (APFIM). Extensive efforts have been made
to improve plasticity in BMGs and one of the important conclusions is that the ductility of BMGs
increases as the sample size in reduced. We will conduct experiments to understand this size
effect in correlation to shear band formation. Miniature samples with characteristic dimension in
the nanometer range will be machined using focus ion beam (FIB) techniques. Subsequently,
microcompression will be carried out to investigate the possible change of deformation mode in
these miniature specimens. We also anticipate another size effect in crystalline-amorphous
nanolaminates.  Specifically, when the individual thickness of the amorphous layer in a
crystalline-amorphous nanolaminate is less than the critical size of shear band nucleus, shear
band will be difficult to form and catastrophic failure can be prevented. We will therefore
attempt to synthesize and, subsequently, test these specimens to verify our conjecture. Parallel
molecular simulations will also be conducted to validate experimental results. Shear band
nucleation and propagation, and the interaction with the amorphous-crystalline interfaces will be
simulated for micropillar and nanolaminates samples. We plan to offer a comprehensive
understanding of the nature of shear band formation and shear band interaction with structural
features in metallic glasses at an atomistic level.

Recent Progress

Since localized shear bands play the pivotal role in the deformation of metallic glasses, in a
manner similar to dislocations in crystalline solids, the main effort of this research is to
understand the interplay of structure and property of shear bands in plastic deformation.

Effect of the nanoindentation rate and the transition of deformation mode [6, 10]
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We investigated the nanoindentation behavior of AugoAgssPd;3Cuz69Sijes bulk metallic
glass samples at loading rates ranging from 0.03 to 300 mN/s and observed notable displacement
bursts which were associated with shear band emission. A quantitative equation was developed
between the size of displacement burst, Ah, and indentation depth, h:

Ah:Mh (1)
2K

m

where AH is the hardness serration due to displacement burst and K, is a material constant, to
describe accurately the size of displacement burst as a function of the indentation depth h (so
called “scaling effect”). Using a free volume model, and under the conditions of a fixed
temperature and stress (or hardness), we derived an equation:

[In(¢)— A]oc AH (2)

where ¢ is the strain rate and A is a constant. This equation predicts that hardness serration
caused by displacement burst is expected to decreases exponentially with the strain rate.

Experimental data obtained from nanoindenting Au-BMG confirm this prediction, as shown in
the following figure.
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The result also predicts that, when strain rate is higher than a critical value of £,=1700 s,
there will be no hardness serration, thus no displacement burst. In other words, multiple shear
bandings will occur and material will flow homogeneously. However, experlmentally, the strain
rate of 1700 s is beyond the range of an existing nanoindenter. Thus, we conducted a
simulation study and showed that, if the imposed strain rate is over &, the shear band spacing
would become so small that the entire sample would virtually behave like one major shear band
Actually, shear band propagates extremely fast and typically at a strain rate of about 1700 s
When such a strain rate is imposed on a sample, the sample must be deformed homogeneously in
space.

H serration size (GPa)

Microcompression of bulk metallic glasses [12,14]

To investigate the sample size effect, we fabricated micro-pillars with diameters between 1
and 3.8 pm from Mg-based and Zr-based metallic glasses using focus ion beam, and
subsequently tested in compression. The strength of the micropillars was found to be in the
range of 1342-1580 MPa, or 60-100% increment over the bulk specimens. The increase in
strength 1s a result of the fact that the micropillars have a lower defect population, thus less
probability to initiate shear bands. Qualitatively, we rationalize the increase in strength using the
Weibull equation for brittle materials, assuming the characteristic flaw causing fracture in both
millimeter and micron samples are the same:
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P, =1—exp[-V (T—"4)"] (3)

0o
where P is the probability of failure, o, is a scaling parameter, m is the Weibull modulus and V
is the volume of the tested sample. The parameter o, denotes the stress at which there 1s a zero
failure probability, and is usually taken to be zero. At a fixed value of Py, since V oc d*, where d
is the diameter of the compression sample, we obtain
d’c™ = constant (4)
At a typical value of m=35 for BMG, the strength of the 1um Mg-BMG samples is predicted to
be about 1500MPa, which is actually close to the measuredl value of 1580MPa. Another
important result obtained from this microcompression study is the fact that the number of shear
bands increases with the sample size and strain rates, which is consistent with our early
simulations [10].

Future Plans

In principle, shear banding in amorphous alloys includes two steps: shear band nucleation
and propagation. Since shear band propagation is fast (~2000s’ 1, the rate controlling process for
shear banding in metallic glasses must be the nucleation. This lead us to predict that if the
characteristic dimension of an amorphous phase is less than the critical nucleus size, it would be
extremely difficult to initiate localized shear band and, thus, delay fracture. In one of our recent
works (Ref 9), using a free volume model combined with experimental data, we estimated the
critical size of nucleus for shear band nucleation to be about 20nm. Thus, a question arises as to
what if the characteristic length dimension of an amorphous phase is smaller than 20nm, the
shear band spacing? Such materials do exist and can be synthesized. In fact, in 1999 we used
solid-state amorphization to synthesize an amorphous/crystalline Cu-Zr laminate, with the
amorphous layer thinner than 10nm, and subsequently tested it in tension. The laminate not only
exhibited strong work hardening but also a remarkable tensile elongation of 4%. Both the
nanolayered structure and the mechanical properties of the Cu-Zr nanolaminates are shown in the
figure below. None of any monolithic metallic glass has ever exhibited tensile ductility. Thus,
our result was a surprise and a satisfactory explanation was not given. Until recently we began
to realize that we have overlooked the importance of shear band nucleation.
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In the coming year, we plan to fabricate amorphous-crystalline Cu-Zr nanolayers. The
thickness and, thus, volume fraction of the amorphous layer can be controlled by appropriately
adjusting the relative thickness of the nanolayers. This would allow us to validate our conjecture
that amorphous phase with limited thickness can bypass shear band n ucleation and prevent
catastrophic failure. It is worth noting that, from a scientific viewpoint, amorphous-crystalline
nanolayers created by solid-state amorphization also offer us a great opportunity for the
fundamental study of dislocation-interface interactions.

We recently conducted in situ compression test with a “ductile” Zr-base bulk metallic glass at
low strain rates. The dominant mode of deformation was singe shear. A direct comparison of
the load-displacement data and video images indicated the flow serration commonly observed in
compression at a low strain rate actually represented intermittent sample slides, rather than the
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tradition belief that serration was caused by random emission of individual shear bands. This
observation is very significant for it suggests existing shear bands are the preferential sites for
further shear band emission; this progressive shear band emission causes the final fracture. In
addition, according to the literature, “improved plasticity” in metallic glasses was only observed
at low strain rates (<10 s™). If our observation of Zr-BMG is a generalized case, then the
reported improvement is probably a record of inhomogeneous sample sliding, rather than
uniform deformation by random emission of multiple shear bands. In the coming year, we will
continue performing in situ compression tests with different metallic glass systems to confirm
this conjecture.
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Program Scope

Nanomechanical devices are certain to play an important role in future technologies.
Already sensors and actuators based on MEMS technologies are common and new devices based
on NEMS are just around the corner. These developments are part of a decades-long trend to
build useful engineering devices and structures on a smaller and smaller scale. The creation of
such structures and devices calls for an understanding of the mechanical properties of materials
at these small length scales. In the macroscale (bulk), the mechanical properties of materials are
commonly described by single valued parameters (eg. yield stress, hardness, etc), which are
largely independent of the size of the specimen. However, as specimens are reduced in size to
the scale of the microstructure, their mechanical properties deviate very significantly from those
of bulk materials. This calls for the study of mechanical properties of materials in small
volumes. Our current attention is focused on studying the mechanical properties of crystalline
materials at the sub-micron scale by nanoindentation and micropillar compression.

Recent Progress

When crystalline materials are mechanically deformed in small volumes, higher stresses are
needed for plastic flow. This has been called the ‘‘smaller is stronger’” phenomenon and has
been widely observed. Various size-dependent strengthening mechanisms have been proposed to
account for such effects, often involving strain gradients. It has been argued that the indentation
size effect (ISE) can be understood in terms of the hardening associated with strain gradients and
the associated geometrically necessary dislocations. In order to verify this mechanism, we have
probed indentations of different sizes on the (111) surface of a Cu single crystal to look for the
expected lattice curvatures. Using a Scanning X-ray Microdiffraction (WSXRD) technique, the
indentation-induced lattice rotations were directly measured by the streaking of X-ray Laue spots
associated with the indentations. The magnitude of the lattice rotations was found to be
independent of indentation size, which is consistent with the basic tenets of the ISE model based
on geometrically necessary dislocations. Moreover, using the uSXRD data, together with an ISE
model, we could estimate the effective radius of the indentation plastic zone; we found that the
estimate falls in a sensible range, as determined by finite element analysis. Using these results,
an estimate of the average dislocation densities within the plastic zone have been made; the
findings are consistent with the ISE arising from the dependence of the dislocation density on the
depth of indentation.
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In recent years we have conducted uniaxial compression experiments on micrometer size pillars
of single crystal gold and found surprisingly strong size effects, even though no significant strain
gradients are present and the crystals are not initially dislocation free. We have argued that these
size effects are caused by dislocation starvation hardening, with dislocations leaving the crystal
more quickly than they multiply and leading to the requirement of continual dislocation
nucleation during the course of deformation. A new length scale for plasticity, the distance a
dislocation travels before it creates another, arises naturally in this treatment. Hardening of
crystals smaller than this characteristic size is expected to be dominated by dislocation starvation
while crystals much larger than this size should exhibit conventional dislocation plasticity.

In an effort to shed new light on the size effects in the micropillar experiments, we have
conducted a search for strain gradients in deformed single-crystal micropillars of gold, using a
submicron white-beam (Laue) X-ray diffraction technique. We have shown that, both before and
after uniaxial compression, no evidence of either significant lattice curvature or subgrain
structure can be found. We find that the Laue spots for these small pillars are not broadened at
all by extensive compressive deformation, in contrast to the extensive broadening of Laue spots
in deformed bulk metals. This is consistent with the idea that dislocations in such small pillars
leave the crystal before they can interact with each other and that the high strengths of these
pillars are related to dislocation starvation and not to ordinary strain hardening.

We have recently applied the micropillar compression technique to determine the mechanical
properties of epitaxial Al-Al;Sc multilyers and have discovered new deformation behavior not
seen before. In all previous work on metal multilayers the strength properties have been
determined either by nanoindenation (hardness) testing or by microtensile testing. While these
methods give a clear picture of the very high strengths of these materials, they do not permit a
very extensive look at the flow properties past the yield strain, because hardness testing does not
reveal the stress-strain response and because fracture usually occurs shortly after yielding in
tensile tests. By applying the micropillar compression technique to Al-Al;Sc we have, for the
first time, been able to follow the plastic flow behavior to large strains. We find that finely
structured multilayers have very high strengths, as expected, but also that these materials do not
strain harden! Instead, these multilayers show extensive strain softening shortly after yielding.
This is manifested in the shape of the stress-strain curves and by the shapes of the deformed
pillars. The strongest pillars, which show the largest amount of strain softening, deform very
inhomogeneously, with mushroom-like features forming at the tops of the pillars where
extensive strain softening occurs. This new and unexpected deformation mode is very important
and requires further investigation.

The large amount of scatter in our initial Au micropillar experiments and the different overall
shapes of our stress-strain curves compared to those published by Volkert and Lilleodden has
motivated us to conduct new micropillar compression experiments using a (001) epitaxial film of
Au grown onto a (001) MgO substrate. The micropillars made using this epitaxial film have a
very well defined length (the thickness of the Au film) and the pillars cannot push into the
substrate as they can when the underlying substrate is a soft Au crystal. The scatter for these
new experiments is much reduced, but the overall shape of the stress-strain curves is unchanged
from our previous work.
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Future Plans

Our studies of length scale effects on mechanical properties of crystalline materials will be
continued in the future.

1.

We plan to conduct systematic studies of the compression deformation properties of single
crystal gold pillars grown epitaxially onto MgO substrates by sputter deposition. By
controlling the geometry of the arrangement of sputtering guns we can grow films in which
the thickness of the film varies across the surface of the substrate. This will then permit the
fabrication of micropillars of different diameters while keeping the length to diameter ratio
(L/D) constant. This experiment is expected to eliminate the possible effect of a changing
L/D ratio on the size dependence of plasticity in micropillars.

In an effort to completely remove the possible effects of gallium implantation and ion
damage on the mechanical properties of micropillars we will study the plastic deformation
properties of gold microcrystals made without FIB machining. We are collaborating with
Prof. Eugen Rabkin of the Technion who will deposit very thin films of gold onto sapphire
and form microcrystals by annealing the structure at high temperatures to effect dewetting
of the film (in the liquid state) and subsequent solidification and crystal growth on cooling.
This process is known to produce pristine (and faceted), sub-micron sized Au crystals on
sapphire substrates. Compression of these crystals using the standard testing technique
should allow us to study plasticity in small gold crystals in the absence of any FIB damage
or contamination effects.

Because some of the theories of size-dependent plasticity depend on the existence of strong
pinning points or junctions within the crystal, it seems appropriate to search for size effects
in crystals where such junctions typically do not form. We plan to study strength and
plastic deformation of micropillars machined from HCP Cd single crystals and oriented for
basal slip. It is well known that basal slip in Cd produces almost no strain hardening
because strong pinning points cannot be formed. A strong size effect would not be
expected if the size effect arises primarily from the statistics of strong pinning points
whereas it would be expected if the size effect is associated with dislocation starvation and
the statistics of surface sources.

Recent work has shown that the micropillar size effect in BCC metal crystals may be less
than that in FCC metals. The ease with which screw dislocations cross-slip (and multiply)
in BCC metals compared to FCC metals may be responsible for this difference. In an effort
to shed new light on this we plan to grow epitaxial films of vanadium onto MgO substrates
by sputter deposition and to make and test micropillars using these films. Vanadium has
been chosen for this work because it has a sufficiently low atomic number to allow in situ
TEM studies of pillar compression (to be conducted in collaboration with Dr. Andy Minor
at the National Center for Electron Microscopy at LBL in Berkeley).
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The reliability of polycrystalline thin films is essential to assuring safe performance of
micro/nano-electromechanical systems. Usually, they are of through-thickness grain structures
and are brittle at working temperatures, and therefore their fracture properties are dominated by
the resistances offered by grain boundaries to cleavage cracking. As a cleavage crack front
propagates across a high-angle grain boundary, it would first penetrate across a number of
break-through points, and the persistent grain boundary areas would then be separated through
shear fracture or ligament bending. It is, therefore, envisioned that as the film thickness is
smaller than the characteristic distance between the break-through points, which is often in the
range of 0.5-5 microns, the crack front transmission can be significantly confined by the film
surfaces, leading to an either beneficial or detrimental size effect. That is, the fracture
toughness of the polycrystalline thin film is not a material constant; rather, it highly depends on
the film thickness. Since this important phenomenon has not received the necessary attention,
we propose to carry out a systematic study on fracture resistances of bicrystal silicon films. The
film thickness will range from 1 to 1000 microns, and the crystallographic orientations across the
grain boundaries will be controlled precisely so that the size effect and the geometrical factors
can be analyzed separately. The study will starts with thick films. Once the crack front
transmission process is relatively well understood, it will be extended to thin films. This project
will shed light on crack-boundary interactions in confining microenvironments, which has both
great scientific interest and immense technological importance to the development of fine-
structured devices.

Recent Progress

In order to understand and improve fracture resistance of thin films, a boron-doped
polycrystalline silicon was investigated as a close analogue to all many intrinsically brittle
materials. The as-received material was in wafer form, with the thickness of 4 mm and the
diameter of 200 mm. The grain size was in the range of 5-15 mm. The silicon wafer was heated
in a tube furnace at 450 °C for 0.5 h, followed by partial quenching in cold water, through which
a large number of thermal cracks were produced. Under a XTL-VI stereo trinocular microscope,
the cracks arrested by through-thickness grain boundaries were identified, and 15x15 mm
rectangle pieces surrounding the crack tips were harvested and sliced into 200 um thick films by
electrical discharge machining (EDM). In each group of pre-cracked films, the grains were of
identical crystallographic orientations. The films were cleaned in a mixture of 4 parts of 98%
sulfuric acid and 1 part of 30% hydrogen peroxide at 90 °C for 15 min, rinsed in deionized water,
and slightly etched for 10 min. The etchant contained 7% of hydrofluoric acid, 75% of nitric acid,
and 18% of acetic acid. After rinsing in ethanol, the films were dried in a vacuum furnace at 100
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°C for 30 min, and then modified in a 20% toluene solution of chlorotrimethylsilane at 90 °C for 5
days, so that the pre-crack surfaces as well as the film surfaces were covered by a dense layer
of hydrophobic silane groups. The surface treated films were mechanically polished to about
150 pm thick, and finally thinned to 1-30 um through chemical etching in the hydrofluoric acid
etchant. During etching, the sample was placed in a porous teflon container and the etchant
was driven by an Omega FPU-500 peristaltic pump to flow across the sample surface at a
constant rate of 30 ml/min. The etching rate was 3-5 um/min. Since the pre-crack surfaces were
protected by the silane layer, the crack tips remained sharp and clear. Prior to the tensile test,
the samples were thermal treated at 350°C in vacuum for 12 h and thoroughly cleaned in
acetone and ethanol.

The thin film samples were then mounted on a microtesting machine, with both ends
fixed on testing stages by a Loctite-411 glue. The testing machine was custom designed,
capable of applying a tensile load at a rate of 10 um/sec, with the resolutions of load and
displacement of 0.3 uN and 20 nm, respectively. The fracture surfaces were observed in a FEI
XL30 environmental scanning electron microscope (SEM), as shown in Figs.1 and 2. Using the
measured peak load, F,, of grain boundary failure, the boundary toughness was calculated in

the framework of linear elastic fracture mechanics: Ky, = (Fp /Wt)\/g- f , where w and t are the
width and the thickness of the thin film sample, respectively; a is the precrack length, and f =
1.12 -1.39(a/w) + 7.3(a/w)* —13(a/w)® +14(a/w)"* is the geometry factor. The results are
shown in Fig.3.

5 um <4
Fig.1 Cleavage cracking across a through- Fig.2 Cleavage cracking across a through-
thickness grain boundary in a thick-films thickness grain boundary in a thin-film
sample. The arrow indicates the crack sample. The arrow indicates the crack
propagation direction. propagation direction.

Altogether four groups of thin-film samples were investigated, with the film thicknesses
varying in the range of 2 to 15 um. In each sample, along the grain boundary there is only one
BTP. In the same group, all the samples are sliced from the same pre-cracked bicrystal. Thus,
they are of the same crystallographic orientation. Clearly, Kg, increases with t. For instance, for
group 1 samples, the fracture toughness of grain boundary increases by about 20% as t rises
from 2.4 um to 12.5 um. For group 2 samples, as the film thickness increases from 3-4 um to
about 10 um, the boundary toughness increases by nearly 30%. The data of group 4 samples
show that as the film thickness is larger than 20 um, the grain boundry toughness is no longer
size dependent, which converges to the behavior of thick films. According to literature data, the
fracture toughness of crystallographic plane of single crystal silicon is about 0.9-1.1 Mpa-m*?,
nearly 40% smaller than the measured thick-film boundary toughness. Through Eq.(1), the
value of C can be determined as 3.4, close to the experimental data of large bicrystals. Note
that since the crystalline structures of the silicon sample is nearly perfect, at the small length
scale of the current study, the size dependent caused by the weakest-link effect should be
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negligible. Even if the weakest-link effect were " (a) () ’
detectable, it should cause a decrease in Ky as 12 ¢ e
the film becomes thicker. As t rises, the @14 % C£12 o
increase in Ky, directly reflects the PGBI effect. = _ ?,1 A

The size sensitivity of fracture & = S *
toughness of group 1 samples is weaker than % 5 10 15 o 5 10 15
that of the other 3 groups, which may be Thickness (um) Thickness (um)
attributed to that their crystallographic = ~"c) & o @ .
misorientation angles, especially the twist angle, ;g 14l . E 18 M
are the smallest. When the twist angle is small, s & ¢ ¢
as film thickness varies, the change in PGBI 212 | S 14¢
area is less pronounced, and thus the & ¢ ! 5‘1.2.-
associated variation in fracture work is less T 5 10 15 0 0
evident. Note that, even though the twist angles Thickness (um) Thickness (um)
of groups 2, 3, and 4 are quite different, their Fig.3 The measured grain boundary
Kg-t relationships are somewhat similar, toughness, Kgp, as a function of the film
indicating that as the twist angle exceeds a thickness, t. (&) Group 1 samples, with the

twist angle, 6, and the tilt angles, ¢, being
4.3° and 5.6°, repectivtively. (b) Group 2
samples (0= 11.1°, ¢=4.2°. (c) Group 3
samples (0= 7.6° ¢=12.4°. (d) Group 4
samples (0= 9.1°, ¢=17.2°).

critical range, the PGBI area is sufficiently large
so that direct shear separation is difficult. The
crack front first penetrates across the boundary
and propagates forward in grain “A”. The PGBI
is left behind the advancing front, acting as
tough reinforcements bridging the fracture
flanks together. Consequently, the criteria of unstable crack growth in grain “A” is not directly
dependent on 6. Because mixed-mode fracture is unfavorable, the critical range of twist angle
should be relatively small.

In addition, a few irregular cracking modes at grain boundaries were analyzed. For
instance, it was noticed that other than the crystallographic orientation, the orientation of the
grain boundary plane also plays a critical role. With respect to the initial crack surface, if the
inclination angle is relatively small, the crack tends to penetrate across the boundary; if the
angle is large, the crack may either bifurcate along the boundary or turn back on another
crystallographic plane. The former is triggered by crack front transmission, and the latter may
results in a higher critical crack growth driving force.

Other than grain boundaries, twin boundaries are also of a toughening effect. Depending
on the orientation of cleavage plan and the twin system, the crack surface may either be planar
or become jerky across the first boundary, while across the second boundary the cleavage
ridges tend to re-combine back into a single plane. The crack behavior at the first twin boundary
is considerably influenced by the twin width, indicating that the anisotropy of crack-tip stress
field is essential.

To better understand the experimental results, a number of theoretical and
computational analyses have been performed on the fracture toughness of grain boundaries of
various properties. If the boundary is sufficiently tough such that it would not yield even after the
cracking trapping effect is fully overcome, the boundary fracture resistance can be estimated as

2 2
B _ W+{2.4—o.3l} (1—ﬂj 1 plndt 1—@) (1)
G, t w t /| cos@-cose 4 w t

where Gy is the boundary resistance; Ge. is the resistance of a single crystal; t is the film
thickness; 6 and ¢ are the twist and tilt misorientation angles, respectively; and w and g are
material constants. Equation (2) gives the upper estimate. If the grain boundary is relatively
weak so that it is separated simultaneously as the cleavage front bypasses it, its fracture
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resistance can be assessed in the framework of R-curve analysis, which provides the lower
estimate. The experimental data scatter nicely in between these two limits, suggesting that the
grain boundaries under investigation are separated apart through a mixed mode.

