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Top Left:  TEM of a crack tip following corrosion of a Ni-4Al alloy in high-T 

water.  Subsequent EDS analysis reveals selective oxidation of Al and concomitant 

depletion of Al from the local grain boundary (Bruemmer et al, PNNL) 

 

Top Right:  Free energy as a function of in-plane lattice parameter from MD 

simulations of bulk Ni63Al37 and NiAl, interpolated with rule of mixtures.  The 

combination of 65 at% Ni63Al37 (thick red) and 35 at% NiAl (thick blue) is 

highlighted in black to show the possibility of ultra-low stiffness.  The inset 

(above) shows the schematic of the epitaxial interface between these two phases 

where Al atoms are light blue, Ni in NiAl is dark blue, and Ni in Ni63Al37 is red. 

(Strachan et al, Purdue) 

 

Bottom Left:  A map of maximum shear in a deformed RR1000 Ni-based alloy.  

Analysis indicates a strain gradient from the middle area of the grain towards the 

grain boundaries at each end of the slip band (between the two arrows).  This is 

used to calculate dislocation spacing and resultant backstress on the dislocation 

closest to the boundary. (Fullwood and Homer, BYU and Wagoner, OSU) 

 

Bottom Right:  Comparison between EBSD and TEM-based dislocation 

characterization. A-B) TEM bright field images of two dislocation systems 

(marked by black arrows) near a twin boundary (marked by red arrow). C) Log 

scale GND map of same region, colored arrows indicate same locations as are 

shown in (a-b). Legend is 1013 to 1015 m-2. D-E) Log scale GND density resolved 

onto different slip systems showing System 1 and System 2 with system labeled in 

each figure.  Dislocation systems appear as blue.  
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Foreword 

 

This volume comprises the scientific content of the 2019 Mechanical Behavior and Radiation 

Effects Principal Investigators’ (PI) Meeting sponsored by the Materials Sciences and 

Engineering Division in the Office of Basic Energy Sciences (BES) of the U. S. Department of 

Energy.  The meeting, held on August 13–15, 2019, at the Marriott Washingtonian, 

Gaithersburg, Maryland, is the seventh such meeting on this topic and is one among a series of 

research theme-based PI meetings being held by BES.  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 and Energy Frontier Research Centers 

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.  Attendees will 

note a number of new projects and research directions since the previous meeting including three 

new recipients of Early Career Research Program awards.  These new projects add to the 

exciting areas of research and cutting-edge techniques that are a hallmark of this program. 

 

The purpose of the Mechanical Behavior and Radiation Effects PI Meeting is to bring together 

researchers funded by BES in this important area of research on a periodic basis (approximately 

every two 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. 

  

I would like to thank all of the attendees for their active participation and for sharing their ideas 

and new research results.  I would also like to express my sincere gratitude to Ms Teresa 

Crockett in DMS&E, and Ms Linda Severs (plus others) of the Oak Ridge Institute for Science 

and Education (ORISE) for their dedicated and outstanding work in taking care of all the 

logistical aspects of the meeting.  Additionally, I would like to thank Professor Irene Beyerlein 

for helping make this a better meeting through her comments and suggestions as it was being 

organized. 

 

 

 

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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Solute effects on dislocation motion and recovery in Mg alloys 

 

Sean R. Agnew, Dept. of Materials Science and Engineering, University of Virginia 

                  

Program Scope 

One of the greatest obstacles to broader application of wrought Mg alloys, for energy-

efficient transportation and defense systems, is their poor low temperature formability, which is 

linked to strong plastic anisotropy of the hexagonal close packed (HCP) crystal structure. The 

most successful avenue to directly combat this Achilles heel is solid solution alloying. Unlike 

many other metals, where the pure material is more ductile than its alloys, there are many Mg 

alloys, which boast much higher ductility than pure Mg polycrystals. Solute are known to have a 

distinct impact upon the strength of the individual slip and twinning modes. The objective of the 

proposed research is to develop a firmer understanding of the interactions between substitutional 

solute atoms and dislocations within Mg alloys. A series of hypotheses, which have been 

advanced to explain the phenomena of solute hardening, softening, dynamic strain aging and 

associated effects on dislocation structure evolution, will be examined. 