Future Plans

In the final year of this project, all the work discussed in the proposal will be completed,
except the finite element analysis that has become relatively less critical with the theoretical
analyses being performed. If possible, a temperature chamber will be developed so that the
microfracture experiment can be carried out at a series of temperatures ranging from 300 to 600
°C, so that the effects of dislocation activities can be examined. The assumption that films of
multiple grain layers tend to be tougher will be tested against experimental data. The thin film
behavior under bending moments will be analyzed so as to investigate mixed fracture modes. A
soft-coating technique has been developed and will be applied in our experiment to gain a better
control of crack propagation.
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Recently there has been a convergence of observations that have demonstrated
that electrical fields can couple with stress—induced phenomena in ceramics at high
temperatures. These phenomena often appear related to grain boundary diffusion in
ceramics. Examples are: (i) a lower flow stress at a given strain rate and temperature
when an electrical field is applied in experiments of creep and superplasticity in ceramics
(Yang and Conrad, 1997-99), (ii) microwave enhanced sintering, and (iii) spark—plasma-
sintering (SPS). There is circumstantial evidence that the application of electrical fields
depresses grain growth. The objective of this research program is to understand the basic
science underlying one or more of these observations.

A principal question that we are addressing is whether the phenomena listed
above arise from the influence of applied electrical fields on (a) the driving force for
diffusional transport, or (b) the kinetics of diffusional transport, or (c) both
thermodynamics and kinetics. For instance, the driving force can arise from an applied
stress, or by the sintering stress, or from grain growth. The thermodynamic approach
stems from the results of a uniaxial experiment at high temperatures in zirconia, where
the applied load generates a potential difference between the loaded and the unloaded
faces of the specimen (Pannikkat and Raj, 1997). The concept for the kinetic explanation
arises from a theoretical model that suggests that the space charge generated near grain
boundaries due to non-stoichiometric compositions of charged species segregated to the
boundary, can have a very significant effect on the kinetics of diffusional transport
(Jamnik and Raj, 1996).

A critical question to be addressed in this program is whether the electro—
mechanical coupling arises predominantly from the thermodynamic driving force or from
a kinetic effect.

A combination of experiments and modeling will be employed in this research
program, where experiments are carried out to prove or to disprove fundamental
questions. For example, the thermodynamic explanation would suggest that the influence
of the electrical field depends on the direction of the applied field (we are studying how
the effect on creep behavior changes when the sign of the applied field is reversed, and
when the applied field is parallel or perpendicular to the direction of uniaxial loading).
The applied stress can have a deviatoric component (as in uniaxial loading) and a
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hydrostatic component (as in sintering), while the electrical field is a vector quantity. A
thermodynamic explanation may be expected to have reciprocity. That is, if applies stress
can generate an electrical potential, then it may be possible to induce strain simply by
applying an electrical field.

One of the possible kinetic models for studying the electro-mechanical effect at
high temperatures is that the applied field has an influence on the space charge in the
Debye layers adjacent to the grain boundaries. The influence of interfacial space charge
(or double layers) on ionic transport is a traditional topic in solid state electrochemistry.
However, the coupling between an applied stress as well as an electrical field on
interfacial transport, is a new topic that we are exploring in the current program.
Experiments are being designed with thin film zirconia specimens to study the effect of
stress as well as applied fields on ionic transport to study this electo-mechanical coupling.

Finally, over the longer term we seek to understand if there is common underlying
science in the seemingly disparate phenomena such as creep, free sintering, microwave—
sintering, and SPS sintering of ceramics. All of these phenomena share the transport of
charged species at grain boundaries, although the method used to electrically activate the
grain boundaries varies from one experiment to another. It would be fair to say that while
microwaves and SPS have definitely been shown to enhance densification, a clear and
generally accepted fundamental understanding of the underlying mechanisms is still
missing. We hope that the work in this program would lead to such clarifications.
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A novel material behavior was recently observed in a class of low coefficient of thermal
expansion (CTE) ceramic composites in which cracking is accompanied by high energy release,
leading to multi-particle ejection. High energy particle ejection lasting up to several minutes is
observed in composites comprising [B-eucryptite (LiAISiO4) when they are subjected to
compressive loads such as those underneath an indenter. Figure 1 shows an image of particles
ejecting from a B-eucryptite composite taken with a high speed camera. It is hypothesized that
the spontaneous particle ejection is driven by a recently discovered pressure-induced phase
transformation in B-eucryptite. Research is performed to establish the critical parameters
required to control the phenomenon, so that it may ultimately be employed in new applications,
and so it may be used to better understand structure-property relations in B-eucryptite based
composites. lon implantation studies will be carried out to study how radiation-induced damage
tolerance may be altered by a phase transformation. In addition to potential uses in nuclear
applications, preliminary experimental results suggest the process can be utilized to create a new,
phase-transformation-toughened ceramic. Because B-eucryptite exhibits unusual behavior — for
example, it has an average negative coefficient of thermal expansion and is also a superionic
conductor — the proposed work is expected to advance fundamental understanding concerning
structure-property relations in ceramics. In addition, the potential use of B-eucryptite materials
in a wide variety of engineering applications has not been realized because fundamental studies
on its behavior are lacking.

Figure 1. High speed photographic
image (1000 frames/sec) of particles
being ejected from a [-eucryptite
composite that has experienced a 30
Kg Vickers indentation.
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Recent Progress

In-situ indentation experiments with Raman spectroscopy have been performed on p-eucryptite
and its composites to establish that a phase transformation occurs during indentation. These
experiments were performed by a Colorado School of Mines Ph.D. student with Dr. Michael
Lance at the High Temperature Materials Laboratory at Oak Ridge National laboratory. A
diamond platen approximately 100 um in diameter was used to apply an indentation-like load on
the specimen surface. Figure 2 shows an example of data obtained. Shown are scans taken at
different loads beginning at 1.5 Kg (corresponding to ~1.25 GPa uniaxial applied stress and -
0.71 GPa hydrostatic under the indent) and increasing to 6.5 Kg (~6.24 GPa uniaxial applied
stress to -5.07 GPa hydrostatic stress under the indent). The appearance of a new peak (~520
cm™) at a distinct load, and its disappearance upon unloading (not shown here) helps to confirm
the hypothesis that B-eucryptite transforms to e-eucryptite during indentation. Unfortunately, to
the knowledge of the PI and co-workers, this is the first Raman spectra obtained for what is
likely the phase g-eucryptite, and thus it is not possible to unambiguously determine that the peak
arises from molecular arrangements in the e-eucryptite structure.

e
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Figure 2. Raman spectra taken from B-eucryptite loaded with a diamond
platen to different loads (given in Kg). The formation of a distinct peak at
approximately 520 cm-! is apparent.
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Future Plans

Mechanical testing Fracture toughness testing will be performed on B-eucryptite and its
composites to determine 1) whether or not it is susceptible to moisture-assisted subcritical crack
growth and 2) to evaluate whether or not toughness enhancements are possible in a composite
comprising eucryptite and zirconia. Indentation coupled with acoustic emission is also being
used as a method to establish whether or a phase transformation is associated with particle ejecta.

Irradiation studies To evaluate the mechanisms of amorphization, specimens will be ion-
implanted with Kr*" and Ne* ions to simulate irradiation. The implantation and analysis will be
performed with collaborators at LANL.

Modeling Numerical modeling employing object oriented finite element modeling (with
collaborators at NIST) will be performed to establish residual stress distributions in -eucryptite
and its composites and eventually, to examine the possibilities of employing transformation
toughening. The PI is looking for collaborators to perform molecular dynamics simulations of 3-
and e-eucryptite in order to correlate the Raman spectra with structure.
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“NanoMechanics: Elasticity and Friction in Nano-Objects”

The goal of this research is to study the nanoscopic mechanical properties, namely elasticity and
friction, of C nanotubes, oxide nanobelts, oxide nanowires and vertical forests of nanotubes and oxide
nanorods. Gaining an atomistic insight of these properties we open up the possibility to produce nano-

materials with tailored size, shape, chemistry and structure for optimum mechanical performances.

Recent Progress

Zinc oxide (ZnO) has drawn considerable interest because of its semiconducting and piezoelectric
properties. A rich variety of ZnO nanostructures, such as nanocombs, nanorings, nanosprings,
nanobelts, nanowires and nanocages can be synthesized. ZnO nanostructures have applications as field-
effect transistors , gas sensors , field-emission displays and nanoelectromechanical systems (NEMS) .
All these applications require the knowledge and the ability to control the mechanical behavior of ZnO
nanostructures. In particular, it is of crucial importance to understand the size dependence of the elastic
properties.

In general, size dependent effects can be found when the volume of a nanostructure is so small that
surface effects start to be relevant. This usually happens for dimensions smaller than tens of
nanometers, while for larger sizes the Young’s modulus approaches its bulk value. For example, the
Young's modulus of carbon nanotubes increases significantly with decreasing size for diameters smaller
than 4 nm. Conversely, the modulus of GaN nanowires increases with increasing diameter reaching the
bulk value at 84 nm. The origin of the elastic modulus size dependence has been related to different
effects, such as the presence of defects and the balance between surface and bulk properties as the
surface to volume ratio varies.

The elastic properties of ZnO nanostructures and their size dependence have been previously
investigated by means of transmission electron microscopy (TEM) and atomic force microscopy
(AFM). The Young's modulus of ZnO nanowires was found to decrease dramatically with increasing
diameter, reaching the ZnO bulk value for diameters larger than 120 nm. This behavior was attributed to
a surface stiffening effect dominating at large surface-to-volume ratios. The Young's modulus of ZnO
nanobelts with a wide range of lateral dimensions, ranging from 20 to 230 nm in thickness and 30 to
700 nm in width, was also measured. Previous studies yielded a wide spread of modulus values between
30 and 160 GPa, without a clear dependence on their thickness t, width w or surface-to-volume ratio.
Molecular dynamics simulations showed a noticeable size dependence of the elastic properties only for
ZnO nanobelts with lateral dimensions below 4 nm, for which the effects of surface stresses become
significant.

In this research, the elastic properties of ZnO nanobelts are investigated with an AFM by means of the
modulated nanoindentation technique. 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. This behavior is
explained by a growth-direction dependent aspect ratio and the presence of stacking faults in nanobelts
growing along particular directions.

In the modulated nanoindentation technique a modulated signal induces a normal oscillation of the
scanner supporting the sample, while the normal force is monitored by the deflection of the cantilever.
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The frequency of the oscillations was set at 1.384 kHz and the amplitude was maintained low at 1.5 A to
remain in the sticking regime. This modulated nanoindentation technique has been tested on a silicon
substrate, yielding an average value of 143 GPa.The same silicon tip (PointProbe NCHR from
Nanoworld), of radius around 60 nm, was used for the images and the modulated nanoindentation
experiments. The normal cantilever spring constant, 33 N/m, was calibrated using the method of Sader
etal..

The ZnO nanobelts were prepared by physical vapor deposition, following the procedure described by
Pan et al., and deposited on a flat silicon substrate. The nanobelts were characterized by TEM and AFM
(Veeco CP-II). TEM images and electron diffraction patterns show that the ZnO nanobelts have a
wurtzite structure and grow mainly along [0001] without defects or dislocations. There are indications
that a few of these nanobelts are actually nanowires, i.e. no rectangular or square cross section. Less

common growth directions are [01 10] and [2 1 10]. Nanobelts grown along these directions present the
polar (0001) surface at the side surfaces. This nanobelt presents a single stacking fault running parallel
to the (0001) surface over the entire length of the nanobelt, consistent with previous observations of
stacking faults parallel to the (0001) surface.

The distribution of the nanobelts growth direction is somehow reflected in the size and shape
distribution of the nanobelts as observed by AFM. A statistical study of 137 nanobelts shows that 85%
of them have a width-to-thickness ratio, w/t, smaller than 3. Among these nanobelts, 27% present a
circular/polygonal cross section, characteristic of nanowires. For these nanowires, the average w/t is w/t
= 1.4 + 0.2. Finally, only 15% of the nanobelts have 3 < w/t < 10.

In order to investigate the size dependence of the elastic properties of ZnO nanobelts, the Young’s
modulus, Exg, of 14 different nanostructures (nanobelts or nanowires) was measured as a function of
surface-to-volume ratio, W, and t. No clear
correlation has been found between Exg and surface- 45" 120

to-volume ratio, w, and t. The surface-to-volume Q.
ratio is defined here as the ratio between the ,_(D_, 100 -
perimeter and the area of the cross section. Since ¢
most of the nanobelts are more than 100 pm long =2 80}
(the smallest length being 40 pum), the error due to .g 60
end effects is less than 1%. Among the nanobelts ©
studied here, a few have similar w or t, but different = 40
w/t. For example, two nanobelts with comparable
thicknesses, t = 174 nm and t = 161 nm but different g’ 20+
w/t of 1.94 and 7.01, have average moduli of 69 GPa g

and 20 GPa, respectively. Similarly, two nanobelts >~ 00 2 4 6 3 10 12

with w~ 1000 nm but w/t = 2.22 and 8.21, have . . .
average moduli of 50 GPa and 8 GPa, respectively. Width-to-thickness ratio
These results suggest that the key parameter Figure 1. Young's modulus of ZnO nanostructures as a
controlling the elastic properties of the nanobelts is  function of width-to-thickness ratio.

the width-to-thickness ratio.

Fig. 4 shows Exg against W/t for ZnO nanobelts. A clear tendency emerges from this graph, showing
that the Young’s modulus decreases from about 100 GPa to about 10 GPa as w/t increases from 1.2 to
10.3. A sharp decrease is observed for ratios between 2 and 3, while for ratios over 3 the Young's
modulus remains constant. The w/t dependence of the Young’s modulus presented in Fig. 4 is
highlighted in this paper for the first time. It is noted that data previously reported in the literature agree
with the results shown here (see supplementary material). The results compiled from Refs. 13 to 16
indicate that the highest Young's moduli, above 100 GPa, were measured for nanobelts with the smallest
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w/t, usually lower than 1.5. Yum et al. measured the elastic modulus of four ZnO nanobelts with
1.4<w/t<4.4 and obtained 85>Exp>38GPa, with Exg = 85 GPa corresponding to w/t = 1.4. The results
presented here are also consistent with the conclusions of other works, in which the elastic modulus is
almost constant and equal to about 30 GPa for nanobelts with w/t ranging from 2 to 9.

In order to understand the origin of the low elastic modulus of nanobelts with high wi/t, surface effects
and the possibility of a structural phase transition were investigated. Chen et al. explained the size
dependence of ZnO nanowires moduli by considering the nanowire as a composite wire composed of a
core with a modulus similar to the bulk and a shell with a higher modulus. The observed increase of the
modulus with a decreasing diameter of the wires is thus explained in terms of composite modulus where
the higher shell modulus dominates at large surface-to-volume ratios. 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 their investigation (0.004-0.032 compared with 0.08 nm™).

A structural phase transition can lead to a sudden stress drop and therefore an apparently low Young's
modulus in the nanobelts. At a pressure around 9 GPa, a phase transition was observed in ZnO crystals
[22] and theoretical studies suggested that the phase transition pressure could be as low as 6 GPa.

Considering a maximum load F of 200 nN used in our experiments, E* =75 GPa , a tip radius of 60 nm,
Equation (3) would give a contact radius of 5 nm, and thus a maximum pressure of only 3 GPa. Indeed,
no hysteresis or sudden force variations have been observed in our experiments when the tip is
approaching or retracting during the indentation process. A power law fit of the force-indentation depth
curve yields an exponent of 1.5040.05, in excellent agreement with the value 3/2, predicted by the Hertz
contact mechanics model.

Since no surface effects or structural phase transitions can be invoked to explain the observed wi/t
dependence, it is necessary to understand if w/t is related to any structural property of the nanobelts.
Recent X-ray diffraction results on single ZnO nanobelts suggest a relationship between w/t and the
growth direction. Nanobelts with w/t = 8.5 and 8.7 grew along [01 10], i.e. perpendicular to [0001] and
with a polar narrow side surface, while nanobelts with w/t=1.5 and 2.1 grew along [0001]. These
findings are also consistent with the TEM and AFM measurements and suggest that high w/t is less
common and is associated to a less common growth direction, i.e. [2 1 10] or [01 1 0].

However, in bulk ZnO, the Young’s modulus along [0001] is expected to be close to the one along a
perpendicular direction, i.e. [21 10] or [01 10] [27]. By means of a commercial indentation system
with a 1.5 um diamond tip, the Young’s moduli along the [0001] and [01 1 0] directions were measured
to be 163 GPa and 143 GPa, respectively. This result was confirmed by applying the modulated
nanoindentation technique presented here to two ZnO bulk samples (MTI Corporation). The measured
moduli are E = 180 GPa for the sample oriented (0001) and E = 153 GPa for the sample oriented
(0110).

TEM measurements indicate that nanobelts or nanowires grown along [0001] are free of dislocations
and stacking faults, while nanobelts grown along [01 10] and [2 1 1 0] with the polar (0001) surface as
the narrower side surface exhibit stacking faults parallel to the (0001) surface over the entire length of
the nanobelts. We conclude that the low Young's modulus in nanobelts with high w/t is due to the
presence of planar defects in nanobelts grown along [0110] or [21 10] and identified as high wi/t
nanobelts. A similar role of the planar defects has been recently shown in WO; nanowires, where the
Young's modulus decreases from about 300 GPa (bulk value) to 100 GPa, as the diameter of the
nanowire increases from 16 nm to 53 nm. The cause of this behavior was attributed to a size dependent
defect concentration.

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
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modulus values were identified as nanowires from AFM topography measurements. The symmetry of
the structure seems thus to play a role.

In summary, the Young’s modulus of ZnO nanobelts with a width-to-thickness ratio between 1.2 and
10.3 was measured by AFM using the modulated nanoindentation technique. We show that the modulus
decreases with increasing width-to-thickness ratio from about 100 GPa to about 10 GPa. This unusual
aspect ratio dependence is explained in terms of a growth direction dependent aspect ratio and the
presence of stacking faults in nanobelts growing along particular directions. Our findings open the way
to tailor the mechanical properties of the nanobelts in a controlled manner over a wide range of elastic
modulus values.

Planned activities for next year

At present we are installing a new confocal micro-Raman system that we want to couple with our
atomic force microscope (AFM) in order to study in situ the mechanical properties and the structural
properties of different nano-objects including nanotubes and ZnO nanobelts. We are also planning to
study the frictional properties of carbon nanotubes by sliding an AFM tip over an individual nanotube
lying on a hard surface. The tribological properties will be related to the structural and geometrical
properties of the nanotubes. Finally, we are performing nanoindentation measurements on silver nano
wires and we are working in collaboration with Prof. Ken Gall who mimics our experiments by means
of molecular dynamics simulations.
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DOE DE-FG02-07ER46393, Cornell University
Continuum Plasticity: From Grain Boundaries and Coarsening to Cellular Structures and
Recrystallization,
James P. Sethna, sethna@Ilassp.cornell.edu, Laboratory of Atomic and Solid State Physics, Clark
Hall, Cornell University, Ithaca, NY 14853-2501
February 29, 2008, for period 6/14/2007-6/13/2008

Program Scope:

We are developing a continuum way of describing the annealing and bending of crystals that
connects between the macroscopic behavior and the microscopic atoms and defects (dislocations)
in the material. Such a continuum dislocation model should not only avoid explicitly dealing with
myriads of atoms or dislocations, but also should predict and explain the behavior which emerges
on the mesoscale. Until recent work by the principle investigator, no continuum dislocation model
has been shown even to form the basic wall structures into which dislocations naturally organize.
Our model suggests that both grain boundary formation (at high temperatures) and the formation of
cell wall dislocation structures (at low temperatures) happen as a kind of shock formation, related
mathematically to sonic booms and traffic jams. Our model provides a new, elegant framework
with the potential for simulating and explaining much of the evolution of single-phase materials.

The three objectives of our research are (1) To extend our model into a minimalist continuum
theory of dislocation dynamics, providing fundamental insights into the basic phenomena that
emerge under external deformation — wall formation, the different stages of plasticity, grain
coarsening, cell refinement, ductile fracture, and recrystallization. (2) To test the predictions against
more microscopic simulations and experiments, and to facilitate and inspire new experimental and
simulation tests by others. (3) To engage talented students and researchers with interests in field
theory, differential geometry, and the mathematics of singularity formation into this exciting area.

The theoretical methods we use are based on elegant mathematics and fundamental physics. Our
continuum field originates in the topological theory of defects in crystals, and describes the
differential geometry of the deformed crystal. Our evolution law emerges naturally from the laws
of motion of the more microscopic individual dislocations under their mutual interactions and the
external stress. Our numerical methods include both the finite-difference methods used by
physicists and the finite-element methods preferred by engineers (better for complicated shapes like
cracks and airplanes); we use special upwind and Fourier techniques for dealing with the shock
formation. Our software will include flexible language structures to steer the complex simulation
on parallel computers.

The proposed research will provide a theoretical framework for inspiring and interpreting the
results of new experiments and large-scale simulations of materials deformation in the coming
years — a longstanding strength of the Department of Energy and the national labs. If successful,
our theory could eventually become a unified model for addressing practical problems in
metallurgy — how the morphology and properties of a material depend upon its beating and heating
history.
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Recent Progress:

In the year preceding the beginning of my DOE funding, Limkumnerd and | made substantial
progress on three theoretical aspects of our plasticity model, which became two publications.
(1) Pursuing the near-field asymptotics of wall formation in the theory, we discovered for the case
of grain boundaries (allowing both glide and climb) that our model had an amazing number of
o ' —= analytical relationships between different parameters in
A > \Q ‘F‘ the asymptotic expansion. Limkumnerd finally
I"a 3 + discovered an amazing mapping, which reduces the
N Y | A4 nine-parameter plasticity model to a one-parameter

] - 7+ Burger’s equation. This mapping provides both a tidy
derivation of the variety of relationships, and a rigorous
derivation of the wall formation for the model for this
particular case.
(2) Much of the most interesting numerical work on
v discrete dislocation dynamics is in two dimensions and
- : involves only one or two slip systems. Exploring the

/

A -~ !‘ii yus \_ predictions of our model, suitably modified to include
. ] 2 A only one slip system, we found that grain-boundary and
' v ' cell-wall formation does not occur (in agreement with
K
Pk VI ¥ .t F A =l LA L

the simulations). Instead, we discovered a new type of
A circular grain boundary decomposed into a ~ wall, formed as a transient structure, where the
series of flat walls whose density decays  dislocation density jumped discontinuously (i.e., not a
away from the center of the cylindrical cell. - go|ta_function in the dislocation density, but rather a
Selected for inclusion in a new figures .
section for Physical Review B. step f_unCt'On)' ) )
(3) Limkumnerd and I also discovered several properties
of continuum dislocation density theory that were not tied to our proposed dynamical evolution
law. These focused on the relationship between grain boundaries, rotations, and stress-free states.
Limkumnerd showed that there were a large number of stress-free states in the model — including in
particular any superposition of grain boundaries (dislocation walls satisfying the Frank conditions).
These stress-free states, we showed, could be characterized either in terms of a continuous
distribution of straight grain boundaries, or in terms of a continuous rotational field. One of the
figures from this paper was selected for a new “covers” section for Physical Review B (left).

I then spent fall semester ‘07 on sabbatical in Europe, where contact was made with a few groups
working on plasticity and a long-term collaboration was started. | had an excellent, brief visit with
Erik van der Giessen’s group at the University of Groningen in the Netherlands, where my former
graduate student Surachate Limkumnerd was a post-doc at the time, with in-depth conversations
with group members working on discrete dislocation dynamics, and long discussions with Erik and
Limkumnerd about their statistical theory for multiple-slip. I had a brief and illuminating visit at
Risg National Laboratory in Denmark, with the plasticity group there, meeting in particular with
Wolfgang Pantleon. | spent a month at DTU in Denmark visiting Karsten Jacobsen and Jens
Ngrskov in CAMD, becoming immersed in physics of likely long-term interest to DOE (catalysis,
transport in nanosystems, developing methods to estimate errors in electronic structure
calculations) but not currently relevant to this grant.
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The long-term collaboration was established with Stefano Zapperi during a month visit with him in
Turin. Zapperi is one of the leaders in the field of avalanches and critical fluctuations (crackling
noise), and has been a key figure in the recent use of these methods to understand fluctuations in
plastic deformation. Indeed, | view the wall formation that we study and the crackling noise
observed in recent experiments and simulations as the two key features in plasticity that motivate
and foreshadow theoretical progress in the field. Indeed, before (and unrelated to) my arrival,
Zapperi wrote an article for Science on simulations of crackling noise in the deformation of
nanowires, on which | was invited to write a Science Perspectives companion article. Zapperi and |
are now collaborating on a number of projects involving the analysis of simulations and
experimental data, of potential interest to this project.

Since returning from sabbatical in late January, | have been working with two graduate students
(Yong Chen and Woo Song Choi), have ordered a fast multi-core computer to run the next stage of
simulations, and have hired a post-doc for next year (Stefanos Papanikolaou). In the fall semester
Yong Chen translated Limkumnerd’s C++ code into Python and began to optimize it. Chen last
month explored the effects of strong dependence of the dislocation mobility on the density (similar
to the methods used by the more traditional dislocation density theories used by Dawson and
colleagues for incorporating work hardening). These, Chen found, led to the formation of larger
number of lower-angle grain boundaries; the wall formation persisted even when dislocation
entanglement was introduced in this fashion, but wall aggregation and coalescence was impeded by
the reduced mobility. This month Chen is implementing a rotation-field observer into the code, and
will use it to study the misorientation angle distributions to compare with the scaling analysis of
experiments by Darcy Hughes and collaborators.

In the month and a half that Woo Song Choi has been involved in the project, he has been exploring
methods of optimizing and parallelizing the code. By implementing a C++ multiply-add function
that is called from Python, he has both substantially increased the speed of the serial code and
implemented a multithreaded implementation that is the first step toward fully utilizing the eight
cores in the new machine.

Publications:
No publications citing this grant have been published so far in the grant period.

Two publications that describe work relevant to this project were published between submission of
the proposal and the beginning of the grant period:

"Shocks and slip systems: Predictions from a mesoscale theory of continuum dislocation
dynamics”, Surachate Limkumnerd and James P. Sethna, J. Mech. Phys. Solids (2007),
d0i:10.1016/j.jmps.2007.08.008.

"Stress-free states of continuum dislocation fields: Rotations, grain boundaries, and the Nye
dislocation density tensor", Surachate Limkumnerd and James P. Sethna, Phys. Rev. B 75, 224121
(2007).

Also, | wrote a Science Perspectives article which would have acknowledged DOE if it were
allowed by the journal:
"Crackling Wires", James P. Sethna, Science 318 (5848), 207-208 (12 October 2007).
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People supported by project:

Yong Chen is a Physics graduate student who has worked on the project since September *07. His
stipend for the first semester (while | was on sabbatical) was supported by a teaching assistantship;
this semester he is being paid by the grant.

Woo Song Choi is a graduate student in Physics that has been working on the project for about one
and a half months; I recruited him somewhat after | arrived back in the US. He is being supported
by a teaching assistantship this semester.

Stefanos Papanikolaou, a talented current graduate student at the University of Illinois at Urbana,
will join the group in August 2008 as a post-doctoral associate, supported by this grant. Stefanos
will also be attending the Washington contractor’s meeting with me.

Future Plans for coming year:

Before the contractor’s meeting, we intend to set up the new computer and optimize the
multithreaded code. We will develop and test the observers for rotation fields and grain boundary
locations in one and two dimensions. | expect we may have results for the misorientation angle
distributions and grain sizes for large one-dimensional simulations of both refinement and
coarsening by the meeting, and may have initial results in two or even three dimensions.

In the subsequent year we will (a) systematically extract predictions for mechanisms of refinement,
(b) study interplay of grain rotation and merging in coarsening, (c) complete and publish large-
scale simulations of coarsening and refinement, (d) implement a scattering observer to calculate
Fourier-space predictions for X-ray and neutron scattering experiments, (e) make concrete
experimental predictions for X-ray scattering experiments probing stress jumps and dislocation
evolution in early stages of polygonalization and in later stages of hardening.

57



Shape memory in nanoscale metallic alloys

Alexander Thompson, Karthik Guda Vishnu, and Alejandro Strachan
School of Materials Engineering, Purdue University, West Lafayette, Indiana 47907
Email: strachan@purdue.edu. Phone: (765) 496-3551

Motivation and scope of proposed work

Active materials with nanoscale dimensions are highly desirable in a variety of emerging
technologies including nanofluidics and nanoelectronics. Shape memory materials would be
ideal candidates for a large number of these applications where changes in conformation or
actuation-sensing capabilities are required; however, it is not yet known whether current
shape memory alloys (SMAs) retain their “memory effect” when their size is reduced to the
nanoscale or, more generally, how size and dimensionality affect their performance. This
situation stems from a lack of a detailed understanding of the molecular level processes that
govern the behavior of SMAs. The unique properties of these alloys, shape memory and
superelasticity, stem from a diffusion-less structural transition (denoted martensite) that results in
a complex microstructure; this microstructure plays a key role in the response of the material.
Nanoscale SMA specimens are expected to develop nanostructures very different from
macroscopic ones and their behavior remains uncharacterized. Thus we propose to 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 computationally explore avenues to optimize the performance of
nanoscale SMA samples for applications that require active components.

We propose to develop a first principles-based approach to predict the behavior of nanoscale
NiTi alloys consisting of three main components:

e Ab initio quantum mechanical (QM) calculations (including equations of state of
various crystal structures) will be performed to characterize atomic interactions from first
principles.

e The QM data will be used to parameterize a many-body inter-atomic potential for
large-scale MD that captures the relative stability of the various phases and their elastic
properties.

e Large-scale MD simulations to characterize: the martensitic transformation, resulting
nano-structure, and mechanical response as a function of dimensionality (clusters, wires,
slabs and bulk) and size.

A successful project will provide a fundamental understanding of whether shape memory
is possible in nanoscale samples of current materials and a quantitative characterization of
the role of size and dimensionality on performance, providing the knowledge-base for the
design and optimization of active components for next generation nano- and micro-devices.

Role of size and geometry on martensite microstructure in Zr

We use MD to characterize the martensitic microstructure in Zr nanoscale wires (nanowires)
when the austenite phase (bcc) transforms into martensite (fcc) upon cooling. Our focus is to
understand how size and geometry affect the resulting martensitic microstructure.
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The bce to hep transition involves an orthotropic transformation where a bee {111} planes
transforms into an hcp closed packed plane, see Figure 1. During the transformation the plane
involved undergoes a compression of 13.3% along the <100>y direction contained in it and
expansions of 6.06% along its <I110>.. direction; an expansion along the <110>.. direction
normal to the plane leads to an hcp structure with perfect c/a. The transition requires, in addition,

the relaxation of the atomic positions.
bce (austenite)
B B
L
b [
L. b

Hll(}T‘ 131]
o W

- . :
*Compress 13.3 % along [010]

*Expand 6.06% along [101]
*Expand 6.06% along [-101]

hcp (martensite)

Figure 1: bcc to hep transition; a bcc {110} plane transforms into an hcp closed

packed plane.

The initial structures of our simulations consist
of <111> wires, see Figure 2, with radii between 15
A and 45 A and lengths up to almost 1000 A and
impose periodic boundary conditions along their
axes; <l11> wires can expose three closed-packed
{110} surfaces and consequently are the most stable
ones. In order to characterize the martensitic
microstructure the simulation temperature is
gradually decreased from T=1450K to T=300K in
25 K decrements either every 10 or 40 ps. The
temperature of the simulations is controlled by a
Nose-Hoover  thermostat. The  resulting
microstructure at 300 K is analyzed based on the
number of neighbors of each atom and the angles
between such bonds. This allows us to characterize
the local environment of each atom and classify
then into one of the following categories: hcp, fcc,
surface [less than 11 nearest neighbors (nn)] and
defective (11 and 13 nn, as well as those with 12 nn
that can not be classified as fcc or hep).

As shown in Figure 2(b) six possible domains
can form, each corresponding to a <110> direction.
Three of these directions are normal to the wire axis
and the associated domains will be denoted
“radial”; the other three <110> directions make an
angle of 35.26° and the resulting domains will be
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Figure 2: (a) snapshot of a [111] bcc Zr
wire used as initial conditions for MD
simulation. (b) orientation of the six
<110> directions; each of the
corresponding planes can transform into
an hcp closed packed plane leading to six
possible domains; three radial ones and
three at 35°.



dubbed “35°”.

Figure 3(a) shows the martensite structure that results from cooling wires of various sizes, we
observe both single- and multi-domain structures containing radial and 35° domains. Multi-
domain structures lead to changes in the shape of the nanowires with a bending angle that
depends of the type of domains that intersect at the boundary. Figure 3(b) shows the resulting
microstructure as a function of wire radius and length. We can see that small wires result in
single-domain structures (empty symbols); as the radius of the wires is increased we observe
multiple radial domains. For a long and thin wire we observe multiple 35° domains and multiple-
domain structions with both radial and 35° domains are observed for long and thick wires.

1000

(a) hep o fec o defect (13 or 11 nn) - E m a
. (b) e m m . a
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Figure 3. Left: Various martensite structures resulting from MD cooling simulations. The
number and character of the domains is indicated. Right: map of martensite microstructure as
a function of wire radius and length.

Our results show that the domain structure resulting from martensitic phase transitions
depends strongly on size and geometry indicating the potential viability of using geometrical
considerations to tailor the microstructure and, consequently, properties of nanoscale shape
memory materials.

Current and future work

Due to the symmetry of its austenite and martensite phases Zr does not exhibit shape memory
and we are currently working the NiTi alloys that do exhibit this behavior as well as
superelasticity. We have performed extensive ab initio simulations, using density functional
theory within the generalized gradient approximation (DFT-GGA), to characterize the various
crystal structures responsible for the behavior of NiTi. Table 1 summarizes our results of
equilibrium structures and relative energies of NiTi in B2, B19, B19” and R phases; our results
are in good agreement with previous calculations and experiments. We are currently extending
these calculations to characterize the various phases under applied mechanical loads to
characterize structural changes and relative phase stability under stress.

We will use these DFT-GGA calculations to parameterize many body interatomic potentials
that we will use with large-scale MD to characterize the role of size, geometry, and
dimensionality on martensite structure and properties of NiTi alloys.
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PHASE SPACE Lattice Lattice Xyir Yni Xi Yo Relative
GROUP parameters | angles energy (eV
(Bohr) per formula
unit)
B2 Pm3m 5.68972 90 0,0 0,0 0
Bohr
R PHASE P3 C =9.855 120 e I -0.027
A =13.937
B19 Pmcm A =5.248 90 0, 0, 0.033453 | -0.051
b=8.754 0.06698011
C=7.977
B19’ P21/m a=5.481 97.8 0.0418, 0.07299, -0.081
B = 8.858 0.071044 0.0269
C=7577

Table 1: DFT-GGA results for equilibrium structure and relative energetics for various phases
of NiTi.

Summary

Our simulations indicate that dimensionality, size and geometry play important roles in
determining the martensitic structure of materials enabling the possibility of using these variables
to tailor materials response. We are currently working on the development of accurate, first
principles-based interatomic potentials for NiTi that will be used in large-scale MD simulations
designed to characterize the martensitic phase transformation and thermo-mechanical properties
of nanoscale NiTi specimens.
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Electrical, mechanical and thermal properties of single molecules
Nongijian (NJ) Tao
Arizona State University,
Tempe, AZ 85287-3503
Email: njtao@asu.edu

Program Scope
Building a device using a single or a few molecules is one of the ultimate goals in technology. Owing
to many unique electronic properties of molecules, electronic applications have been a focus of
molecular devices. In addition to wonderful electronic properties, many molecules have attractive
electromechanical, thermal electrical and molecular recognition properties that are fundamentally
different from conventional bulk materials, which may lead to new devices. An interesting
electromechanical effect that has been studied by us is single molecule piezoresistivity. In contrast to
bulk materials, piezoresistivity in single molecules is much greater in magnitude. Electromechanical
effects arise from the coupling of electrons to the ionic degree of freedom of molecules. This coupling
takes place also in the form of excitation and absorption of phonons, which can be studied by inelastic
tunneling spectroscopy. The excited phonons eventually dissipate energy and result in local heating
of the molecule. We have observed evidence of the current-induced heat generation in single
molecules. The reverse process, conversion of thermal energy to electrical energy, has also been
demonstrated recently by other groups in single molecules. These findings led us to propose to study
the interplay between electrical, mechanical and thermal properties of single molecules. Our
objectives are:

o Determine the lifetime and stability of a single molecule bound to two electrodes;

e Study local heating and cooling in single molecule junctions due to electron-phonon and

electron-electron interactions;

o Measure electron-phonon interactions in single molecule wires;

o Explore piezoelectric properties of single molecules.

We believe that this study will provide us with new insight into the electron transport properties of
molecules, as well as necessary knowledge and skills for future device applications.

Piezoelectricity

B3 g

Electran-Phonon
Interactions

e —Zavvw

Fig. 1 A molecule
electrically “wired” to two
electrodes serves a
model system for
studying charge transport
in single molecules and
basic building block for
developing device
applications. This project
focuses on the electrical,
thermal and mechanical
properties of  single
molecules, in order to
achieve a better
understanding of charge
transport and to explore
new functions of single
molecules.
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Progress Report

We have studied electromechanical properties of single molecules, molecular recognition properties
of peptides and development of stable and controllable method to study single molecules. During the
cause of study, we have expanded the scope to address critical and relevant issues related to the
molecule-electrode interface and current-induced local heating in single molecules, and study charge
transport in single DNA molecules. We summarized some of the findings here.

Piezoresistivity in single molecules

We studied piezoresistivity in both saturated n-alkanedithiol chains and conjugated
oligothiophenedithiol molecules with 3 and 4 thiophene repeating units (abbreviated as 3T1DT, and
4T1DT, respectively). The n-alkane chains are linear molecule consisting of n carbons. These
molecules have large LUMO-HOMO gaps and are considered to be poorly conducting. The
piezoresistive effect was found to be ~10% per nN, which is attributed to the elongation of the
molecule upon stretching (Figs. 2a and c). In contrast, the oligothiophene molecules have much
smaller HOMO-LUMO gaps and are more conductive than the alkane chains. Like the alkane chains,
the conductance of oligothiophene molecules decrease upon stretching, but the piezoresistive effect
is ~45% per nN, much greater than that of alkane chains (Figs. 2b and d). Since oligothiophenes are
structurally much more rigid than alkanes, the contribution due to geometrical elongation is negligible.
The observed large piezoresistive effect in oligothiophenes is attributed to an increase in the HOMO-
LUMO gaps upon stretching, which is expected based on Peierls’ instability model. Both the
alkanedithiol and oligothiophenedithiol junctions break down when the force is increased to ~1.5 nN.
The breakdown takes place at the molecule-electrode (gold) contacts, which inspired us to investigate
the molecule-electrode binding strength.

alkanedithiol chain oligothiophenedithiol
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conductance  curves
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stretching of individual
alkanedithiol (a) and
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force-induced
conductance changes
of the last molecules
are marked by AG. (c-
e) Histograms of the
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Molecule-electrode binding strength

For molecules terminated with dithiol linkers, the weakest link is Au-Au at the molecule-electrode
contact. We have studied the breakdown of Au-Au bond by simultaneously measuring the force and
conductance of individual molecular junctions using a C-AFM (Fig. 3). There is a fairly large variation
in the measured breakdown force, but the histogram constructed from thousands of individual
measurements shows a peak, which gives the average breakdown force required to break a
molecular junction. We have determined the average force as a function of stretching rate. The
breakdown force increases linearly with the logarithm of stretching rate, and then reaches a plateau.
This behavior is well described by a thermodynamic bond-breaking model. A comparative study of Au-
Au atomic point contacts indicates that the breakdown of the molecular junctions takes place at Au-Au
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bonds near the molecule-electrode contact. By fitting the force vs. stretching rate data with the
thermodynamic model, the lifetime (0.1s) and binding energy (~0.66 eV) were extracted. Both
quantities are found to have broad distributions, owing to large variations in the molecule-electrode
contact geometry. Although the molecular junctions are short lived on average, certain contact
geometries are considerably more stable. The technique developed here makes it possible to
systematically study the lifetime and stability of molecular junctions formed with various linker groups
and electrode materials.
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Fig.3. (a) Simultaneous conductance and force measurement of a molecular junction during breakdown using a
conducting AFM setup. (b) As the individual molecules break, the conductance decreases in a stepwise fashion
(red), and associated with each conductance step the force (blue) also decreases abruptly. c) Force histograms
at different stretching rates (different colors). (d) Average breakdown forces for single alkanedithiol (black dots)
and Au-Au contact (blue dots) vs. stretching rate. The force increases and then reaches a plateau with
stretching rate as predicted by the thermodynamic theory. Both C8 and Au point contact behave in the same
way, indicating the breakdown in both cases taking place at the Au-Au bond.

Local heating effect on the stability of molecular junctions

We have developed an experimental approach to determine the local temperature in a single
molecule junction by measuring the breakdown force. Since the breakdown process is thermally
activated, the average breakdown force is sensitive to the local temperature of the molecule-electrode
contact, which allows us to determine the effective local temperature of the molecular junction. We
found that the local temperature increases with the bias voltage and reaches ~50 K above room
temperature at a bias voltage of 1 V (Fig. 4). When increasing the bias above 1 V, the molecule
junction becomes increasingly unstable. In collaboration with Prof. Di Ventra at UC San Diego, we
have also performed first-principles calculation of the local temperature and current-induced forces on
the same molecule, and found good agreement with the experimental findings. This success opens
the door to the study of current-induced local heating in various molecules and possible electron-
electron induced cooling effect in single molecular junctions.
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Future Plan

We will focus on electron transport, mechanical and thermal properties, as well as the interplay
between these properties in single molecules. In addition to deepen the understanding of the previous
findings, we will explore new phenomena, including bond breaking and reformation, electron-electron
induced local cooling, electron-phonon interactions in single molecule and single molecule
piezoelectricity.
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1. Scope of the program

The principal goal of this project is to advance scientific insight into the deformation and fracture
mechanisms in body-centered-cubic (BCC) transition metals: molybdenum, tantalum, niobium, tungsten and
iron. The motivation for this study is two-fold. First, BCC transition metals and their alloys are the most
important materials employed in technologies associated with energy production and conversion. Iron,
naturally, dominates since it is the principal component of steels that are and will remain the core materials.
Recently, nuclear power generation has been moving to a new stage and both advanced nuclear and future
fusion power plants require structural components that will accumulate radiation damage amounting to
~100dpa. Hence, the need to investigate deformation and fracture behavior in the presence of large
concentrations of self-interstitial atoms (S1As). Secondly, from the perspective of fundamental science, these
materials belong to the class of metals in which the bonding has a mixed nearly free electron and covalent
character. The latter is mediated by the d-electrons that control the stability of structures and, moreover, in
the case of iron magnetism plays an important role. This presents a formidable challenge for atomic level
studies of extended defects, such as dislocations and interfaces that govern mechanical properties of
materials.

The link between bonding on atomic scale and the mechanical response of a material on the scales
ranging from nano to macro can only be established via a multiscale approach. In this project the first step of
such multiscale scheme is the atomic level simulation of the glide of dislocations at OK, first in perfect
crystals of transition metals and later in crystals with self-interstitials. Modeling on atomistic level is then
followed by two steps on mesoscopic level. First, we formulate a yield criterion that includes all the
components of the stress tensor that were found to be consequential in atomistic studies and applies to any
(111){101} slip system in a given BCC metal.. The important stress components are, beside the Schmid
stress, shear stresses parallel to the slip direction in planes other than the glide plane and shear stresses
perpendicular to the slip direction. This new yield criterion, which is not based on the Schmid law and is of
non-associated type, can then be employed in continuum crystal plasticity and represents a basis for
development of new yield criteria for polycrystals [1, 2].

The second very important step is inclusion of temperature and strain rate effects into the yield criteria.
This involves development of a mesoscopic model of dislocation glide at finite temperatures via formation
and propagation of pairs of kinks. At this point the previously advanced dislocation models are utilized [3,
4]. However, the novel concept is that the Peierls potential is regarded as a function of the applied stress
tensor and its form is extracted from atomistic studies of the dependence of the Peierls stress on this tensor.
Hence, the stress dependence of the dislocation velocity, which represents the dislocation mobility law,
involves the full stress tensor rather than the Schmid stress only. Finally, this mesoscopic model is included
into the above mentioned yield criterion that ultimately comprises the effects of temperature and strain rate.

The essential precursor of any atomistic studies is a description of atomic interactions that reflects
correctly the physics of bonding in a given material. We employ the bond-order potentials (BOPs) that
represent the bond energy exactly within the tight-binding approximation to the electronic structure and
retain the angular character of bonding. This is essential in transition metals where the bonding is principally
driven by the interaction between the localized valence d-electrons. Apart from the proper quantum
mechanical character, another significant advantage of BOPs is that modeling can be performed in real space
without the use of periodic boundary conditions. This broadens significantly the range of solvable problems.
Hence, a substantial part of the research is devoted to the development and testing of BOPs. While for the
non-magnetic transition metals, tantalum and niobium, we follow the same path as in our previous studies of
molybdenum and tungsten, the situation is very different in the case of magnetic iron. It has been proposed
recently that the Stoner model of band magnetism [5] can be employed to develop BOPs for magnetic metals
[6]. It is one of the primary objectives of this research to construct, test and apply BOPs for iron in studies of
dislocations, interstitials and their interactions. This development is done in close collaboration with
Professor Pettifor and his group at Oxford, with Dr. Nguyen-Manh and his colleagues at the Culham Science
Center in the U. K and with Drs. Elsésser and Mrovec at the Fraunhofer Institute in Freiburg, Germany.