Recent Progress  

 Historic single crystal [e.g., 1, 2] and polycrystal [3] 

data has been reanalyzed through the lens of modern theories 

of thermally activated plasticity. Many aspects which 

confused previous generations of researchers are now 

clarified, yet outstanding gaps in our understanding are 

highlighted. For example, an explanation is proposed for the 

observed athermal plateau in crystals oriented for basal slip 

in terms of the solute concentration-dependent, grown-in 

forest dislocation density. On the other hand, the strong 

solute softening behavior exhibited by single crystals 

oriented for prismatic slip at low temperature [4] remains 

only qualitatively understood [5], despite very active 

research on the part of atomistic modelers [6]. It is hypothesized that this may be associated with 

a distinction in the cross-slip mechanism which is observed at low temperatures, where the 

softening mechanism is most obvious, and the higher temperatures upon which recent modelers 

focused, perhaps due to a practical interest in the potential to describe the warm forming 

behavior of Mg alloys.  

Critical resolved shear stress data 

of Mg-Al solid solution single 

crystals reproduced from ref. [2] 

and modeled per modern thermally 

activated slip theory. 
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Numerous dilute Mg-Ca and Mg-Sn binary and Mg-Ca-Zn ternary alloys have been 

obtained from unfunded collaborator, Prof. Michele V. Manuel (University of Florida), and the 

samples have been heat treated and machined into small mechanical test specimens designed for 

testing at cryogenic temperatures. Finally, a liquid nitrogen cooled 671 Cryo Straining Holder 

straining holder was purchased from Gatan for use in the FEI Titan at the University of Virginia.  

Future Plans 

Textured, polycrystalline samples are planned for many of the explorations of pure Mg 

and solid solution alloy behavior. Polycrystal plasticity modeling will be used to assist in 

developing slip system-level behavior from these polycrystal tests. The alloys from the 

University of Florida and other commercial alloys will be subjected to repeated load relaxation 

tests, in order to obtain true activation volumes over a range of temperatures, including cryogenic 

temperatures at which solute softening has previously been reported. These experiments will 

determine if Ca and Sn induce solute softening, as was previously observed for other solute 

including Zn [4] and Li [7]. In-situ straining experiments are designed to determine if there is a 

transition in the cross-glide control from double-kink (or jog) pairs to constricted bowing. 

Finally, care will be taken to examine possible strain hardening and recovery mechanisms such 

as dislocation junction formation and dipole annihilation, as a function of alloy content. 
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The Role of Grain Boundary Structure and Chemistry in Materials 

Katerina E. Aifantis 

Associate Professor and Faculty Fellow 

Mechanical and Aerospace Engineering, University of Florida 

 

Program Scope 

This project builds on the hypothesis that the presence of grain boundaries during 

deformation can be captured by mechanically induced interface energies (gb). gb depends on 

the plastic strain at the grain boundary (GB) and is therefore a measure of the energy change that 

the grain boundary undergoes during plastic deformation, rather than the thermodynamics (or 

static) energy (gb) that is commonly used to characterize GBs. Although the materials science 

community has not explicitly introduced such mechanically induced GB energy terms, their 

existence can be alluded to by in situ transmission electron microscopy (TEM) studies that 

examine dislocation-grain boundary interactions [1-3] and capture dislocation 

absorption/emission/transmission. Molecular dynamics simulations have also recognized that gb 

on its own cannot characterize the GB strength, and the concept of an energy barrier [4] was 

introduced, which however, cannot capture continuous GB deformation, but only the first slip.  

gb can be incorporated within the continuum theory of gradient plasticity, allowing the 

prediction of the critical stress at which GBs begin deforming plastically (GB yield stress/gb). It 

is therefore possible to measure gb and understand its origin by performing experiments and 

simulations that can track defect-GB interactions and provide the strain state of the material.  

Throughout this project molecular dynamics simulations are used to determine the values of 

gb for different types of GBs and chemistries, making it possible to tune the material response 

by selecting the segregant atoms and GB geometry. The simulations are tested against in situ 

TEM experiments on bicrystal nanospheres.  

Recent Progress 

 As a first step to confirming the “existence” of gb nanoindentation experiments were used 

since it has been shown that indenting in close proximity to GBs allows for second pop-ins to be 

obtained in the load-displacement curve, which can be assumed to indicate slip transmission, i.e. 

GB yielding. A brief summary is provided below but detailed information can be found in our 

recent published paper [5]. By indenting near GBs of Fe-3wt% Si and performing scanning 

probe microscopy (SPM) it was possible to verify that indeed slip transmission was present when 

a secondary pop-in took place, as seen in Fig. 1. 