66



2. Recent Progress

2.1. Construction of bond-order potentials (BOPS)

Within the BOPs scheme the binding energy, E®, is approximated as E® = E™ + E®" + E™ , where E™ is
the pairwise contribution arising from the overall overlap repulsion, E*® a many-body repulsion that

cov

originates from the strong repulsion which the valence s and p electrons experience and E™ is the bonding
energy arising from the partially filled d-band. The latter part is fitted so as to reproduce DFT based
calculated bond integrals as functions of the separation of atoms. The former two parts are fitted to
reproduce the lattice parameter, cohesive energy and elastic moduli. The constructed potentials are
extensively tested by probing the stability of the BCC structure relative to alternative crystal structures,
evaluating the energy for highly distorted structures encountered along tetragonal, trigonal, orthorhombic
and hexagonal transformation paths, calculating y-surfaces and phonon dispersion curves. Details of these
procedures and constructed BOPs for molybdenum and tungsten are found in recent publications based on
this research [7, 8].

2.2. Atomistic study of the glide of 1/2(111) screw dislocations

Detailed investigation of the glide of the 1/2[111] dislocation in Mo and W under the effect of shear, tensile
and compressive stresses was completed. The most important finding is that the Peierls stress, identified

005 L S B e with the critical resolved shear stress (CRSS) in the
maximum resolved shear stress plane (MRSSP)
depends not only on the orientation of the MRSSP,
which leads to the well-known twinning-antitwinning
asymmetry, but also on the shear stress perpendicular
to the Burgers vector. This is shown in Fig. 1 where
the CRSS for W is plotted as a function of the shear
stress, T, perpendicular to the Burgers vector, when the

MRSSP coincides with the (101) plane. The positive

T lowers the corresponding Peierls stress, while the
| | | | negative T makes the slip more difficult. The reason is
T om 002 0 002 004 that in the former case t extends the core into the

t/C,, _
(101) plane, while in the latter case the core is

CRSS/C,,

(011) slip (o1 slip

Fig. 1. Peierls stress (CRSS) for W vs shear stress,
7, perpendicular to the Burgers vector constricted on the (101) plane and extended onto

(011) and (110) planes. For large negative values of 1 this extension becomes so overwhelming that the
dislocation starts to glide on one of these planes although the corresponding Schmid factors are half of that
for the (TOl) [111] slip system. The conclusion of this study is that for the (TOl) [111] slip system the

(101) (011)

CRSS relates to the two shear stresses parallel to the Burgers vector, o and o , and two shear

stresses perpendicular to the Burgers vector, 71 and 7O Ina single crystal this finding applies, of

course, equally to all twelve (111){101} slip system since they are crystallographically equivalent.

2.3. Analytical yield criterion for single crystals
Following the original suggestion in [9, 10] and using the findings of the atomistic calculations, we
formulate the following yield criterion for any (111){101} system and a general loading by an applied stress

app
4

tensor X defined in the cube axes.

mZ™n+amX®™n +a (nxm)E”n+a(n xm)E¥n =1,
where m is the unit vector in the slip direction, n the unit vector perpendicular to the reference plane, and
n, the unit vector perpendicular to the {110} plane in the zone of m that makes the angle -60° with the

reference plane. The coefficients a;, a,, az , as well as T’; ,are all adjustable parameters that are ascertained

by fitting the CRSS vs the orientation of the MRSSP and CRSS vs t dependencies determined by atomistic
calculations. Fig. 2 shows the yield loci of the yield surfaces projected into the deviatoric plane obtained
using the above yield criterion for Mo and W, respectively. For comparison we also show as the dotted
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polygon the yield locus that is obtained from the Schmid law
(a;=a,=a3z=0). The remarkable difference between the yield loci
obtained from the yield criterion and that corresponding to the
Schmid law demonstrates the breakdown of the Schmid law in both
molybdenum and tungsten. However, in molybdenum this is
caused by a combination of the twinning-antitwinning asymmetry
of shearing parallel to the slip direction and the effect of the shear
stresses perpendicular to the slip direction, while in tungsten only
the latter plays role. This analysis was applied to the case of
uniaxial loading and a remarkable agreement with experimental
observations [11-13] was attained.

=« 2.4. Temperature and strain rate dependence of the yield stress

The approach we follow employs the usual dislocation models of
kink-pair formation [3, 4] but the new concept is that the Peierls
Fig. 2 The yield loci in the  parrier is a function of the full applied stress tensor. The Peierls
deviatoric plane barrier and its dependence on the applied stress tensor are extracted
from the results of OK atomistic calculations that provide a broad
data base for the dependence of the Peierls stress on the externally applied stresses. Since the Peierls stress
is related to the maximum derivative of the Peierls barrier this data base allows us to reconstruct the Peierls
barrier with high confidence. Once the Peierls barrier is known the activation enthalpy of kink-pair
formation, H(o), is determined using the above w
mentioned models, as a function of the stress tensor
G. The yield stress dependence on temperature and
strain rate is then determined from the relation

&IF,

H(c) =k TIn(¢, / €), where T is the temperature

and € the strain rate; éo is an appropriately chosen

constant. Comparison between calculated and
measured [14] temperature dependence of the yield

stress of tungsten loaded in tension along the [149] :

axis at the strain rate ¢ = 8.5x10 “sec™ is shown in . &

Fig, 3. The excellent agreement was obtain by .
Fig. 3 Calculated temperature dependence of the

choosing ¢, =3.7x10" s"that leads to a yield stress (curve) of W compared with the
reasonable mobile dislocation density. exnerimental dafa (circles) of 141

3. Future research

As alluded to in Section 2.1, a significant effort is being devoted to the development of the BOPs, presently
for Ta, Nb and Fe; potentials for Mo and W were developed in our earlier studies [7,8]. The reason for
concentrating on Ta and Nb is a relatively extensive availability of experimental data on deformation
behavior of single crystals of these metals, so that our theoretical results can be linked with experiments. An
example is the recent study of tantalum in Ref.[14]. Similarly, construction of the BOP for Fe, which
involves supplementing the binding energy by a term depending on magnetic moments, is in progress. This
is an important step for future studies of SIAs and their effect on dislocation behavior since in Fe, owing to
ferromagnetism, the SIA configuration is <110> dumbbell while in all other BCC transition metals it is
<111> dumbbell [6]. Hence, the interaction between dislocation and SIAs may be significantly different in
Fe than in other BCC transition metals.

Atomistic modeling of the structure and glide of 1/2<111> screw dislocations in non-magnetic BCC
transition metals (Nb, Ta) and ferromagnetic BCC iron will be carried out in the way briefly described in
Section 2.2, once the corresponding BOPs have been developed. In parallel we will carry out atomistic
studies of the interaction between screw dislocations and SIAs, in particular their effect on the Peierls stress
and glide geometry. This study is central for understanding the effect of radiation damage on deformation
behavior that is a pivotal issue for materials that are employed in nuclear energy systems.

The results of the above atomistic studies will be employed in formulation of yield criteria, as outlined
in Section 2.3, and in advancement of the models of the thermally activated dislocation glide, briefly
described in Section 2.4. The latter provide the mobility rules for dislocations and introduce on the
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macroscopic level temperature and strain rate dependencies into the yield stress. This course of research
represents multi-scale modeling that inputs the most important aspects of atomic bonding via BOPs,
identifies the governing features and stress responses of dislocations at atomic level and formulates
temperature and strain rate dependent yield criteria for engineering studies of the plastic response of
materials to complex loading, temperature variation and strain rate, as well as possible effects of irradiation.
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NANOSTRUCTURE PATTERNING UNDER ENERGETIC PARTICLE BEAMS:
RADIATION EFFECTS VERSUS SELF-ORGANIZATION

Lumin Wang
Department of Nuclear Engineering & Radiological Sciences, and Department of Materials

Science & Engineering, University of Michigan, Ann Arbor, MI 48109-2104
e-mail: Imwang@umich.edu

Ordered arrays of nanoparticles or nano-scale cavities and nano-fibers of uniform
thickness are desirable for applications in advanced optical, photonic and magnetic
information storage devices. It has been demonstrated that various types of these
nanostructures can be obtained by energetic particle irradiation. However, the mechanisms
responsible for these nanoscale phenomena are not yet well understood at present and that
prevented the application of some of the irradiation induced spectacular nanostructures. For
example, irradiation induced voids or gas bubbles have been observed to arrange into a three
dimensional superlattice in a variety of materials under ion irradiation, but they seem to
occur only in very narrow experimental conditions. Many of the previously reported results
could not be repeated due to the lack of understanding of the key controlling parameters. This
research is aimed at exploring the unique experimental conditions for creating such
nanostructures with energetic particle beam irradiation and the fundamental scientific basis
for these irradiation induced self-organization processes. The nanostructures interested in this
research include irradiation induced two or three dimensional arrays of nanoparticles or
nanocavities either on top of material surfaces or beneath the irradiated surface, and
irradiation induced formation of nano-porous structures with uniform nano-fibers in
semiconducting materials. Our previous research has provided important data for creating
such nanostructures in a group of materials (e.g., CaF,, Ge and GaSb) with electron and ion
beam irradiation, and further indicated that there might be a universal intrinsic material
science responsible for all these “self-organized” nanostructure observed under the particle
beam irradiation.

Some of the key observations and their indications are highlighted below: (1) Using in situ
TEM and other advanced analytical TEM techniques, we have analyzed the dynamic process
of three-dimensional nano-scale defect cluster supperlattice in electron irradiated calcium
fluoride. We have identified that the defect clusters are true fluorine gas bubbles resulted
from electron irradiation induced decomposition of the material (Fig. 1). The formation of
such nano-arrays is sensitive to the energy of the electron beam and the irradiation
temperature. (2) Two dimensional ordered arrays of nanoparticles of various elements on the
surface of various materials have been obtained under low energy ion irradiation (a few keV
to 30 keV) (Fig. 2). The ion energy and incident angle have been found to be the most
important parameters that controls the uniformity of the nanoparticle size and their ordering.
Although the controlling mechanisms for these ordered nanoparticle arrays involve sputtering
and redeposition of sputtered atoms, a great similarity has been found in the nanoparticle
organization process with the formation of three dimensional nanocavity arrays observed
under the irradiated surface (Fig. 3). (3) Photoluminescent patterns that are made of uniform
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sized nano-fibers have been produced on the surface of germanium and GaSb by focused ion
beam. Although the micron-sized patterns were directly written by the focused ion beam, the
nanofibers within the irradiated areas are formed apparently due to a self-organization
mechanism. With the application of high energy ions, we can make the nanofibers imbedded
under an intact surface layer (Fig. 4). Finally, a theoretical model under development for
explaining the formation mechanism of the uniform nanofibers has also generated other
irradiation induced nanopatterns indicating all these irradiation induced nanostructures may
be controlled by a same fundamental mechanism.

Fig. 1. Overfocused bright-field TEM images of fluorine bubbles in CaF, during in situ TEM with
electron fluence of (a) 5x1019e-/cm2, (b) 4.5x10%%/cm?, (c) 1.2x10%e’/cm?, (d) 2x10%e/cm?, (e)
3x10%%e’/em?, (f) 4x10%e’/cm® A supperlattice of fluorine bubbles has developed through a self-
organization process. (T.H. Ding, Ph.D. Thesis, to be published)

Fig. 2. SEM images showing ordered arrays of Ga nanodroplet on the surface of Ga ion bombarded
GaAs surface. The uniformity and the degree of order of the nanodroplets depend on the ion energy

and incident angle of the ions. The Ga ion energy was 5 keV with an incident angle of 35°for
achieving the above structures (Q. Wei et al., Physical Review Letters, 2008).
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Fig. 3. Schematic illustration of a model for the
formation of ordered Ga nanodroplet patterns
induced by Ga ion irradiation.

(@) Awverage energy distribution from ion
bombardment. For normal bombardment, the
deposited energy on the surface is circular, while
for off-normal bombardment. it is elliotical.

projected beam direction

(b) Atom supply and movement directions that cause an uri-center Ga Uropiet W Move L e Cener ol
nanoparticle lattice. Small arrows represent the direction and magnitude of local Ga atom migration
induced by the ion beam on the surface. Blue arrows inside the droplet indicate the moving direction
of the droplet, and dashed circle shows the final position of partially aligned droplets (Q. Wei, et al.,
PRL, 2008). This model resembles a model proposed for the formation of three dimensional

superlattice of nanovoids.

Fig. 4. Cross-sectional SEM image of GaSb fiber layers. Material was irradiated with 1 MeV Au® to
1 x 10 ions/cm?. Insets show (a) the surface layer (tilted to 10° off axis), (b) the presence of fully
formed fibers, and (c) a transition regime in which the fibers blend into the substrate. Main scale bar
is 1 pm, inset bar is 100 nm. (A. Perez-Bergquist et al., Small, in press)
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The future work of this project includes new experiments on more materials with more
experimental conditions as well as theoretical modeling and computer simulation. Our aim is
to discover and prove a universal controlling mechanism for the nano-scale self-organization
phenomenon observed under energetic particle irradiation, and further identify the exact role
of irradiation in these processes. Based on that, we will further seek the control of size,
morphology and the nature of the nano-clusters in the patterned arrays and study their
physical properties and stability under various environments.
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Near Surface Plasticity and its Applications in Surface Treatment
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yu@ccny.cuny.edu

Program Scope and Definition

When an iron plate was peened by a large amount of stainless steel balls in a vacuum
chamber that was vibrated at an ultrasonic frequency, in a short period time, a nano-structured
surface layer was formed. It is also observed that railway tracks and wheels have a nano-
crystalline layer near surface too.

Numerous engineering applications involve contact and sliding. There is always a
microscopic layer near surface that is plastically deformed. Understanding the microstructure
evolution and dislocation pattern formation near surface is extremely important. However, the
area is relatively under represented, especially in the theoretical part. There are very few
theoretical works trying to understand the fundamental mechanisms involved.

Before this project, in collaboration with Y.F.
Gao and K.S. Kim, we studied a simple unit process,
in which a stepped surface is under a contact load and

NANKNANANAN K K dislocation is allowed to nucleate from the step. We
" Anti-Load dislogations found two types of dislocations existing near surface.
One type, called anti-load dislocation, is pushed
closer to the step as the load increases. And another
type, pro-load dislocations, is pushed even further
away from the step as the load increases. The results
indicate the segregation of similar dislocation under
the normal contact load (Fig. 1). The segregation of
the anti-load dislocations generates a sub-layer of
tensile stress. And because the pro-load dislocations are easily driven away from the step into
the bulk, they produce a much thicker layer of compressive stress.

This project continues studying dislocations near surface. We adopt two approaches. One is
to devise simple theoretical models to study the fundamental dislocation processes near surface
and to gain basic physical understanding. The other is to develop a fast numerical code to
simulate the dislocation segregation and pattern formation near surface when it is under rough
contact. Especially, we are going to deal with the cases that have very high dislocation density
and to study the interactions among different parts of the surface.

Fig. 1 Segregation of anti- and pro-
load dislocations

Recent progress
An integral formulation for finite body with dislocations
To simulate dislocation motion, it is essential to have a tool that can calculate stress field
quickly. Compared with finite element method, boundary element method has fewer degrees of
freedom and is easier to refine mesh when it is needed. Based on Stroh formalism for general
anisotropic material, we derived the following equation for a finite body which has many
dislocations insidel,
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where matrixes A and L were defined by Stroh, B=iAL'(i =+/—1), <> represents a diagonal

matrix whose a-th diagonal element is listed inside. The equation establishes the relation
between the displacement u and traction t along the boundary, more interesting, the effect of
dislocation is directly included in the last term. In Equ. (1), b® is the Burgers vector of k-th
dislocation. Note that the derivative of the displacement along the boundary du/ds is used
instead of displacement u. The corresponding integral kernel has weaker singularity than that in
the conventional Boundary Element Method(BEM). Similar treatment is used when calculating
the stress at an interior point, so that the stress calculation is accurate even at places very close to
the boundary. For an isotropic material, A and L are both singular, but matrix B still exists. By
taking limit from anisotropic material to isotropic, we have the following equation for isotropic

materials,
Yo LT du g
§{1og(§ 40)1+§ A { _J} [~ Bt

_ ) (k)_yo L Lo ) _
Zlog(z ;0)1+ - 2ali -1 b =0. )

A new boundary element method2

Equ. (1) or (2) can be solved numerically using boundary element method. In our numerical
implementation, we interpolate du/ds directly by its values at the nodal points of each element.
By doing so, the degrees of freedom are much fewer than that if interpolating u. The following
example is solved to check the accuracy of the program.

16  _-—-——-——-——-—-—-—-—-—-———- —— Analytical results

L I N O Resulis of Eq. 11b ~ ~ ~
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Fig. 2a: Pressurized Thick-Walled Cylinder.  Fig. 2b: Distribution of Hoop Stress.

In the conventional BEM, due to the higher order singularity of the integral kernel, accurate
calculation of stress near the external boundary is very difficult. In our new treatment, such
difficulty is eliminated, as shown in the example above.

Application to dislocation dynamics

In Egs. (1) and (2), contributions from dislocations are directly included. Linear
superposition technique, which was usually used in literature for problems having finite
boundary, is no longer needed. After solving the boundary displacement or traction, the driving
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force for each dislocation can be calculated. Combine the stress solver with an algorithm in
dislocation dynamics, we can simulate dislocation motion in solid. A typical problem, a unit cell
of polycrystalline under pure shear, is simulated to test the new program. The model is similar to
the one studied by Balint et al. The average stress in the cell is calculated through a boundary
integration. When dislocations are generated and move in the solid body, a non-linear stress-
strain relation is obtained. Use the results, we obtain the flow stress, the Hall-Petch exponent and
another fitting parameter k. They are all very close to the values obtained by Balint et al.

-

LI
ds

0
¥
2

Fig. 3a: A unit cell under pure shear loading 3b: Stress v.s Strain

Some Fundamental Problems in Contact
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Fig. 4a: A stepped surface under contact loading 4b: Remote stress v.s. number of dislocations

1) Latent softening. In collaboration with Y.F. Gao and K.S. Kim’, the contact hardening
behavior due to multiple dislocations is studied (Fig. 4a). Dislocations nucleated from a surface
step are stabilized and piled up. The pileup leads to the contact hardening behavior. The
hardening curves in Fig. 4b correspond to the cases when pile-up occurs in right slip plane only
(60 =-x/4), left slip plane only (6 =-37/4), and both. When both of the two slip planes

operate, we get a significant drop of the hardening curve, as shown by the curve with cross
markers. We call the phenomenon “latent softening”. The curve also shows that the dislocation
pileup on one slip plane can even cause spontaneous dislocation nucleation on the other slip
plane without further increase of the contact load.

2) Dislocation nucleation from surface source

In our previous investigation, we used Rice-Thompson model as dislocation nucleation
criterion. In this study, we use a cohesive zone model to describe the sliding slip plane where the
dislocations initiate. Apply Equ. (1), we have
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where Au is the displacement jump across the slip plane, and the integral on the slip plane is
from interior toward surface. Along the slip plane, the traction is related to the displacement
jump through a cohesive law, which is derived from a potential function. By solving Equ. (3),
we obtain the displacement jump across the slip plane. A dislocation is nucleated when a ripple
of displacement jump becomes unstable.

Future plan

1) Formulation for cases with very high dislocation density

Modeling the evolution of many strongly interacting dislocations is a many-body problem.
When the number of dislocations increases, the computation time increases drastically. Due to
the 1/r singularity of the theoretical stress field near a dislocation, the interaction between the two
dislocations that are very close becomes artificial. Some stochastic models might be combined
with our current formulation to determine the resolved shear stress on dislocations. We can use
dislocation density p to represent dislocation distribution inside the body. The smeared stress

field can be obtained by first solving a boundary integral equation,

0= §A-<1n(ga ~¢2)-L"-(B+B)" -(3—:+i§-t)
oQ

ds
) 4
_.[A'<ln(za _§2)>‘L_1 .B+B)" - b"p")dA

where b and p"” are the Burgers vector and dislocation density of i-th type dislocation. At any

interior point, the resolved shear stress is the smeared average stress plus a random term, which
is a function of the dislocation density. The flux of each dislocation type is proportional to the
resolved shear stress and dislocation density, the change of dislocation density over time is
related to the derivative of the flux in the slip plane direction and the new dislocations generated
by the source, which is a random number having a distribution function depending on the shear
stress. Thus, the evolution of dislocation density can be calculated.

2) Dislocation pattern and segregation near surface using high density model

The new model will be used to study the dislocation segregation and pattern formation near
surface due to contact load. Many fundamental problems need be answered. Such as what
determines the length scale in the organized pattern, the thickness of the tensile layer near
surface, and the long range interaction among different asperities of the contacting surface, etc.
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Extended Abstract

Currently, experimental and theoretical research on bimetallic NMM composites is available in the
literature, some of which is based on going collaboration between LANL and WSU on the monotonic
loading of bimetallic NMM composites [1-3], including the Cu-Ni and Cu-Nb system. In the current
investigation, we are developing a multiscale modeling approach combined with novel biaxial loading
experiments to study deformation and failure mechanisms under cyclic loading in trimetallic NMM
composites. Based on bimetallic systems, the interactions of dislocations with the interfaces between the
metallic layers is the controlling factor in the deformation of these systems. Adding a third metallic layer,
with different elastic constants, lattice parameters, and crystal structure than the other two layers will
provide added control of the residual stresses, interfacial energies, and image forces that will act on
dislocations as they interact with the interfaces, alternatively making it easier or harder for dislocations to
cross the boundaries.

The goal of this investigation is to advance our fundamental understanding of deformation, damage, and
failure mechanisms under cyclic loading of NMM composites. As a step forward, we aim to explore the
fatigue behavior of trimetallic NMM composites comprising hybrid coherent/incoherent interfaces.
Towards this end our investigation involves fabricating a trimetallic systems based on Cu-Ni-Nb,
experimentally examining their behavior under both monotonic and cyclic loading, and a modeling effort
based on a multiscale approach.

The testing techniques includes a biaxial bulge testing experiment for both loading conditions, which is
more similar to the loading conditions found on coatings than the current uniaxial stretching and uniaxial
bending experiments used to measure their response.

The modeling effort uses a multiscale approach to understand the interactions of individual defects with
the interfaces as well as to understand the complex interactions of many dislocations. The primary tools
for modeling are molecular dynamics to study dislocation-interface interactions, and discreet dislocation
dynamics to investigate the behavior of large dislocation systems. The dislocation structures predicted
from the modeling will be compared to those found experimentally using electron and scanning probe
microscopy.

A coordinated experimental, computational and theoretical effort is underway. The following is a
summary of progress since the start of the project in fall of 2007.
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Experiments

Bulge testing to determine both elastic and plastic properties in multilayer metallic films allows for both
biaxial and uniaxial testing. Our challenge in adapting this test to the systems of interest is to (1) account
for the substrate supporting the structure, (2) remove the substrate for free-standing film testing and (3)

carry out fatigue testing on these structures. Initial Pressure Deflection of CuNb Multilayer Film
testing on Cu-Nb bilayers (fabricated at LANL) of 20 20

nm thickness, with a total thickness of 2000 nm, is

shown in the pressure — deflection shown in Figure 1. " Filin + Substrate

The film is supported by a micromachined Si / SiO; 10
window 4mm square and 2000 nm thick . The ability to
pressurize a membrane to a specific deflection is
important in this research for determining both the
residual stress in the membrane, which is accumulated
during processing, and the stiffness of the membrane.
The membrane is pressurized with a bellows j
to a specified deflection, which can be either in a ' !’
“positive” or “negative” direction, allowing for very -15

accurate determination of the residual stress. The 0

residual stress and biaxial modulus of the substrate were 80 60 40 20 0 20 40 60 80

Pressure (kPa)

'
a

-10

found to be 17.5 MPa and 163.8 GPa respectively (as Deflection (um)

would be expected for this composite substrate), while ] ]

the residual stress for the film and substrate was 30MPa Figure 1. Pressure-defelction of Cu-Nb
with a biaxial modulus of 164.8GPa. bilayers

Work in Progress and future work includes the following.

a. Testing freestanding films, and dynamic testing at specified frequencies (100°s of Hz) to evaluate the
fatigue response of the material.

b. Fabricate and characterize trimetallic NMM composites

c. Testing of the trimettalic system Cu-Ni-Nb.

Molecular Dynamics Analyses

Our objective here is to use MD simulations to: 1) study the influence of individual layer thickness of bi-
and tri-layer structures to the interfacial energy, and 2) to modify the molecular dynamic code to model
indentation experiments for multilayered metallic composites. The MD code we are using is based on the
Embedded Atom Method (EAM). Within this framework, the total internal energy of a system of N

atoms is expressed as a sum of two terms: (i) F(g;), the embedding energy required to place atom i in an
electron density g, and (i) @ (), the two-body potential between atoms i and j. r;; is the separation
distance between atoms i and j and p; is the host electron density at atom i due to all other atoms. The
host electron density is approximated as the sum of the electron densities f(r;;) of all individual atoms j.
Therefore, we need to determine three individual functions: F(;), ¢ (r;;) and f(r;;).

We started our study by first finding the appropriate potentials for each material used. In general, the
three functions described above are given in the form of spline functions [4,5]. However, these functions
cannot be used for alloys since the functions describe the atomic energy of the bulk pure materials at
equilibrium. Therefore, we needed analytical functions that can be used also for alloys. The method we
used is a combination of two theories. The first is developed by Cai and Ye [6] for fcc metals and the
second is developed by Johnson and Oh [7] for bcc metals. Furthermore, an EAM model with two types
of atoms (say a and b), needs two density functions f, () and f5, (), two embedding energy functions
F.(p) and F, (p), and three pair potential functions @, (7}, @, (1) and @5 (7). The first six functions
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are the functions used for the monoatomic systems. The remaining function ¢, () is assumed to be a
density-weighted combination of monoatomic pair potentials [8]. After the atomic potentials were
developed, Cu-Ni and Cu-Nb bilayer structures were formed and relaxed to equilibrium. Figure 2 shows
the relaxed configuration of the Cu-Nb bilayer.
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a) b)
Figure 2: (a) Relaxed Cu-Nb bilayer. Cu is at the bottom (red) and Nb on the top (blue). The
orientation is as follows: Cu (x-axis [1 1 -2], y-axis [1 1 1]), Nb (x-axis [-1 -1 2], y-axis [1 -1 Q]).
(b) Magnification of the interfacial area along z-axis (Cu [1 -1 0] and Nb [1 1 1] directions). Due
to the big difference (~2%0) between the lattice constants of Cu and Nb, the Nb layer has more
atomic columns than the Cu. The result is an extra atomic columns inside the Nb.

Work in progress :

a. Combining the above materials to study trimetallic Cu-Ni-Nb systems.

b. Modifying the molecular dynamics code to model indentation experiments for multilayered metallic
composites. The objective here to use indentation to generate dislocations at and near the surface that
will propagate through the layers.

c. Creating bi-metallic and tri-metallic multilayered atomistic systems with a number of different
geometries and crystallographic orientations. (currently in progress)

Future work:

a. Calculate interfacial energy for different combinations of layers (Cu-Ni-Nb systems) and different

layer thicknesses.

Introduce dislocations and calculate the interfacial energy for different layer thicknesses.

Investigate the dislocation behavior inside the middle layer under uniaxial tension and compression.

Study the dislocation propagation through the interface.

Analyze possibilities for interface strengthening mechanisms.

Introduce a nano-crack and investigate crack-dislocation interaction under uniaxial tension and

compression.

- D® 00T

Dislocation dynamics analysis for heterogeneous layered structures
Current 3D codes in dislocation dynamics do not address the following two critical issues faced in the
analysis of multilayered structure,

a. Image stresses (resulting from the difference in elastic properties of the different layering
materials): Depending on the bimetal system, such forces can be significant in repelling/attracting
threading channeling dislocations away from/towards the interfaces; thus influencing the effective
layer thickness and dislocation reactions at the interfaces. In the case of nanoscale trimetallic
systems, such effects become more complicated and cannot be easily predicted based on bimetal
results and a computational approach becomes necessary

b. Dislocation-interface interactions: Depending on the crystal and/or orientation of the materials on
either sides of the interface (coherent or incoherent), dislocations impinging on the interface can
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either pile-up or transmit. Upon transmission, additional forces due to the formation of a ledge
care experienced.
To address those issues, our DD framework [9] has already been modified so that the simulation cell can
be made up of any number of layers each having its own crystal structure, orientation and materials
properties. To account for image stress, the multiscale coupling of continuum FEA analysis and DD is

utilized. In the case of two materials, the image force in material 2 due to a dislocation in material 1 o

21
img

21
img !

is determined from an eigenstress of the form: o, =(C, — Cl)g"‘)1 along with superposition principle

[9], where C, is the elastic stiffness tensor of material i and &”" is the dislocation strain field as if the

whole domain was made from material 1. A demonstration of this calculation is shown in Figure 3. The
top and bottom layers are made of Cu and Ni, respectively. An edge dislocation (line along y-axis and
Burgers vector along the x-axis) exists at the center just below the interface in material 2. the stress
contours represent the image stress due to the difference in shear modulus of Cu and Ni.
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Work in progress and Future work:

a. Maodifications made to the DD framework to allow for the specification of interface properties.
For example, if the interface is incoherent, the interface can be made impenetrable to dislocation.
In the case of coherent systems, an additional force can be imposed on a dislocation attempting to
cross the interface. Additional rules as observed in MD simulations, like dislocation core
spreading and trapping at the interface can also be implemented in DD (work in progress)

. Perform DD analysis of dislocation mechanisms in trimetallic NMM composites
c. Establish DD Models of interface dislocations and disconnections
d. Analyze Interface crack-dislocation interaction coupled with DD
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Microstructural Design of Advanced Ceramics

Paul F. Becher
Oak Ridge National Laboratory
Materials Science and Technology Division
MS 6068
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Collaborators: Gayle S. Painter, Klaus van Benthem and Hua-Tay Lin, Materials Science and Technology
Division, Oak Ridge National Laboratory and
Naoya Shibata, Institute of Engineering Innovation, University of Tokyo, Tokyo, Japan

Program Scope: The processing of bulk ceramics typically involves small additions of compounds that
promote densification of a compact of powders of the main constituent. Aside from enhancing
densification, these additions often can modify the microstructure and/or properties of the resultant
ceramic. However, the specific mechanisms by which these changes occur are not well understood
because the elucidation of such is complicated by the fact that ceramics are quite complex systems where
multiple elements and crystalline and non-crystalline phases are present. However, understanding the
role of such additives in the development of microstructural characteristics across multiple length scales
from atomic to macroscopic processes provides a critical path for tailoring ceramics to achieve unique
properties for application in severe environments. This can be achieved only by combining theory and
atomic scale observations to define the behavior of additive atoms in conjunction with experimental
studies of their effects on microstructural evolution and the impact on the properties of ceramics. It is this
approach that forms the basis of this task, which involves contributions from multiple collaborators.

Recent Progress: Our previous aberration-corrected scanning transmission electron microscopy (STEM)
results provided the first direct image of additive rare earth atoms segregated to sites on smooth prismatic [3-
Si3Ny4 grain surfaces [1], which have now been confirmed by several groups [2]. The observed ordering of
the adsorption sites corresponds with those predicted from the first-ever first-principles total energy
calculations to address this issue [3,4]. Subsequent imaging of larger amorphous regions at multi-grain
junctions revealed that the rare earth atoms assembled in layers parallel to the prism surfaces of the Si;Ny4
grains extending several monolayers out into the amorphous pocket exhibiting increasing degree of disorder
with distance from the $-SizN4 surface [5, 6]. Within these nanometer thick intergranular films, ordering is
also observed but is limited to the grain surface, with the bulk of the intergranular film exhibiting no distinct
structure or ordering. On the other hand, measurements of site-specific binding strengths of the adsorbing
atoms have until now eluded researchers. Recently, electron beam irradiation during scanning transmission
electron microscopy (STEM) has been used to probe the relative abundance and stabilities of rare earth
adsorption sites in polycrystalline silicon nitride ceramics. Site-specific binding strengths of gadolinium at
the interface plane between Si;N, grains and the adjacent amorphous triple pockets were found to be
consistent with theoretical predictions [6].

Typically, ordered adsorption of the rare earths within the intergranular film region has only been observed at
one of the grain interfaces, likely a result of misorientation between adjacent grains. This raised the issue of
how general was the nature of the rare earth adsorption. In addition, the question as to whether or not the
addition of additional densification additives will alter the rare adsorption behavior and/or the microstructural
evolution must be considered. Recent observations have revealed ordered rare earth adsorption occurs at the
interfaces of each of the opposing grains within Si;N4 ceramics and is not altered by other additives (e.g.,
MgO, Al,O; or Si0,), confirming the general nature of the adsorption behavior [7].
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The fundamental significance of these findings centers on the fact that nanometer thick intergranular films
are pervasive in polycrystalline ceramic materials, and their structure is typically determined by total
energy minimization under steric (geometric) constraints. In such complex materials, it is also necessary
to take full account of other conditions, (e.g., chemical composition, sintering temperatures and dispersion
interactions). The segregation and adsorption behaviors of different elemental species subjected to
various temperature conditions and the resulting crystalline/amorphous interfacial configurations have
now been shown in this study to critically control phase transformation and microstructural evolution in
ceramics and, hence, their mechanical properties [8,9].

In the case of Si;Ny4 ceramics, a phase transformation must take place during the densification, which
strongly impacts the onset of the evolution of the final microstructure. The temperature at which the
transformation initiates in the presence of a combination of MgO and RE,O; densification additives is
found to decrease with increasing atomic number of the rare earth (RE), Figure 1. This behavior
coincides with the predicted and observed decrease in the affinity of the rare earth to segregate to and
absorb on the prism planes of hexagonal prism-shaped beta grains with increase in the atomic number of
the RE. In addition, when RE adsorption is diminished, the attachment of Si (and N) on the smooth prism
planes is enhanced, which increases diametrical growth rates that are reaction-rate limited. Combined
with the typically fast [0001] growth, it is this augmented grain growth that contributes towards the
initiation of the alpha-beta transformation at lower temperatures.

While the nature of the secondary densification addition (e.g., MgO, Al,O3 or SiO,) does not affect the
RE adsorption behavior, results show that the viscosity of the amorphous phase formed by the additives
increases when MgO is replaced by AL,O; and Al,Os is replaced by SiO, [10,11]. This increase in
viscosity of the amorphous phase during densification is responsible for the substantial increase in the
temperature range over which the transformation occurs when MgO is replaced by SiO, [9]. Increasing
the temperature range for the phase transformation (e.g., by replacing La,O; by Lu,0; or replacing MgO
by SiO,) will inhibit the formation of large elongated beta grains for each temperature-time condition [9].

By understanding the explicit role of the additives at the atomic scale and their impact on physical
processes that occur during densification, one can now tailor the processing conditions for the specific
additives employed to develop, in this case, a self-reinforced microstructure in silicon nitride ceramics.
The proof of the concepts developed is demonstrated by the fact that silicon nitride ceramics containing
the combination of the rare earth oxides and magnesia could be produced where each exhibited fracture
strengths in excess of 1 GPa and fracture toughness values in the range of 10 to 15 MPasm'? at room
temperature combined with excellent strength retention at 1200°C (e.g., >800 MPa).

Future Plans: Papers on the influence of secondary additives (Al,O; or SiO, as compared to MgO) on the
adsorption behavior of rare earth additives and the impact on phase transformation and microstructural
evolution in silicon nitride ceramics will be submitted to refereed journals. Extension of these
fundamental concepts to other ceramic systems will be addressed in future studies. This task terminates at
the end of FY 2008.

References

1. N. Shibata, S. J. Pennycook, T. R. Gosnell, G. S. Painter, W. A. Shelton, and P. F. Becher,
“Observation of Rare Earth Segregation in Silicon Nitride Ceramics at Sub-Nanometer Dimensions,”
Nature, 428:730-33 (2004).

2. C. Dwyer, A. Ziegler, N. Shibata, G. B. Winkelman, R. L. Satet, M. J. Hoffmann, M. K. Cinibulk, P.
F. Becher, G. S. Painter, N. D. Browning, D. J. H. Cockayne, R. O. Ritchie, and S. J. Pennycook,
“Interfacial Structure in Silicon Nitride Sintered with Lanthanide Oxides,” J. Mater. Sci., 41 4405-12
(2006).

83



3. G.S. Painter, P. F. Becher, W. A. Shelton, R. L. Satet, and M. J. Hoffmann, “Differential Binding
Model: Effects of Rare-Earths on f—Si;N; Grain Growth and Microstructure,” Phys. Rev. B., 70:144108
(2004).

4. N. Shibata, G. S. Painter, R. L. Satet, M. J. Hoffmann, S. J. Pennycook and P. F. Becher, “Rare Earth
Adsorption at Intergranular Interfaces in Silicon Nitride Ceramics: Sub-Nanometer Observations and
Theory,” Phys. Rev. B., 72, 140101 R-1 to -4 (2005).

5. N. Shibata, G. S. Painter, P. F. Becher and S. J. Pennycook, “Atomic Ordering at an Amorphous
/Crystal Interface,” Appl. Phys. Lett., 89 051908-1 to -3 (2006).

6. K. van Benthem, G. S. Painter F. W. Averill’S. J. Pennycook and P. F. Becher, “Experimental Probe
of Adsorbate Binding Energies at Internal Crystalline/Amorphous Interfaces,” Appl. Phys. Lett.,
submittted.

7. N. Shibata, P. F. Becher, G. S. Painter, “Interfacial Adsorption of Rare Earths in Si;N,4 Ceramics
Containing Minor MgO, Al,O; or SiO, Additions,” to be published.

8. P.F. Becher, G. S. Painter, N. Shibata, R. L. Satet, M. J. Hoffmann, and S. J. Pennycook, “Influence
of Additives on Anisotropic Grain Growth in Silicon Nitride Ceramics,” Mater. Sci. Engr’g A, 422: 85-91
(2006) - Invited.

9. P.F. Becher, G. S. Painter, N. Shibata, S. B. Waters and H.-T. Lin, “Effects of Rare Earth (RE)
Intergranular Adsorption on the Phase Transformation, Microstructure Evolution and Mechanical
Properties in Silicon Nitride with RE,O; + MgO Additives: RE = La, Gd, Lu,” J. Am. Ceram. Soc.,
accepted.

10. P. F. Becher, M. K. Ferber, L. Riester, and S. B. Waters M. J. Hoffmann and R. Satet, “The Influence
of Mg Substitution for Al on the Properties of SIREMe Oxynitride Glasses,” J. Non-Cryst. Solids, 333(2)
124-8 (2004).

11. G. Pezzotti, K. Ota, Y. Yamamoto and H.-T. Lin, “Elementary Mechanisms Behind the High-
Temperature Deformation Behavior of Lutetium-Doped Silicon Nitride,” J. Am. Ceram. Soc., 86(3) 471-
74 (2003).

Publications from this this project, 2005-2007

1. Publications 2,4,5,8 and 9 above.

2. G. S. Painter and P. F. Becher, “Microstructural Design of Ceramics: Theory and Experiment,” in
Ceramics Science and Technology, Vol. I, edited by Prof. Ralf Riedel and Prof. I-Wei Chen, Wiley-VCH
Weinheim, 2008.

3. V.Fouquet, F. Paumier, M. J. Guittet, M. Gautier-Soyer, R. Satet, M. Hoffmann, P.F. Becher, and
G.S. Painter, Composition and local bonding in RE-Si-M-O-N (M = Mg, Al; RE = La, Lu) Glasses,”
Appl. Surf. Sci., accepted.

4. H.-D. Kim, Y.-J. Park, B.-D. Han, M.-W. Park, W.-T. Bae, Y.-W. Kim, H.-T. Lin and P. F. Becher,
“Fabrication of Dense Bulk Nano-Si;N4 Ceramics Without Secondary Crystalline Phase,” Scripta Mater .,
54: 615-19 (2006).

5. P.F.Becher, S. Ii, Y. Ikuhara, G. S. Painter, and M. J. Lance, “Direct Observations of Debonding of
Reinforcing Grains in Silicon Nitride Ceramics Sintered with Yttria Plus Alumina Additives,” J. 4Am.
Ceram. Soc. 88(5), 1222-26 (2005).

6. C. H. Hsueh and C. R. Luttrell, “Recent Advances in Modeling Stress Distributions in Multilayers
Subjected to Biaxial Flexure Tests,” Compos. Sci. Technol., 67 [2] 278-285 (2007). (invited)

7. C. H. Hsueh and G. A. Thompson, “Appraisal of Formulas for Stresses in Bilayered Dental Ceramics
Subjected to Biaxial Moment Loading,” J. Dent., 35 [7] 600—-606 (2007).

8. H. Conrad, D. Yang and P. Becher, “Effect of an Applied Electric Field on the Flow Stress of
Ultrafine-Grained 2.5Y-TZP at High Temperatures,” Mater. Sci. & Engr. A, in press.

9. Kosacki, C. M. Rouleau, P. F. Becher, J. Bentley and D. H. Lowndes, “Nanoscale Effects on the Ionic
Conductivity in Highly Textured YSZ Thin Films,” Solid State lonics, 176: 1319-26 (2005).

10. C. H. Hsueh and P. F. Becher, “Effective Viscosity of Suspensions of Spheres,” J. Am. Ceram. Soc.,
88(4) 1046049 (2005).

84



11. C.-H. Hsueh, P. Miranda and P. F. Becher, “An Improved Correlation Between Impression and
Uniaxial Creep,” J. Appl. Phys., 99 113513-1 to —7 (2006).

12. C.-H. Hsueh, C. R. Luttrell and P. F. Becher, “Analyses of Multilayered Dental Ceramics Subjected
to Biaxial Flexure Tests” Dental Materials, 22: 460-69 (2006).

13. C.H. Hsueh, C.R. Luttrell and P.F. Becher, “Modelling of Bonded Multilayered Disks Subjected to
Biaxial Flexure Tests,” Int’l J. Solids and Structures, 43: 6014-25 (2006).

85



Atomistic simulations of irradiated materials on the reactor
timescales

Program title: Microstructural evolution and mechanical response of complex
alloys under prolonged particle radiation

PI: Vasily Bulatov
L-367, P.O. Box 808, LLNL, Livermore, CA 94551

Scope and definition

Development of new quantitative methods for simulations of microstructure
evolution in irradiated materials. New algorithms for microstructure simulations reaching
length and time scales of material work-life in real reactors. This research projects
responds to the need to enhance reliability of accelerated material tests in the testing
facilities being developed within the R&D programs on fission and fusion reactors.

Background

Further development of nuclear energetics demands materials that can withstand
harsh conditions of particle irradiation, high temperature and active chemical agents over
tens of years. The only fully reliable method to evaluate the potential of a candidate
material is to subject it to conditions relevant for the future reactor designs. However
such is not a practical approach given that the relevant environment can be achieved only
after the reactor is already built. Furthermore, even if an appropriate material testing
facility were to exist, testing materials over the intervals of 50 years will never be a
viable option. Thus, development of capabilities for reliable accelerated material testing
becomes a critical priority for the future of nuclear energy R&D. The International
Fusion Materials Irradiation Facility (IFMIF) planned for operation in 2017 illustrates the
magnitude of challenges in materials development that the international community is
currently trying to address. The cost of this famous project is enormous (nearly $1B)
requiring the participating nations to pool their resources.

An alternative approach to accelerated materials testing is undertaken by several
research groups in Europe and Japan. As an example, JANNUS is a new multi-beam ion
accelerator facility assembled by CEA (France) at the Saclay and Orsay centers. The
new JANNUS facilities combine several existing ion accelerators with modern in situ and
ex situ diagnostics, all at a relatively low cost. Using one of the accelerators to impart
primary damage and the other accelerators to implant H and/or He,, JANNUS can
“simulate” a wide variety of irradiation conditions, including those produced in real
reactors by neutron irradiation. Scheduled to start in 2008, a typical JANNUS experiment
will use high particle fluxes to impart the same total damage as the material would
receive over its entire work life in the future reactor. What remains unclear, both in the
case of IFMIF neutron source and ion beam facilities like JANNUS, is whether the
material performance observed over 6 hours of violent irradiation can be used to predict
the behavior of the same material over the reactor lifetime. The premise of JANNUS and
possible other future facilities for accelerated materials testing is that numerical
simulations can provide a reliable connection between the accelerated tests and the
material lifetime performance predictions.
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There are two essential requirements to numerical simulations to be useful in this
undertaking. The first is fidelity: the models should be based on accurately quantified
mechanisms of material degradation. The second requirement is computability: the
numerical algorithms should be as efficient as necessary to cover the relevant set of
irradiation conditions in detail. If and when both conditions are met, numerical
simulations will be able to serve as the bridge connecting the accelerated tests a la
JANNUS to predictive work life material assessment. This work is a part of BES-funded
project “Microstructural evolution and mechanical response of complex alloys under
prolonged particle radiation” in which we develop, in collaboration with UIUC and CEA
Saclay, the methods for accurate and computationally efficient simulations of damage
accumulation on the time scales ranging from accelerated tests to the reactor lifetime.