From the load-displacement curves it is possible to obtain an approximation through Tabor’s 

rule of the stress present during the second pop-in, which corresponds to the GB yield stress, gb, 

which is predicted by gradient plasticity as    

s gb = (xgb / 2l)coth(d / l) .                                           (1)                                         

d is a fixed length during deformation,  is the hardening modulus, l is the internal length which 

is a parameter indicating a critical length scale, and gb is an interface parameter directly related 

with gb. Fitting Eq. (1) to the experimentally obtained points for gb against the GB-indenter 

distance (d) showed that indeed introduction of mechanical energy terms is capable of capturing 

the resistance of GBs to deformation, since an excellent fit was obtained (Fig. 2). Comparing the 
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ξgb values for the various GBs examined did not indicate a correlation with misorientation, 

however, a dependence with the grain boundary plane was noted in [5], which is similar to the 

dependence of the thermodynamic grain boundary energy on misorientation and GB plane.  
 

        

          
Fig. 1. Representative nanoindentation load-depth curves and SPM images obtained when the grain 

boundary had a 42.0°<100> misorientation: (a) indentation in the grain interior ; (b) indentation near the 

GB with the maximum load being 2 mN ; and (c) indentation near the GB with the maximum load being 

3 mN ; (d) SPM image of indent in grain interior, taken after the curve shown in (a) ; (e) SPM image of 

surface after the indentation curve shown in (b) ; (f) SPM image of the surface after the indentation show 

in (c). It is seen that for the case that a second pop-in occurs slip is transmitted to the neighboring grain. 

Taken from [5]. Arrows indicate slip transmission. 

       
Fig. 2 (a) Fits of Eq. (1) to experimental data (dots) of the grain boundary yield stress in Fe-3wt%Si 

bicrystals. Each color indicates a different GB: green- 42°<110>,{120}A//{015}B, red- 

22.5°<110>,{121}A//{211}B, blue- 44.6°<110>, {013}A//{323}B. (b) Plot of values obtained for  gb 
and l; it is seen that a linear best fit is obtained. Taken from [5]. 

Although the results obtained for slip transmission through ex-situ indentation are promising, 

it is difficult to vary the segregation content. Therefore, molecular dynamics (MD) indentation 

was carried out for pure Fe or doped with either C or Si. Similarly as in the experiments distinct 

pop-ins in the load-displacement curves occurred during dislocation formation. The occurrence 

of such pop-ins was more common, however, due to the sensitivity of the simulations to 

individual defect formation. The simulations allowed for a clear observation of the stress at 

which the GBs began deforming plastically. For most of the systems considered, thus far, 
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significant dislocation absorption took place prior to transference and therefore gb was 

computed at the onset plastic strain at the GB as seen in Fig. 3 (b).  Comparing the simulation 

data with the analytical expression gb (Eq. (1)) allowed to determine ξgb as 11.1 N/m for pure 

Fe, and 13.5 N/m for Fe-0.3wt%Si using the potential of [6] and 10.4 N/m for pure Fe, and 11.9 

N/m for Fe-0.012wt%C using the potential of [7], indicating that the segregation of C and Si 

increase ξgb. The results shown in Fig. 3 are for a 5 GB, however, additional configurations 

have been considered with different GB planes and also higher segregation contents in order to 

capture the interplay between segregation and GB structure.  

                           
Fig. 3: (a)&(b) depict the strain field surrounding the indenter tip during indentation near a symmetric 

tilt GB in BCC Fe. In (a) the GB has not yielded, while in (b) GB yielding occurs as strain develops. 

From (b) it is possible to deduce the GB yield stress. In (c)&(d) the simulation data (points) are compared 

with the theoretical predictions (solid lines), allowing to determine the value for the interface parameter 

ξgb. C and Si segregant atoms are added to the GBs, allowing to determine how segregation affects ξgb.  

Figs 2&3 demonstrate the ability of mechanical interface terms to predict the GB yield stress, 

however, it is of interest to also capture the whole stress-strain response. MD simulations are 

therefore used to compress a bicrystal Fe containing either twist or asymmetric tilt GBs. Fig. 4 

(a)&(b) depict the stress-strain curve, while Fig. 4 (c)&(d) the von Mises strain map. It can be 

seen that this response is reminiscent to a tri-linear curve, and can be divided into three stages as 

shown in Fig. 4(b). The first “knee” at a strain of ~2% corresponds to grain yielding which 

occurs by dislocation nucleation at the top corners and immediate slip towards the GB (Fig. 4c), 

while a second “knee” at a strain of ~4% occurs once deformation initiates at the lower grain, by 

dislocation emission at the GB.  This second “knee” is indicative of GB yielding and was 

predicted by incorporating gb in gradient plasticity. Therefore, the previously obtained (through 

gradient plasticity) tri-linear stress-strain curves [8] are fitted (green lines) to the data as seen in 

Fig. 4(b), and allow the determination of ξgb and l.  
Our results thus far indicate that consideration of a mechanical interface energy allows for 

analytical expressions that are in agreement with experimental and simulation data.  
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Future Plans 