Recent progress

Plethora of methods exist for computational prediction of microstructure of
irradiated materials ranging from atomistic calculations of very high (chemical) accuracy
to mean-field cluster-dynamics methods relying on various more or less crude
approximations. As usual, the accuracy can be traded for computational efficiency. In this
range, kinetic Monte Carlo (KMC) has arguably the greatest potential for accurate
simulations connecting atomistic mechanisms of defect formation and motion directly to
the kinetics of microstructural evolution. Numerous research efforts are now centered on
obtaining accurate atomistic input to the KMC simulations of irradiated materials. The
critical obstacle for the KMC approach is its low computational efficiency: current KMC
simulations fall far short of the length and time scales relevant for microstructure
evolution in the reactor environments. Especially wide is the time scale gap: whereas the
time scale of atomistic diffusion can be of the order of nano-seconds, the resulting
microstructure evolution has to be modeled on the reactor time-scale (tens of years).

The only seemingly plausible route to bridging this notorious time scale gap is to
employ a coarse-grained description, such as phase-field method in which smoothly
varying concentration field(s) are used to approximately represent material
microstructure while the details of atomic positions in the crystal lattice are no longer
considered. Remarkably, for a class of materials of interest (pure iron and dilute iron
alloys), an alternative method exists that efficiently bridges the time scale gap all the
while representing the material microstructure in full atomistic details. This is the method
of first-passage kinetic Monte Carlo (FPKMC) developed recently by the PI and his team
at LLNL.

When it comes to pure metals and dilute alloys, the main computational
bottleneck for the detailed KMC simulations is the need for a very large number of
Monte Carlo cycles required to bring the crystal defects (vacancies, interstitials,
impurities and their clusters) into their interaction range by diffusive hops'. As a result,
simulations of radiation damage have been limited to rather small material volumes
(typically no more than 1 ) and very low irradiation does (between 0.01 and 01
displacements per atom (dpa)). There have been several attempts to circumvent the need

' An additional serious difficulty arises when some of the unit mechanisms by which the
model evolves have vastly different kinetic rates. Such stiffness is often, if not always,
the case when it comes to simulations of material microstructures.
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for the numerous diffusive hops [1,2], all of them achieve some improvements in the
efficiency of KMC simulations but at a cost of their accuracy. The fundamental
difficulty that neither of the earlier methods can fully address is that statistics of
collisions in the system of N random walkers (diffusing crystal defects) is a difficult N-
body problem in which the probability of collisions between, say, walkers 1 and 2,
depends on all other N-2 walkers in the system. It is only in the limit of very small hops
(in [1]) or vanishing time steps (in [2]) that such approximate methods become
asymptotically exact. Unfortunately, in this same limit the mentioned methods lose their
numerical efficiency.

Our new method FPKMC is based on the exact solutions for the first passage
statistics of random walks and a time-dependent Green’s function formalism [3]. Rather
than relying on approximations, the method presents an exact numerical solution of the
N-body problem for the statistics of collisions among N randomly diffusing particles. At
the same time the method is strikingly more efficient than the approximate methods
previously developed for KMC simulations of radiation damage or numerous other
diffusion-controlled process. The method relies on the trick of spatial protection [4] to
reduce the difficult N-body problem to a combination of much simpler 1-body and 2-
body problems. The resulting FPKMC algorithm is asynchronous: every walker
propagates within its personal space and time horizon. The numerical efficiency of the
FPKMC algorithm derives from its ability to propagate the walkers over distances close
to the average particle spacing on each Monte Carlo cycle coupled with the fact that the
cost of such time step remains O(1). At the same time, the algorithm is as exact as a
Monte Carlo algorithm can be: for any number of walkers N, the statistics of
simultaneous random walks with collisions is correctly reproduced in the limit of large
number of independent Monte Carlo simulations.

We have performed numerous numerical tests in which the new method’s
accuracy and computational efficiency was amply demonstrated [3]. The FPKMC
algorithm was shown to be capable of simulating systems with 10° diffusing particles and
to cover time scales exceeding 200 decades, all at a modest computational cost (on a
single CPU workstation). Given its accuracy and efficiency, the FPKMC algorithm seems
to be ideally suited for atomistic simulations of damage accumulation in irradiated
materials. In addition to circumventing the need for the numerous atomic hops, the
method efficiently addresses the problem of disparate kinetic rates: in some of our recent
simulations the ratio of maximum-to-minimum kinetic rates reached over 15 orders of
magnitude yet the simulations remained efficient. We have recently completed an
extension of the FPKMC method to simulations of damage accumulation under electron
and particle (neutron, ion) irradiation. This extension required us to find efficient ways to
handle, in addition to defect diffusion, the reactions of defect annihilation and
agglomeration (clustering), emission of monomers from defect clusters, insertion of new
defects in the form of Frenkel pairs or displacement cascades, interaction with defect
sinks and others.

Our new computer code employs a general protocol for the code user to define
new models for a wide range of materials under irradiation. First, the code has been
tested on a set of relatively simple models of pure iron subjected to electron irradiation up
to a low dose of 0.018 dpa. The method surpassed our expectations for computational
performance: whereas previously the same simulations required days of continuous

88



computing [5], it has taken us just 10 minutes with the new method to reproduce the
earlier results. Given the method’s demonstrated efficiency, we continued simulations of
the same model material to the doses 3 orders of magnitude higher than was previously
accessible, e.g. to 20-30 dpa. We believe ours are the first ever atomistic KMC
simulations of radiation damage to the doses typical of real nuclear reactors. What is
even more remarkable is that the method’s high efficiency is not limited to the typically
high damage dose rates (~10*dpa/s) assumed in the earlier KMC simulations whose
numerical efficiency deteriorates with the decreasing dose rates. In contrast, the new
method performs admirably down to dose rates typical of real reactors (10 dpa/s) and
lower.

Encouraged by this high efficiency we performed two series of simulations at two
different dose rates: (series 1) at a dose rate of 10™dpa/s typical of the accelerated
material tests in ion beam facilities and (series 2) at a lower dose rate of 10*dpa/s typical
of the conditions in the current reactors. Each of the two series contained simulations
performed at five different temperatures selected to evaluate, by numerical simulations, if
the damage accumulated in iron under high rate irradiation can be used to predict the
damage that will be accumulated in the same material on a much longer time scale of the
actual reactors [6]. The results suggest that the rates of microstructural evolution can be
enhanced by 4 orders of magnitude in the accelerated tests by raising the test temperature
so that the resulting damage at an end-of-life dose (~20 dpa) will be approximately the
same as that in the reactor conditions but a lower temperature. The observed scaling is
only approximate and some differences in the resulting microstructures are clearly
detectable. Nevertheless, our observations encourage us to think that accurate KMC
simulations of damage accumulation in irradiated materials can be meaningfully
employed for enhancing reliability of the accelerated material tests.

On-going work and future plans

Together with our collaborators at CEA Saclay we are now developing new, more
accurate models of iron under multi-beam irradiation. The new models will include He,
H, C and possibly other minor alloying elements. Simultaneously, we are also working
on a novel computational approach of multi-resolution Monte Carlo that can potentially
bridge the length and time scales gaps still existing in KMC simulations of concentrated
multi-component alloys. We intend to develop several new algorithmic ideas to
accelerate the overall rate of the lattice KMC by many orders of magnitude while
retaining the method’s accuracy as required for simulations of material microstructure on
the length and time scales relevant for the future nuclear energy systems.
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Program Scope:

The Mechanics of Small Length Scales project encompasses three major thrust areas: Mechanical
Properties of Nanostructured Materials, Theory of Microstructures and Ensemble Controlled
Deformation, and Mechanics and Dynamics of Nanostructured and Nanoscale Materials. These thrusts
combine theory and experiment in order to obtain atom-level control and understanding of properties.
Specific interests include the elastic and plastic deformation of bulk and nanostructured materials, the
thermal evolution of a material’s micro- and nanostructure, anelastic relaxation, and atomic-scale studies
of mechanical deformation in nanoscale materials.

Recent Progress/Future Directions:

Mechanical Properties of Nanostructured Materials. This thrust area focuses on understanding the
deformation mechanisms and resulting strengths of nanostructured metals, and on determining the
stability of these structures.

We use special synthesis methods to produce metals with highly refined nanostructures, and then
determine their strengths. For instance, we used ion implantation to form high densities of nanometer-
scale oxide precipitates in metals, evaluated their strengths by combining nanoindent-ation with finite-
element modeling, and showed that yield strength is well accounted for by the Orowan mechanism where
precipitates block dislocation motion. More recently, we have shown that He bubbles (Fig. 1a) also block
dislocation motion and produce similar high strengths (2.9 GPa), but by a different mechanism: the
dislocations become bound to the bubbles.

We also examined the strength of fine-grained Ni (~10 nm) produced by pulsed-laser deposition, and
found that Hall-Petch scaling of strength and hardness extends to such small grain sizes. Our recent
collaborations with Univ. Pittsburgh (Profs. Mao and Wiezorek) and NCEM (E. Stach) used in-situ TEM
to identify deformation mechanisms in this material, and found rather direct evidence that grain rotation is
a prominent mechanism along with dislocation motion. We also demonstrated that individual grains in
this material can undergo quite high lattice distortions. The grain agglomerates formed by the rotation
appear closely related to the dimpled surfaces found when nanocrystalline metals are fractured (Fig. 1b).

The nanocrystalline Ni is found to be unstable with respect to abnormal grain growth at modest
temperatures (250-400°C, work with Prof. Robertson, Univ. Illinois); see Fig. 1c. Unexpectedly, the
enlarged grains contain numerous defects, including twins, stacking faults, dislocations and stacking fault
tetrahedra, which are thought to be related to their growth into the nanocrystalline metal with its high
density of grain boundaries. In addition to wanting to understand the stability limits of nanostructured
metals, we are interested in the mechanical properties of the bimodal structures produced by the enlarged
abnormal grains in the metal. The bimodal structure is expected to exhibit much greater ductility than the
original nanocrystalline metal while retaining some of its high strength.

Theory of Microstructures and Ensemble Controlled Deformation. The goal of this thrust area is to
combine experiment, modeling, and simulation to construct, analyze, and utilize three-dimensional (3D)
polycrystalline micro- and nano-structures.

In support of the experimental work on abnormal grain growth described previously, we have extended
our successful model for abnormal subgrain growth to include nanocrystalline film structures, including
the appropriate geometry, crystallography, and grain boundary properties. Since surface effects are
particularly relevant to nanocrystalline films, we include both geometric surface effects (i.e. the transition
from equiaxed to columnar growth) as well as surface free energy anisotropy in the model. To ensure
equivalence with experimental systems, we are also implementing the capability to create simulation
microstructures directly from EBSD micrographs. Finally, since particle pinning is a proposed
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mechanism for controlling nanocrystalline grain growth, we have studied particle effects on abnormal
growth. We find that, depending on the initial conditions, particles may have a profound effect on grain
evolution — or almost none at all.

Because both normal and abnormal grain growth are governed by grain boundary properties, we focus
on quantifying the properties of Ni grain boundaries. In particular, we have developed an automated way
to generate minimum energy grain boundary structures, which we utilize in novel molecular dynamics
(MD) simulations to determine boundary energy and mobility for a large catalog of grain boundaries, as
shown in Figure 2. Polycrystalline MD simulations also elucidate the interaction between grain
boundaries and vacancies that may lead to defect generation. Finally, new polycrystal plasticity models
will help characterize the mechanical properties of nanocrystals, with particular attention to the role of the
grain size distribution on strength and ductility.

Mechanics and Dynamics of Nanostructured and Nanoscale Materials. The objective of this thrust
area is to develop atomic-scale understanding of dynamic processes in materials. These include internal
dissipation and defect motion during plastic deformation of nanotubes and nanowires.

Our recent experimental work in internal dissipation is focused on anelastic relaxation in
nanostructured materials, including nanocrystalline Ni films and nanoporous metals. This latter activity
includes collaboration with A. Misra et al. (Los Alamos National Lab) and their nanoporous materials of
Au and Pt. Molecular dynamics simulation of internal dissipation in nanocrystals of silicon containing a
split interstitial defect have recently been completed. Matching between the defect relaxation rate and the
longitudinal acoustic wave frequency produces a unique temperature-dependent signature characteristic of
this defect. Due to the importance of phonon transport and scattering in internal dissipation of nanoscale
materials, a new activity has been initiated to probe boundary scattering processes in phonon transport.
The experimental structure enables the measurement of differential thermal conductivity between two
nanoscale specimens — a control structure and a test structure that has been modified in order to increase
boundary scattering.

With the recent arrival of Jianyu Huang to Sandia (formerly of Boston College), new activities are
being initiated within this thrust to image defect motion and plastic deformation in nanoscale materials
with atomic scale resolution. This capability consists of a unique transmission electron microscopy +
scanning probe microscopy (TEM-SPM) platform, wherein fully functional scanning probe microscopes,
including a scanning tunneling microscope (STM), an atomic force microscope (AFM), and a
nanoindentor, are integrated into a high resolution TEM. This platform has enabled the understanding of
atomic scale deformation processes in carbon nanotubes (CNTs) and elucidated a number of novel
deformation mechanisms, such as superplastic elongation, dislocation glide-induced cross-linking of
nanotube walls, kink motion, the electrical transport properties of each individual wall in a multi-wall
CNT, and the formation mechanisms of buckyballs [1-10]. One such example that reveals the experiment
and simulation of dislocation dynamics in a CNT is shown in Fig. 3 [6]. Current experiments are focused
at understanding dislocation structures, size-mediated plasticity, internal energy dissipation mechanisms,
and the electrical-mechanical coupling mechanisms of CNTs and nanowires.
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Fig. 1a. TEM image of He bubbles
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Fig. 1b. In-situ TEM image of crack
advancing into nanocrystalline Ni,
with grain agglomerates (bright, larger
than nanograins) forming around it.
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Fig. 1c. Two abnormal grains (~300nm)
with internal defects growing into nano-
crystalline Ni grains (10-20 nm) at
275°C.

Fig. 2. Boundary mobility versus energy for 388 Ni grain boundaries, as determined from molecular dynamics
simulations. Note that contrary to conventional wisdom, energy and mobility are not highly correlated.

Fig. 3. In-situ dislocation dynalmcs in a multlwalled CNT Arrowheads and slim arrows point out the dislocation
cores and the dislocation lines, respectively. The fat arrow points out a kink. As the dislocation or kink passes by, a
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nanocrack was created in (a)-(d). The core of the edge and screw dislocations in (e)-(i) is marked in red, and green,
respectively. (a) A dislocation with a Burgers vector of ¥2[0001] is nucleated. (b) The dislocation climbs up. (c) A
dislocation with a Burgers vector of %2[000-1] is formed, and it interacts with the climbing-up ¥2[0001] dislocation.
(d) The ¥2[0001] dislocation annihilates with the %2[000-1] dislocation, forming a kink. (e)-(f) An atomic structural
model of the dislocation in (c). The dislocation loop has two edge (red) and two screw components (green). The
atoms marked in blue are for reference. (g)-(i) Schematic structural model explaining the kink formation due to the
interaction of a ¥2[0001] and a %2[000-1] dislocations in graphite layers.
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Program Scope

This program aims to develop fundamental understanding of mechanical behavior across multiple length
scales in metals and alloys. Of special interest are new mechanical phenomena, including size effects on mechanical
properties, unusually high ductility in B2-structured rare-earth ordered alloys, magnetic effects on strength and
ductility, and pseudoelasticity in the absence of obvious structural transformations. Interesting size effects occur at
several different length scales, but our near-term focus is on small-scale mechanical behavior. Over the long term,
our goal is to understand the physical mechanisms of interaction across multiple length scales in multiphase alloy
systems. The observed relationships between mechanical properties and microstructural features (controlled, as
needed, by innovative processing techniques and characterized by state-of-the-art microanalytical tools) are used to
model deformation and fracture processes. This understanding leads to the formulation of broad scientific principles
for the design of advanced metallic materials for use in a variety of next-generation energy production and
conversion applications.

Recent Progress

Because of space limitations it will not be possible to describe fully our recent research progress; rather only
selected highlights are provided below. A partial list of publications resulting from this work is provided at the end
of this abstract.

Small-scale mechanical behavior

In many cases one needs to be able to measure and understand the mechanical behavior of small volumes
of materials including, for example, structural materials in which the constituent phases can have length scales of a
few nanometers to hundreds of nanometers. It is also necessary sometimes to know how mechanical properties vary
from point to point in a complex structural component, in order to understand both how properties evolved from
prior processing and to predict future service behavior. To accomplish this, spatially resolved mechanical tests can
be performed in situ, e.g., by micro/nanoindentation, or ex situ by micro-machining small-scale specimens from the
regions of interest and conducting micro-compression/tensile tests. Regardless of the manner in which the tests are
performed, it is important to understand how the measured mechanical properties are influenced by the small length
scales of the tested materials.

Recently, a new micro-compression test was developed to measure the small-scale mechanical behavior of
free-standing pillars [1]. Using this method, micro-pillars with sizes down to a few hundred nanometers have been
fabricated and tested in compression [e.g., 2]. The compression testing is typically conducted in a modified
nanoindentation system equipped with a flat-tip indenter and, as in the case of bulk compression tests, is believed to
largely avoid strain-gradient effects, although recent tensile tests on long-gage-length specimens [3] suggest that end
effects can influence the measured strengths. Several methods can be used to fabricate micro-pillars for compression
testing, but the most common technique is fabrication from bulk materials by focused ion beam (FIB) milling.

Recently, we developed an alternative technique to produce single crystal micro-pillars that avoids FIB
milling. Our technique involves directional solidification of eutectic alloys to produce long-aspect-ratio fibrous
composites, followed by etching away of the matrix to expose the fibers as free-standing micro-pillars [4]. By
controlling the directional solidification rate, the spacing and size of the pillars can be systematically varied, as
shown in Fig. 1. In the case of NiAl-Mo eutectics, the matrix has the composition Ni-45Al (at.%) and the pillars,
which are approximately square in cross-section, have the composition Mo-10A1-4Ni (at.%). The matrix and fiber
are both single crystals and grow along <100> with {110} interfaces.

Compression tests of these Mo-alloy micro-pillars showed that, after an initial elastic regime, they all
yielded at shear stresses close to the theoretical strength (~u/26, where u is the shear modulus), independent of size
for sizes in the range 360~1000 nm [5]. Figure 2 shows representative load-displacement curves along with images
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of several pillars before compression. Only those tests where the flat-punch indenter landed squarely on individual
pillars were included in our analysis. Table 1 summarizes the yield strength data from a number of valid tests on
pillars of different sizes which shows that the directionally solidified Mo-alloy micropillars behave like dislocation-

free materials.

25 . . . . 1000

20+ 4 800

3 400

Spacing A (um)
(wu) e az;s 1aq14

m Fiber size a (nm)

0.50 200

0.0

| | 0
015 02 025

112

0 0.05 0.1

Growth rate R" [(mm/h)"]

Fig. 1 Single-crystal Mo-alloy micropillars with different sizes
and spacings can be grown by varying the directional
solidification rate. Pillar size varies inversely as the square root of
the growth rate. Electron backscatter diffraction shows that the
pillars with nearly square cross-sections grow along <100> with
{110} edges [4].

Because the directionally solidified micro-pillars behave like dislocation-free materials, they provide a
unique opportunity to probe dislocation nucleation events. Additionally, by comparing their yield strengths with the
pop-in stresses obtained from nanoindentation experiments we showed recently [6] that it is possible to
experimentally distinguish between homogeneous and heterogeneous dislocation nucleation. In nanoindentation
tests, the stress state is nonuniform, and the resolved shear stress on potential slip systems reaches a maximum

underneath the contact. Therefore, dislocation nucleation
is expected to occur inside the solid. In micro-pillar
compression tests, on the other hand, the stress field is,
in principle, uniform, and dislocation nucleation can
occur anywhere in the gage section including at free
surfaces and edges. Consequently, in nanoindentation,
dislocation nucleation is likely to occur homogeneously
in the bulk, as full dislocation loops but, during micro-
pillar compression, it is expected to occur
heterogeneously at surfaces and edges, as half or quarter
dislocation loops.

To verify this, nanoindentation was performed
on bulk single crystals and free standing short micro-
pillars using indenters with 178 and 580-nm tip radii. As
shown in Table 2, the critical shear stress for dislocation
nucleation during nanoindentation is ~1/8 of the shear
modulus for two different Mo-alloy single crystals (Mo-
3Nb and Mo-10Al-4Ni). The corresponding stress in
uniaxially compressed Mo-10AIl-4Ni micropillars is
~1/26 of the shear modulus. Our analysis shows that this
strength difference is due to the higher critical stress
required to nucleate a full dislocation loop
homogeneously in the bulk as opposed to a half or
quarter loop heterogeneously at a surface or edge.
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Fig. 2 Micro-compression tests of Mo-alloy pillars
with sizes in the range 360-1000 nm: (a) Compressive
load-displacement curves; SEM images of micro-
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Table 1. Summary of compressive yield strengths of Mo alloy micro-pillars. The pillars all yielded at ~9 GPa
(i.e., at ~u/26) independent of size [5].

Nominal pillar size, Number of Measured area, A Compressive yield
a [wm] valid tests [Mmz] strength [GPa]
1.00 5 1.00 £ 0.02 9.17 +0.44
0.75 4 0.58 £0.02 9.24 +0.77
0.50 12 0.26 +0.02 9.30 +0.48
0.36 9 0.13 £0.02 9.18 £ 1.16
Table 2 Mechanical properties of Mo-alloy single crystals evaluated from nanoindentation and micro-pillar

compression tests. The shear strength (7,,.x) is calculated by using the pop-in load and the slip system that has the
maximum resolved shear stress [6].

Phop-in (mN) T, . (GPa) T 0 Ut
Nanoindentation
Bulk Mo-3Nb (R=580nm) 3.08 (mean) 15.1 0.116 8.62
3.29 (upper bound) 154 0.119 8.43
Bulk Mo-3Nb (R=178nm) 0.329 (mean) 15.7 0.121 8.27
0.359 (upper bound) 16.2 0.125 8.03
Pillar Mo-10AI-4Ni (R=178nm) 0.31 (mean) 14.8 0.123 8.13
Micro-compression

Pillar Mo-10A1-4Ni n/a 4.6 0.038 26.2

Understanding the fundamentals of unusual ductility in B2 rare-earth alloys

Promoting ductility in polycrystalline, highly ordered B2 alloys has been a long-time goal. Recently, there
have been several reports of ductility in such compounds, particularly in rare-earth based materials such as YAg.
These materials are line compounds, with high anti-phase boundary (APB) energies; however, they can exhibit
significant tensile elongations. The origins of this unusual behavior are not understood, in particular the
mechanisms of deformation. Understanding this may lead to new strategies for optimizing other B2 materials as
well.

We have recently demonstrated that observed deformation modes in these systems are possibly related to
phase transformations to other crystal structures, in particular to the B33 CrB-type structure and the related B27
FeB-type structure [7]. Ab initio calculations show that these structures compete closely with the B2 structure,
resulting in low stacking fault energies on the B2 {110} planes. The transformation from B2 to B33 is shown to be
related to that in shape memory alloys such as NiTi. We predict that the B2 <100> dislocations may be dissociated,
due to a low stacking fault energy on {110} planes, with a stacking fault that produces local stacking similar to the
B33 crystal phase that closely competes in these systems. Such dissociations have been observed in the low-
temperature NiTi phase, and in similar materials including ZrCo. We have also used ab initio calculations to
demonstrate that ZrCo, a B2 compound with reasonable ductility, also has the B33 phase as a ground state, with a
small barrier to transformation. This barrier may explain why this phase has not been observed experimentally,
though it has been observed in related ternary alloys and in ZrCo near crack tips. This suggests that these materials
may exhibit transformation toughening.
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Future Plans

Pillars produced by directional solidification offer a unique opportunity to investigate small-scale
mechanical behavior because we can systematically introduce dislocations by room-temperature pre-straining to
study the effects of initial dislocation structure on pillar behavior without the confounding effects of other defects
that may be present in FIB-milled pillars. To this end, we plan to pre-strain the NiAl-Mo composites to different
amounts and then etch away the matrix to reveal free-standing pillars with different sizes and dislocation densities.
Micro-compression experiments on such pillars will allow us to probe the transition from discrete to collective
dislocation behavior. Complementary nanoindentation experiments to shed further light on this transition are also
planned.

Our calculations have shown that pseudo-binary systems may provide a convenient approach to test the
effect of B2/B33/B27 relative phase stability on ductility. For example, YNi is B27 at all temperatures, while YZn is
B2 at all temperatures with a large energy difference between the B2 phase and the competing structures.
YNigsZng s is predicted to have phase stability similar to that of YCu, which exhibits significant tensile ductility.
Thus, by tuning the composition, the phase stability may also be tuned, and effects on ductility may be measured.
This approach will be used experimentally to examine these materials. Further calculations will focus on
transformation pathways and generalized stacking fault surfaces, as well as the development of empirical atomistic
potentials to allow examination of dislocation core structure and other defect properties in these materials.
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Atomic environments—structural units defined by the relative configuration of an atom
and its neighbors—inside and in the vicinity of an interface may be distinctly different
from those in the neighboring perfect crystals. Some interfaces have structures that are
easily inferred such as a X3 symmetric twin boundary in an fcc crystal. Most other
interfaces possess atomic structures that are not so “intuitive” and may require many
variables to adequately define the atomic configuration in and near the interface. Such
interfaces are much more interesting than the simple twin interface, because they often
possess many metastable states for a given set of macroscopic degrees-of-freedom. These
various states may differ in energy, but by relatively small amounts, and may be
separated by small energy barriers. Consequently, they may easily change state, and,
therefore, configuration, in response to changes in stress, temperature, and composition.
These easy configurational changes enable such multi-state interfaces to actively
participate in and influence a broad array of reactions and processes. In this talk we will
focus on the atomic structure of interfaces in incommensurate systems and present some
new results showing the relevance of this structure to dislocation and point defect
interactions. These results help to explain the behavior of nanolayered composites.
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Powerful characterization tools have emerged over the last decade, made possible by
intense new x-ray and neutron facilities. These characterization tools offer unprecedented
opportunities to explore underlying structures in materials and how these structures
control materials properties. Here we briefly describe three related characterization
techniques that directly impact research interests in the Mechanical Behavior and
Radiation Effects Core Research Area: (1) nondestructive 3D micro-imaging of
mesoscale crystal structures for studies of deformation, grain growth and fracture; (2)
micro-diffuse scattering for sensitive studies of radiation damage and defects in small or
polycrystal samples, or in dangerous or hard to produce crystals; and (3) micro-beam
neutron diffraction for characterization of fragile crystal structures, for measurements of
samples in extreme environments and for studies of heterogeneous samples with both low
and high Z components. The new information from these techniques can guide and
challenge theory and can provide detailed tests of state-of-the-art models of materials
behavior. The talk will give examples of recent results and evolving capabilities, will
highlight some ongoing mysteries where striking experimental results are not yet
understood and will humbly suggest research where fruitful collaborations are likely.
Ultimately the aim of the talk is to promote a deepening dialog with the leaders in the
Mechanical Behavior and Radiation Effects Core Research Area, and to advertise
emerging experimental capabilities that can impact ongoing and future research
programs.
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Program Scope

The goal of this project is to attain a fundamental understanding of the formation mechanism, thermal
stability, and hardening mechanism of stable nanoclusters in metallic matrices. This work is motivated by
observation of remarkably stable nanoclusters (2-4 nm in diameter) in Fe-based ferritic alloys (e.g.,
14YWT, Fe-14Cr-3.0W-0.46Ti-0.3Y,03, wt%) prepared by mechanical alloying. These nanoclusters are
enriched with Ti, Y, and O atoms with the composition best described by (TisxY10)(Oso), as determined by
atom probe analyses. The clusters are surprisingly stable during long-term creep tests at 650-900°C, and
they are responsible for reducing the creep rate by six orders of magnitude. The study of the scientific
mechanisms underlying these stable nanoclusters is expected to identify novel material states that are
capable of extending the useful temperature range of nanophase materials from ambient to elevated
temperatures.

The unusual thermal stability of the nanoclusters in 14YWT has been the major focus of the research
to date. While initial study has been with Fe-based alloys, with the intention to use our emerging
knowledge to predict and verify other metallic systems containing potentially stable nanoclusters to
extend our mechanistic understanding of this phenomena. This research is composed of two major tasks:
(1) theoretical and experimental studies of the formation mechanism and thermal stability of stable
nanclusters in metallic systems using atom-scale characterization tools and first-principles calculations,
and (2) experimental and modeling studies of hardening mechanisms of stable nanoclusters at ambient
and elevated temperatures.

Recent Progress

Direct quenching combined with atom probe analyses revealed that nanoclusters in ferritic alloys
were stable at temperatures as high as 1400°C (0.91T,,). The ultra-high stability of these nanoclusters
was confirmed by in-situ small-angle neutron scattering up to 1400°C. Atom probe tomography of
several conditions of the 14YWT alloy revealed that the gain boundaries were also decorated with an
enhanced number density of the Ti-, Y- and O-enriched nanoclusters [1], as shown in the atom maps in
Fig. 1. The density of nanoclusters was sufficiently high (> 10** m™) that impingement of some of the
nanoclusters was apparent. Visual inspection indicated that the nanoclusters on the grain boundaries were
similar in size to those in the grain interior. No significant difference in the composition of the
nanoclusters in the grain interior and on the grain boundaries was detected. The grain boundaries were
also found to be enriched in Cr, W and C over an ~4 nm wide region centered on the grain boundary, with
maximum levels of 20 at. % Cr, 2 % W, and 0.4 % C, respectively. These nanoclusters may form
preferentially at the grain boundaries either due to the inhomogeneous distribution of solute at the grain
boundaries or due to enhanced nucleation and diffusion along them [2].

Design-by-atoms calculations based on first-principles calculations were used to determine the
interaction of solute atoms on the Fe lattice [3]. Oxygen, confined as an interstitial, showed an
exceptionally high affinity for vacancies, an effect enhanced by spin-polarization. This O-vacancy
mechanism enables the nucleation of O-enriched nanoclusters that attract solutes with high O-affinities
(Ti and Y). The stability of these nanoclusters is a consequence of the fact that defects and solutes with
high individual formation energies can collectively form a bound state system of low energy and high
stability. In order to nucleate the nanoclusters on the Fe lattice, the binding energy of an O atom [Ep(O)]
in the cluster has to be lower than the heat of formation of the TiO, oxide phase. We note that there is a
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large energy difference between Ey(O) in defect-free Fe (-0.6 eV) and the heat of formation (per O) of
TiO, (-4.3 eV). As noted in Fig. 2, vacancies play a pivotal role in reducing this energy difference.
Specifically, we find that E,(O) in an O-vacancy pair (O:V) increases by as much as 3.2 eV as the
neighboring Fe atoms are progressively replaced by Ti atoms. This is because the O:V pair has an
unusually high binding energy and Ti has a higher affinity for O than Fe. Figure 2 also indicates a further
increase in E,(O) by approximately 0.4 eV due to the interaction between O:V pairs in the presence of Ti.
Thus, the total increase of E,(O) for an O atom in an O:V pair in the presence of Ti solutes can be as large
as 3.6 eV, which is surprisingly close to the energy difference (3.7 eV) between Ey(O) in defect-free Fe
and the heat of formation of TiO,. Our further calculations indeed indicate that small additions of the
large atoirrn, Y, inc[ease Eb(P) by ~Ci.7 eV, enabling the formation of nanoclusters instead of TiO,.

————01n defectfree Fe
l vacancies H0.6ev)

— O -vacancy pair (O,)
T
TIO elusters

|
0.-0, interactions
TIO; (-4.3 aV)
iy Slable
Nanoclusters

Y,ThO;(-5.98V)

Binding anergy of O {8V/0)

Fig. 2. Schematic representation of oxygen
Fig. 1. 4-nm thick atom map slices of a grain binding energy levels in defect-free Fe, in O-
boundary region in 14YWT ferritic alloy hot vacancy pair, and in clusters. For reference, the
extruded and annealed for 1h at 1000°C (top: grain corresponding energy levels of oxide phases are
boundarv edae-on: bottom: side view). also shown. I31

It should be noted that the ternary oxide phase Y,Ti,O is a very stable compound with the calculated
formation energy of -5.9 eV per oxygen atom. Consequently, the energy of O atoms in the nanoclusters
can hardly become lower than the formation energy of the Y,Ti,O; oxide phase in the presence of Y. If
too much Y is present, the Y,Ti,O; oxide phase is likely to precipitate. Therefore, the conditions for
stable nanoclusters require a well-dispersed Y distribution with more Ti than Y in the nanoclusters.

A magnetism-induced O confinement is identified as one of the significantly contributing sources (by
1.1 eV) to this unusually strong O-vacancy binding. For O in an interstitial octahedral site of defect-free
Fe, there exists strong spatial confinement of charge with localization in the core region of the O atom.
Now, with creation of a nearest-neighbor vacancy, the O charge confinement is alleviated by electron
delocalization into the newly-created volume: as a result, the electronic kinetic energy is reduced and the
O-vacancy binding is greatly enhanced.

To provide experimental evidence that vacancies play a key role in the stability of nanoclusters in
14YWT [3,4], position lifetime spectroscopy was used to detect vacancy cluster formation in three
samples: (1) 14YWT with nanoclusters, (2) a cast alloy with the same composition as (1) but containing
no nanoclusters, and (3) a powder metallurgy alloy with the same composition as (1) but containing
neither Y nor nanoclusters. Vacancy clusters that are equivalent to 4-6 vacancies were found to be
associated only with the nanocluster sample. The observed vacancy clusters are consistent with the
theoretic prediction that the vacancies are a constitutive element vital to the formation of nanoclusters in
14YWT.

Characterization of structural features reveals that the mechanical behavior of 14YWT can be affected
by nanoclusters in the grain interior, grain boundaries decorated with nanoclusters, and grain size, each of
which may contribute to the hardening in different proportions at different temperatures. At present, we
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are attempting to identify each individual role in hardening. After hot extrusion and annealing (1
h/1000°C), the grain size of the 14YWT alloy is ~100 nm, i.e., it is an ultra-fine grained (UFG) material
[5]. This suggests that there are at least two contributions to its room temperature strength: the
strengthening due to the nanoclusters, and the strengthening due to the small grain size (Hall-Petch
strengthening). Annealing for 24 h at 1200°C resulted in a grain size well above 100 um, while the
nanocluster population remained essentially unchanged (as revealed by small angle neuron scattering).
The UFG material was much stronger at room temperature than the coarse-grained material: the 0.2%
compressive yield stresses were ~2040 and ~840 MPa, respectively. Based on experimental results for
UFG ferritic steels, this is not unexpected — the Hall-Petch contribution for the difference in the grain
sizes can be more than ~1500 MPa. Surprisingly, however, the UFG material was not weak in
compression-creep testing at 800°C (0.7T,,), where superplasticity or diffusional creep would be expected,
but exhibited instead very high creep strength. By testing at temperatures to 1050°C, we finally found
conditions for which the UFG material is weaker than the coarse-grained one (see Fig. 3). We suspect
that the nanoclusters on the grain boundaries are responsible for the remarkable resistance of the grain
boundaries against sliding and diffusion at high temperatures. Note that both materials have the same
strength at 950°C. More work is needed to develop the mechanistic underpinnings of these observations.
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Fig. 4. BF-STEM micrographs for the 5-d annealed and

Fig. 3. Creep strength of 14YWT at a strain rate crept sample; (a) an overview for the dislocation

of 10° s and 5% plastic strain. The UFG material structure in a large grain; (b) a dislocation bowing
was annealed for 1 h at 1000°C, while the coarse- between a nanocluster cell and (c) a dislocation fully
grained material was annealed for 24 h at 1200°C. pinned against the nanocluster cell. [6]

Detailed characterization of microstructure and dislocation structure has been conducted on the
14YWT alloy after creep deformation at 800°C.[6] A stable grain structure is maintained in the UFG
material even following extended creep testing at 800°C. Remarkably, in spite of the ultra-fine grain size
(~100 nm), the alloy exhibits excellent creep resistance, suggesting that there is no significant grain
boundary sliding (GBS). Nanoclusters appear to decorate the initial grain boundaries and provide
significant impediment to GBS. During long-term annealing at 1000°C and after subsequent creep testing
at 800°C, extensive anomalous grain growth (AGG) was observed. However, the minimum creep rates of
the 14YWT samples are similar even though they possess vastly different grain structures. In the coarse
grains, the dislocations are strongly impeded by the presence of nanocluster cells (see Fig. 4) which
originally form on the grain boundaries of the UFG structure. These nanocluster cells are crucial for the
retention of creep strength even after AGG has occurred. Further studies will focus on the interaction of
mobile dislocation with individual nanoclusters and nanocluster cells on initial grain boundaries.

Future plans
e To better understand nanocluster formation and stability, atomic scale tools will be use to
characterize the nanoclusters in the bulk and on grain bounaries after isothermal annealing at a
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series of different high temperatures and times to determine evolution behavior of the
nanoclusters, to determine crystalline structure of nanoclusters, and to construct 2D and 3D
concentrations and radial concentration maps of the solute distribution in the nanoclusters.
Furthermore, novel techniques of positron lifetime spectroscopy and coincidence Doppler
broadening of annihilation radiation (2D-DBAR) will be used to characterize the size,
concentration and chemical environment of vacancies in nanocluster materials.

e We will continue to investigate the interplay between magnetism and cluster size (structures and
symmetries) and the local structures of vacancy complexes in these nanoclusters by first-
principles calculations. Calculations to date have been on relatively small cluster systems,
examining many possible configurations. Future work includes further studies at this size, plus
larger-scale calculations. Additionally, we plan to examine composition effects, at different
alloying additions with strong oxygen affinity (such as Zr), and at structures in different host
lattices to test our emerging mechanistic understanding.

¢ Kinetic Monte Carlo simulations will be used to monitor the flow of solute atoms and the kinetic
process of nanocluster formation.

o We will develop a better understanding of the effect of nanocluster decoration on grain boundary
sliding in the nanocluster material. To do so, we will produce an alloy with the same composition
and same ultrafine grain size (~100 nm) as the 14YWT alloy, but without nanoclusters. Without
nanoclusters at the grain boundaries, we expect this alloy to be very weak in creep at elevated
temperatures (i.e., we expect it to be superplastic). Then we will characterize and compare the
grain boundaries in this alloy and the 14YWT in order to identify the reasons for the substantial
differences in their mechanical behavior.

o We will continue efforts to understand and quantify dislocation/nanocluster interactions. The
present results indicate that the nanocluster cells in the large grains are the predominant inhibitor
of dislocation movement, via climb by-pass or detachment, whereas the fine clusters between
them simply add a frictional stress. To confirm this scenario, in-situ TEM heating/straining
experiments at ORNL will be conducted in order to directly observe the nature of dislocation
movement in the large grains. Once confirmed a frictional stress parameter from the ultra-fine
nanoclusters and an Orowan-based bowing stress from the nanocluster cells can be incorporated
into a physics-based creep model.

e Currently mechanical alloying is the sole way to produce the nanocluster material. Because of
technical difficulties and high-cost issues with mechanical alloying, innovative methods will be
investigated for effective fabrication of nanocluster materials.
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Program scope

As the characteristic length scales of the microstructure (e.g., grain size) in a material that
control the mechanical properties are reduced to the nanometer range, the strength is enhanced to
unprecedented levels, often approaching the theoretical limits defined for perfect crystals. For
example, nanoscale composites made at LANL from ordinary soft metals such as Cu, Ni, Nb, etc
with strengths of a few tens of MPa in the bulk can achieve strengths in excess of 2000 MPa.
More importantly, the conventional descriptions relating mechanical properties to the
microstructural dimensions do not extrapolate to nanometer dimensions. The mechanisms that
determine strength and failure limits of nano-scale materials represent new realms of mechanical
behavior. Development of fundamental understanding of the unusual mechanical behavior (e.g.,
super strong) of nanostructured materials, unexplained by conventional continuum-scale models,
is the grand challenge pursued by this core research program. In response to this grand challenge,
the specific objectives of this program are to understand: (1) the origins of ultra-high strengths in
nanometer-scale layered composites, (2) the ultimate strength limit achieved via tailoring of
length scales and atomic structures and energetics of interfaces, (3) role of interfaces in slip
transmission and dislocation storage, (4) post-yield behavior, associated with plastic flow
stability, work hardening, and fracture mechanisms, (5) thermal stability, and (6) stabilization of
new or unusual atomic arrangements in nanometer-scale composites.

Our research team at LANL has successfully adopted a highly synergistic combination of
state-of-the-art atomistic modeling and cutting-edge experimental methods that are able to probe
the details of the deformation mechanisms in metallic nanolayered composites. Specifically, the
integrated approach consists of nanoscale synthesis by physical vapor deposition (PVD),
nanomechanical testing, high-resolution transmission electron microscopy (HRTEM), x-ray
diffraction (XRD), dislocation theory and molecular dynamics (MD) simulations. For a
systematic scientific study following the objectives listed above, the PVD synthesis route offers a
number of advantages. First, any two (or more) metals (or ceramics) can be alternately deposited
to produce a layered composite. Second, the individual layer thicknesses can be controlled to
within an atomic layer (unlike many techniques that produce a distribution in grain sizes). Third,
the products have high-purity, and are porosity-free. Fourth, self-supported samples with total
thicknesses of tens of micrometers, or more, are readily synthesized. We perform
nanomechanical characterization by nanoindentation, microtensile testing, micropillar
compression and large strain deformation via cold rolling. Our nano-scale characterization of the
as-synthesized and deformed materials utilizes world-class HRTEM and XRD capabilities at
LANL. Atomistic simulations using the best state-of-the-art computational schemes are used to
examine the critical unit processes that are involved in the deformation of these materials. Such
calculations help to elucidate the new types of deformation mechanisms that are discovered in
these composites.

Besides the PI, the research team involves R.G. Hoagland (co-PI, LANL), F. Spaepen
(Harvard University, co-investigator), J.D. Embury (McMaster University, Canada and LANL
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consultant) and J.P. Hirth (LANL consultant). The program also involves the following LANL
staff: J. Wang (atomistic modeling, post-doctoral researcher), M.J. Demkowicz (atomistic
modeling, LANL Director’s post-doctoral fellow, TSM effective April’08), N.A. Mara
(experiments, LANL Director’s post-doctoral fellow, TSM effective April’08), D. Bhattacharyya
(TEM, 50% effort, post-doctoral researcher), and O. Anderoglu (Texas A&M university, summer
GRA). We have collaborated with other BES-funded staff at LANL: Can Aydiner (LANL
Director’s postdoc fellow) and D. Brown (Lujan neutron scattering center, in situ tensile testing
in synchrotron beams), M. Nastasi (CINT, residual stresses in ion-synthesized materials), M.I.
Baskes (MD simulations), and C.N. Tome (polycrystal plasticity modeling). In addition, we have
significant external collaborations, e.g., H.M. Zbib and D. Bahr (Washington State University,
dislocation dynamics simulations), A.K. Mukherjee (UC-Davis, high temperature tensile testing
of metallic multilayers), T. Ungar (Budapest, Hungary, XRD peak profile analysis), and P. M.
Anderson (Ohio State University, dislocation models of multilayer strength).

Recent Progress
Significant technical accomplishments from the last three years are summarized below:

1) New methodologies were developed to perform TEM on FIB-sectioned foils from beneath the
nano-indents in multilayers. Such detailed microscopy characterization has shown extensive
plastic deformability of 5 nm layers without any cracking (Fig. 1).

3) New approaches were developed to experimentally measure the stress-strain curves of Cu-Nb
multilayers that have individual layer thicknesses of a few to a couple tens of nanometers. In
earlier work on multilayers, uniaxial . g : e

tensile testing was limited to coarser
layer thickness of greater than 50 nm,
and hardness measurement was the only
available test method at lower layer
thickness. We measured flow stress
approaching 2.5 GPa and deformability
exceeding 25% at layer thickness of 5
nm via compression testing of focused-
ion-beam (FIB) micro-pillars. In situ
tensile  tests, performed  under
synchrotron radiation at APS (Argonne),
simultaneously measure elastic strains in
the two layers along with the total strains
and stresses and reveal co-deformation
of approximately 25 nm thick Cu and Nb
layers.

3) Experiments on Cu/metallic glass
(palladium silicide) multilayers revealed
significant plasticity in nanometer-scale

; ) Fig. 1 TEM cross-section from (a) directly below a hardness
metallic glasses constrained by nano-  indent, and (b) some distance below the indent tip. The initial
scale metal (Cu) layers, whereas in the layer thickness was = 15 nm. The indented surface is coated

bulk form, metallic glasses fail via  With Ptpriorto FIB machining.
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highly localized shear bands. 50 nm Cu / 10 nm Pd-Si multilayers samples were rolled to
elongations in excess of 200%. This work is in collaboration with Frans Spaepen at Harvard
University.

4) Atomistic modeling was used to reveal the complex atomic structures of incoherent fcc-bee
Cu-Nb interfaces. We have discovered several metastable atomic structures for this interface. We
also explored the glide dislocation interaction with these interfaces. In particular, the dislocation
core spreading at these weak interfaces was found to be the key factor that determined the
unusually large barrier to slip transmission for these interfaces.

5) Dislocation dynamics simulations (sub-contract with Hussein Zbib at Washington State
University) were used to study the complex glide dislocation — interface dislocation interactions,
in both parallel and orthogonal configurations, during confined layer slip in fcc-fcc systems. Unit
processes, such as cross-slip of a glide dislocation approaching an orthogonal interface
dislocation, studied via discrete dislocation modeling are consistent with experimental
observations and provide insight on the work hardening and recovery mechanisms during
confined layer slip.

6) This program has lead to several spin-off projects at LANL.

- Fatigue of nanolayered composites: We designed and built a novel resonance-frequency device
to measure fatigue behavior of nanolayered composites. For the first time, it has been shown that
nanolayered materials exhibit large increases in fatigue endurance limit compared to bulk
materials due to suppression of damage accumulation during cyclic straining.

- Radiation damage tolerance of nanolayered composites: Interfaces act as obstacles to slip and
sinks for radiation-induced defects. Hence, nanolayered composites provide orders of magnitude
increase in strength and enhanced radiation damage tolerance compared to bulk materials.

- Nano-twinned metals: In certain composites of alternating Cu and austenitic stainless steel
layers we discovered that the steel layer had a preferred orientation of twins normal to the
growth direction with an average spacing of only a few nanometers. Pursuing this observation
further, we found that films made entirely of austenitic stainless steel could be produced
containing nanometer thick twinned structures. These films possess strengths that are over an
order of magnitude greater than bulk austenitic stainless steel, consistent with atomistic model
predictions for twinned interfaces. In a spin-off project, we are studying controlled synthesis of
nano-twinned structures in physical vapor deposited metals.

Future Plans

- Exploration of the unusual deformation mechanisms that give rise to ultra-high strengths and
high deformability in crystalline/amorphous and metal / ceramic (e.g., metal-nitride) multi-layers
using a combination of TEM (including in sifu studies) and atomistic modeling.

- Atomistic modeling will be used to elucidate shear localization mechanisms in nano-layered
systems with layer thickness less than approximately 5 nm. Experiments such as TEM
investigation of regions beneath nano-indents and compressed micro-pillars will be used to
elucidate the deformation behavior at comparable length scales.
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- We will explore the optimization of interface structure and strength by examining the
strengthening and mechanical stability of bimodal multilayers with alternate arrangement of 10
nm and 100 nm bilayer periods, for both metal-metal and metal-nitride systems.

- Atomic scale modeling will be conducted to explore a set of systems containing a range of
interfacial shear strengths. These studies will seek to probe the relative importance of interface
structure on the slip transmission.

- Dislocation dynamics simulations will model the dislocation interactions pertaining to confined
layer slip to provide insight on the work hardening, dislocation storage, and recovery
mechanisms.
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Program Scope: This program is focused on developing an understanding of the mechanical
behavior of next generation structural materials, in particular involving mechanical properties
that are influenced by factors operating at a wide range of length scales. Our long-term goal is
to design, synthesize, and characterize (structurally and mechanically) a new series of
hierarchical/hybrid structural materials, whose unique properties derive from architectures
controlled over length scales from nano to macro dimensions. The inspiration for these
structures is biological; our goal is to defeat the “law of mixtures” (as in Nature) by devising
complex hierarchical structures comprising weak constituents into strong and tough hybrid
materials, displaying far superior properties than their individual constituents. The research
combines mechanistic understanding of structural behavior, principally damage tolerance, at
multiple length scales, the ability to synthesize such materials, the control of structural features,
particularly interfaces, at the nanoscale, the ability to mechanically characterize such structures at
all dimensions, and the evaluation of the suitability of these (non-biological) structures/systems
for technological application.

Ig Recent Progress: The development of novel
) structural materials and the maintenance of
t their integrity remains a central feature of

- doa

« = preserving and enhancing our standard of
"' living. Strategic technological fields such as
transportation or the production of energy
demand new lightweight tough materials able
to operate in extreme environments. The

materials response, in particular the
it ——— : . : mechanical performance, is invariably defined
e by the structure at widely differing length
scales. Examples of this are the dimensions

Temperature Gradien!

Figure 1. A novel experimental setup is used to
directionally ~ freeze concentrated ceramic that affect — deformation  vs.  fracture.

suspensions while promoting the formation of Deformation may be influenced by
lamellar ice crystals. The ice expels the ceramic  characteristic dimensions in the realm of nano-
particles as it grows. After sublimating the water, to micrometers, such as a Burgers vector or
the result is a layered, homogeneous ceramic precipitate spacing, whereas the fracture
scaffold. By controlling the freezing kinetics and properties generally involve mechanistic

thg composmo.n of the suspension 1.t is p0551b1? to phenomena that occur over much larger size-
tailor the architecture of the material at multiple

. . scales. Nowhere is this more apparent than
length scales to replicate some of the unique

micro-structural features behind the mechanical with biological Compos‘ltes such as I.la(?re or
response of biological materials (e.g., the lamellae bone. .Nat‘ural materlal? are .soph?stlcated
roughness or the bridges between lamellae). composites whose properties are invariably far
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superior to their individual constituent phases. This unique response derives from an
architectural design that spans nanoscale to macroscopic dimensions, with precisely and
carefully engineered interfaces. The fracture resistance of such materials originates from
toughening mechanisms at each of these dimensions. Few structural engineering materials
have such structural hierarchy, yet biology’s message is clear — unique mechanical properties
can be achieved through mechanisms acting at multiple length scales.
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Figure 2. (a) The lamellae thickness can be controlled by controlling the velocity of the freezing front, A o
v (n=-1 for 400 nm particles, and 2/3 for 100 nm). Materials with lamellae as thin as 1-2 um (very close to
the 0.5 um value of nacre) ordered over macroscopic dimensions can be fabricated in practical sizes. (b)
The roughness of the lamellae (that replicate the roughness of the ice crystals) can be manipulated from
the submicron to the micron levels by using additives that vary the solid-liquid interfacial tension and the
phase diagram of the solvent. In concentrated suspensions the growing ice crystals can split and trap
ceramic particles. The trapped particles generate inorganic bridges between lamellae (white arrows)
whose size and distribution can also be manipulated using additives. It has been shown how both the
roughness and bridges play a critical role on the mechanical response of the natural material.

The notion of biomimicry and hierarchical organization has received much interest in the
materials communities; however, advances have been few if any, primarily due to the lack of
fabrication techniques able to produce such materials in practical dimensions. Our laboratory
has worked on these much needed processing technologies. We have developed a technique,
freeze casting, which uses the intricate microstructure of ice to template the microstructure of
complex ceramic scaffolds (Figs. 1- 2). These scaffolds are subsequently infiltrated using liquid
or vapor-based techniques with a second “soft” phase (either a polymer or a metal) to fabricate
hybrid composites with a architecture that mimics that of nacre at multiple length scales.

We have used freeze casting to fabricate model polymer/ceramic (PMMA/AL:QOs) and
metal/ceramic (Al-Si/Al20s) hybrid materials with fine lamellar architectures. Brick and mortar
microstructures with high ceramic contents (up to 80 vol%) have been also fabricated by
combining freeze casting and hot uniaxial pressing. The objective is to combine a strong and
hard (ceramic) phase with a “lubricating” (polymer or metal) layer in between to permit
relaxation of stresses. These hybrid materials have a sophisticated mechanical response that
replicates natural organic/inorganic composites at many levels. Their bending load-
displacement data exhibit a gradually decreasing load after the elastic limit, characteristic of
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stable cracking. Furthermore, PMMA/ALOs materials show remarkable R-curve behavior
displaying fracture toughnesses approaching 30 MPayvm with yield strengths of 200 MPa. These
toughness properties are one order of magnitude better than what can be expected from the
“rule of mixtures” bounds or that of the individual constituent phases (Fig. 3). In fact, they
approach the values for aluminum alloys while exhibiting lower density and higher stiffness
(Fig. 4).
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Modeling efforts of these materials have focused
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Figure 3. The mechanical properties of the o macroscopic properties. We are developing a

hybrid materials are significantly higher of
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soft/hard interface plays a critical role. Note polymer strands acting in parallel. The predicted
how the toughness of the homogeneous Tesponse displays the nonlinear behavior
PMMA/ALOs nanocomposite is much lower —necessary to generate distributed damage that has
than that of the hierarchical material. been observed in the natural composites.

The results show that a promising route to developing new structural materials is to understand
the mechanisms that control mechanical behavior over multiple dimensions in solids with
complex, hierarchical architectures. Studies that “bridge the length-scales” are popular but have
been largely based in mechanics rather than mechanistic understanding. Without discovery of
mechanisms, new material design is merely empirical. We believe that we have a novel
approach to fabricate in practical dimensions hybrid/hierarchical structures whose unique
properties derive from architectures controlled multi-dimensions. This combination of
processing, modeling, structural and mechanical characterization at all relevant dimensions will
enable new design criteria that will lead to novel families of structural materials with
unprecedented combination of mechanical properties.
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Figure 4. Comparing the properties of the hybrid
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Program Scope

The goal of this program is to understand radiation damage effects in ceramics exposed to energetic
particles. Radiation damage studies of ceramics involve: (1) prediction of microstructural evolution in
ceramics exposed to radiation; and (2) identification of physical aspects of ceramics that are effective
in promoting radiation resistance. Our ultimate goal is to design new radiation-resistant ceramics. We
conduct irradiation tests on single-, poly- and nano-crystalline ceramics, in order to evaluate their
irradiation damage response. We perform computer simulations of damage evolution in ceramics to
promote our understanding of radiation damage phenomena in these materials. In particular, we apply
accelerated molecular dynamics techniques to reach experimentally-relevant time scales in our
simulations. This allows us to assess defect mobility, annihilation and aggregation with the goal of
predicting radiation damage in non-metallic, ionic materials. For example, we have found that
radiation-induced interstitial clusters in some ceramics can be very mobile. This high mobility impacts
such phenomenon as the interaction between collision cascades, which in turn, impacts the radiation
damage accumulation rate. We expect radiation resistant ceramics to find application in existing
fission reactors, in future fusion reactors or accelerator-based reactors, or as actinide-host ceramic
fuel-forms and waste-forms.

Recent Progress

1. Predicting radiation damage trends in ceramics

We have developed a method to predict trends in radiation damage resistance (specifically, stability
against amorphization transformations) for oxide ceramics with varying chemistries (specifically,
multi-component A,B,O. oxides, where A and B represent metal cations and O represents oxygen
anions), but with similarities in crystal structure. The method is based on the postulate that ceramic
compounds with natural tendencies to accommodate lattice disorder should exhibit superior structural
stability in a radiation environment. We tested this hypothesis on compounds with crystal structures
closely related to the fluorite (CaF,) crystal structure. In a recent paper published in the journal Nature
Materials [Sickafus et al. Nature Mater. 2007], we predicted differences in the irradiation damage
response of iso-structural oxides known as delta (&) phase compounds, with stoichiometries given by
A4B;01,. We based these predictions on the calculated energies of formation of point defects on both
the cation and anion sublattices in these materials. We tested these predictions using ion irradiation
experiments and found that A4;B;0;, compounds with low point defect formation energies had the
highest structural stabilities (namely, they exhibit resistance to amorphization), while compounds with
high point defect formation energies are less stable in a displacive radiation environment. These
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results are in agreement with trends found previously for pyrochlore compounds (compounds with
stoichiometry A,B,0-), which suggests possible “universal” applications for these predictive methods.

1I. Enhanced radiation tolerance in nanocrystalline compounds

We recently discovered a substantial enhancement in radiation-induced amorphization resistance for
single-phased nanocrystalline (NC) versus large-grained polycrystalline (PC) compounds (specifically
for NC versus PC magnesium gallate spinel, MgGa,0,4) [Shen et al. Appl. Phys. Lett. 2007]. We
irradiated both NC and PC MgGa,0O, with high doses of heavy ions and found that PC MgGa,0;, is
rather readily amorphized (under low temperature irradiation conditions), while NC MgGa,0O4 remains
unchanged by ion irradiation. To our knowledge, this is the first experimental study to reveal radiation
resistant properties (specifically, amorphization resistance) in a single-phase, NC material. These
results have important implications for the development of advanced, highly robust materials for
applications in extreme environments (e.g., nuclear reactors). Our study also provides an opportunity
to advance our theoretical understanding of radiation damage phenomena, by developing atomistic
models that reveal the mechanisms underlying these unanticipated results.

11I. Modeling defect diffusion in complex oxides

One key component to understanding how materials evolve in a radiation environment is defect
kinetics. Defects — vacancies, interstitials, and clusters of both — necessarily are formed under
irradiation. Their mobility will govern how larger scale features, including voids and loops, are formed
and evolve. We have used atomistic computer simulation (molecular dynamics (MD) and accelerated
molecular dynamics (AMD)) methods to systematically investigate the mechanisms by which ions are
transported in materials such as MgO, spinel, bixbyite, fluorite, perovskites and pyrochlores. We have
discovered that interstitial clusters in materials that have a 1:1 stoichiometry, such as MgO, exhibit
extremely high diffusivities. In contrast, clusters in more complex oxides such as MgAl,O, spinel do
have a tendency to aggregate, but do not diffuse in a highly concerted way as they do in MgO.
However, spinel is surprising in that Al ions preferentially migrate on the Mg sublattice. Furthermore,
we have examined the role that disorder plays in defect diffusion, again using spinel as a model
compound [Uberuaga et al. Phys. Rev. B 2007]. The disorder in such materials effectively creates traps
to oxygen transport. Thus, the overall diffusivity of oxygen is decreased as cation disorder is increased
in the material (we anticipate these trends with increasing radiation dose). In addition, we have
examined how impurities, which are always present in real materials, trap defects and defect clusters,
also retarding their diffusion. Such effects would have consequences on radiation damage evolution,
as defects are less able to find sinks and other defects to form aggregates.

Future Plans

1. Experiments on irradiated ceramics with potential for use in nuclear reactor applications

We intend to examine radiation damage-induced microstructural evolution in materials subjected to
both ionization and displacive radiation at high temperatures (so-called spectrum effects). The high
temperature experiments are necessary to study radiation damage recovery and especially to mimic
environmental conditions similar to those experienced by ceramics that may function as either fuel
materials or structural materials in advanced, high-temperature nuclear reactors. Our studies will
greatly improve our understanding of fundamental mechanisms associated with the radiation-induced
swelling in complex ceramic materials.

We will use a wide range of characterization techniques to probe a variety of materials’ radiation
effects, from atomic point defect formation (such as interstitials and vacancies), to macroscopic
property alterations, including thermal conductivity degradation and increases (or decreases) in
mechanical hardness. Our main experimental characterization expertise has always been in
transmission electron microscopy (TEM) and X-ray diffraction (XRD) techniques, and we will
continue to emphasize these techniques in our future work. But the primary goal of our studies is to
establish linkages between our theoretical predictions of materials’ radiation damage behavior at the
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atomic scale and the effects that we observe experimentally. With this in mind, we will employ any
and all experimental characterization techniques necessary to best relate to our theoretical efforts.

We will emphasize experimental studies of radiation-induced microstructural evolution in oxides
including spinels (MgAl,O,4, MgGa,0,, etc.) and fluorites (ZrO,, CeO,, HfO,, ThO,, and UO,, as well
as mixtures of these dioxides with lanthanides, Ln,O;). We will simulate neutron-induced
displacement damage and fission product damage using selected irradiating ion species and ion
energies.

1I. Atomistic computer simulations of initial stages of microstructural evolution in oxide ceramics

As mentioned earlier, our theoretical effort has revealed several interesting and key insights into the
behavior of defects in ceramics as relates to their radiation resistance. Over the next few years, we will
focus on understanding the early formation of microstructural features in irradiated oxides, including
interstitial loops and vacancy voids. These larger-scale features are observable in TEM experiments
and thus offer the best opportunity for connecting theory and experiment. In order to do this, we will
develop higher level modeling capabilities. In the past, we have used chemical rate theory to explore
the impact that mobile clusters have on the predicted loop size in MgO. We have begun development
of a kinetic Monte Carlo (KMC) capability that will allow us to more directly incorporate the results
from MD and AMD simulations, allowing us to determine the role that atomic-scale diffusive
processes have on the formation and structure of loops and voids.

With regard to the specific areas of materials research, we will focus on the following: 1) determine
the types and numbers of defects produced during collision cascades in fluorite-related materials, such
as bixbyites and §-phase materials; and 2) develop KMC capabilities to look at the insipient formation
of voids and loops in oxide materials. Regarding this last point, we will compare and contrast
materials such as MgO and spinel in which the kinetic behavior of defects are very different. Once
these capabilities are mature, we will apply them to fluorite-derivative materials. These efforts will
allow us to understand how elemental defect properties control larger microstructural features.
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Program Scope

This program is a comprehensive study of the connection between microstructural features
(dislocations, twins, grain boundaries and twin boundaries) and the observed mechanical response
of Hexagonal Close Packed (HCP) metallic aggregates. This research plan interconnects
modeling, simulation, and experimental studies at length scales that go from the atomistic to the
continuum. It draws on a range of LANL characterization and modeling tools, individual and
institutional expertise, and on the unique neutron diffraction capabilities of the BES funded
spectrometers SMARTS and HIPPO at the Los Alamos Lujan Center. Part of the proposed
research involves using the synchrotron source at Argonne National Lab. The goals of this
project are: a) to provide insight into the basic crystallographic mechanisms of deformation
in HCP and their role in deformation and fracture; b) to develop a predictive capability of
mechanical response based on such mechanisms.

Recent progress

The systems analyzed in this project are: pure Zr, Mg alloy AZ31 and, to a lesser extent, Be
and Hf. All of them shear plastically via several slip and twin modes, whose relative contribution
to deformation varies with temperature, strain rate, and polycrystal texture. In this project we use
loading histories involving changes in direction and temperature as a paradigm to reveal the role
of microstructure in hardening. The load-change procedure is particularly revealing when dealing
with twinning, because twins induced during the pre-load stage act as barriers to dislocations or to
other twins during the reload stage.

Two recent publications [Proust et al, Acta, 2007; Beyerlein and Tomé, 1JP, 2007] provide a
summary of the advances done in this project in what concerns developing crystallographically
based constitutive laws of plastic response. These results represent the state-of-the-art in what
concerns constitutive description of this class of materials. Specifically, we utilize experimental
information about evolution of texture, hardening, and volume fraction of twinning to build up
macroscopic constitutive models, function of temperature, rate and texture. TEM and MD
provide information on active slip and twin systems, de-twinning, twin morphology, and twin-
dislocation interactions. Such information is accounted for by the meso-scale model representing
the grains. The invited talk to this Contractors Meeting by Irene Beyerlein will describe such
progress.

Also as part of this program we perform in-situ neutron diffraction during tensile,
compressive and cyclic testing of Zr, Mg and Be. We characterize the active deformation
systems, their activation stresses, twining, de-twinning, and the evolution of internal stresses. We
have developed a symbiotic procedure between these experiments and polycrystal elasto-plastic
simulations [Agnew et al, Acta, 2006], which we use to infer basic information about
crystallographic mechanisms. An important progress in this area is our experimental
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measurement - and incorporation into grain models - of the stress relaxation associated with twin
activation in Mg [Clausen et al, Acta, 2008].

The microscopic scale component of this project comprises TEM, EBSD, Molecular
Dynamics and Dislocation simulations. TEM has been instrumental in characterizing active slip
and twin systems in Zr and Mg as a function of temperature. One of the relevant results of this
characterization is the identification of slip and secondary twinning inside primary twins, which
explains the ductility observed in these HCP aggregates despite the scarcity of ‘soft” deformation
modes [McCabe et al, Phil Mag, 2006]. An important contribution of this project was the
development of an automated EBSD technique for quantifying twinning in deformed aggregates
[McCabe et al, 1JP, 2008; Proust et al, Met Trans, 2008]. The latter information is invaluable
both, for understanding quantitatively the contribution of twinning to deformation, and to provide
benchmarks against which to compare the prediction of our constitutive models.

Molecular Dynamics has been applied to understand the interaction between dislocation and
twin interfaces (relevant to understanding hardening) and has started being used to study the
atomistic mechanisms leading to twin nucleation, a process still not understood in HCP.
Dislocation simulations have been applied to analyze whether dislocation dissociations can be
energetically favorable to induce twin nucleation. Preliminary results of this microscopic
theoretical treatment are going to be presented in a Poster by Capolungo, Wang et al. during this
Contractors Meeting.

Future plans

During the previous phase of this project we have been able to achieve a reasonable grasp of
the meso (grain) and macro (aggregate) characterization of plasticity in HCP. In the next phase
we foresee to focus more intensely in the microscopic aspects, in order to both, improve our basic
understanding of the deformation mechanisms, and incorporate more physics and less empiricism
in our multiscale constitutive models.

For such purpose we have started to use synchrotron X-ray diffraction for detailed
characterization of the stress evolution associated with twin nucleation and propagation in
individual grains of Mg. In addition, we expect that cyclic experiments done in Zr and Mg under
neutron irradiation will yield information on: evolution of dislocation structures in HCP
materials, twin & de-twin processes, build-up of internal stress. Such information (relevant for
example to Bauschinger effects) will be interpreted and implemented into meso-scale models of
intragranular structures.

We have started recently doing in-situ TEM on FIB tensile specimens, with the intention of
characterizing dislocation reactions at twin interfaces, which is one of the basic mechanisms
behind the observed hardening response of HCP materials.

Twin nucleation is a necessary stage at the initiation of deformation, but it is also an elusive
mechanism for experimental characterization. We have started using Molecular Dynamics (MD)
and dislocation theory for studying the atomistic and dislocation processes associated with twin
nucleation in HCP. As with all the other microscopic information, we expect this information to
find its way into mechanisms and microstructure based models of hardening.

We plan, in the short term, to use the expertise acquired in this project for starting a study of
shape memory alloys. Transformations induced by load, temperature and magnetic fields — all
combined - will be characterized using the unique capabilities of the SMARTS neutron
diffractometer at LANL. Polycrystal-based constitutive models for describing this class of
materials are still in their infancy. We believe that we can extend the Visco Plastic and Elasto
Plastic models, plus the twin transformation models, done for this project, to provide a much
needed theoretical tool for interpreting the diffraction experiments and for learning about the
basic processes taking place during the shape memory effect.
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Program Scope: Experimental and computational methods are synergistically integrated to study defects and the
dynamic processes associated with defect formation and migration, defect-defect interactions, and the evolution of
nanostructures and phase transformations, including effects of localized electronic excitations. Defect formation, defect
configurations, defect migration, defect interactions, and kinetics of defect processes are experimentally investigated as
functions of temperature, time and environmental conditions, as well as studied using density functional theory, ab
initio molecular dynamics, classical molecular dynamics, and kinetic Monte Carlo techniques. The objective is to
develop fundamental understanding and models of electronic excitations, atomic-level defects, defect/property
relationships, and dynamics of defect processes in ceramic structures that support the development of predictive models
of materials behavior over multiple length and time scales.

Recent Progress: Research has: 1) developed basic understanding and predictive models of defect processes and
irradiation damage in covalent and ionic ceramics over multiple scales; 2) quantified ionization-induced recovery
processes in ceramics; 3) developed improved interatomic potentials for SiC, ZrSiO,4, UO,; 4) developed computational
models for defect recovery and recrystallization in SiC; 5) used ab initio molecular dynamics to evaluate threshold
displacement processes, charge transfer and charge-assisted defect formation in SiC and GaN; 6) developed
computational models of thermo-mechanical properties of GaN nanotubes and nanowires; and 7) determined electronic
stopping power of ions in ceramics and identified deficiencies in current stopping power models.

Future Plans: Future research includes experimental and computational efforts to systematically study the effects of
dynamic localized electronic excitations, induced by ionizing radiation, on defect annealing, recrystallization, and
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interactions, gas transport, and radiation effects in nanostructured ceramics.
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