Currently data similar to that of 

Fig. 4 are being analyzed for 

different types of grain boundaries 

and repeated with the addition of P 

and H impurities in order to obtain a 

relationship between the ξgb and the 

grain boundary structure and 

segregant content. Once this is 

completed spherical nanoparticles 

will be examined under 

compression using both MD 

simulations and in situ TEM, in 

order to directly compare the values 

obtained for ξgb through simulations 

and experiments.  
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Establishing defect-property relationships for 2D-materials 

 

PI: Assel Aitkaliyeva, University of Florida 

 

Program Scope 

This project aims to provide insight into the evolution of non-equilibrium concentration of 

defects in two-dimensional nanomaterials (2DNMs). The main goals of the project are to: i) tailor 

defect configurations and defect densities in 2DNMs using irradiation, ii) use defects to control 

physical properties of 2DNMs, and ii) investigate self-healing mechanisms in low dimensional 

materials. The project was designed to include both experimental and modeling components. 

Molybdenum disulfide (MoS2) has been selected as a model system for establishing defect-

property relationships in 2DNMs. The modeling component includes density-functional theory 

(DFT) calculations, analytic solutions to diffusion, and kinetic Monte Carlo (KMC) simulations to 

guide experimental irradiation campaigns needed to obtain a comprehensive understanding of the 

formation and evolution of defects in MoS2 in response to radiation. Experimental approach is 

based on thorough characterization of intrinsic defect densities in MoS2, various in-situ and ex-

situ irradiation campaigns, and characterization (and property measurements) of irradiated 

specimens. 

 

Recent Progress 

 In Year 1, the group established expertise in fabricating freestanding mono-, bi, and tri-

layer MoS2. We developed procedures to exfoliate MoS2 from bulk specimen and deposit them on 

various substrates (Si, SiO2, GaAs, TEM grid). The example of as-fabricated mechanically 

exfoliated specimen is provided in Figure 1.The exfoliated specimens were examined using 

various techniques including Raman 

spectroscopy, photoluminescence 

(PL), electron microscopy (TEM), 

X-ray photoelectron spectroscopy 

(XPS), and Kelvin force probe 

microscopy. Literature review 

suggests that mechanically 

exfoliated specimens should have 

higher carrier mobility and lower 

number of intrinsic defects than 

those grown through chemical vapor 

deposition (CVD) methods. In 

addition to mechanical exfoliation, 

the group is growing MoS2 through 

CVD to determine which method 

leads to lower number of intrinsic 

defects. Specimens fabricated using 

both techniques will be evaluated 

and compared to determine the 

methodology most suited for 

irradiation campaigns.  

Figure 1. TEM micrograph of unirradiated MoS2: low 

magnification overview: red box denotes the area from which 

higher magnification micrograph (on the right) was acquired. 

The structure of the MoS2 is provided on the bottom right for 

convenience.  
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DFT calculations identified sulfur vacancy as the most favorable defect in MoS2, which 

was experimentally validated in transmission electron microscope (TEM) during in-situ electron 

irradiation. The group worked on 

evaluating the computational issues 

associated with modeling of 

charged defects in 2D, and 

implementing necessary correction 

schemes needed to correctly model 

defects in MoS2. A charged defect 

will increase strain of the system in 

its vicinity, which will lead to 

reduction of the symmetry due to 

Jahn-Teller distortion. For 

example, sulfur vacancy (Vs
1-, 

Figure 2) breaks 3-fold symmetry 

in MoS2 due to Jahn-Teller 

distortion, which would lead to 

electric and magnetic dipole states 

(Figures 2a and 2b). DFT calculations (Figure 2c) further show that charged defects in MoS2 

display interesting spin states, which can allow manipulation of electronic properties of the MoS2 

through defect engineering. 

It is known that energetic particles will interact with atoms of the material via electronic or 

nuclear components, and we will attempt to separate these two components. Electronic excitations 

in MoS2 can alter density of states and charge, which we should be able to achieve using targeted 

irradiation campaigns. Based on our modeling results, novel spin states can be attained in 2DNMs 

using defect engineering. We are in the process of designing and executing appropriate 

experiments that will allow realizing theoretical predictions. In-situ and ex-situ ion irradiation 

campaigns have been scheduled at Sandia National Laboratories and Texas A&M University in 

collaboration with Khalid Hattar and Lin Shao, respectively. In-situ electron beam irradiations are 

ongoing at University of Florida.  

 

Future Plans 

Year 1 was dedicated to producing high quality samples and ensuring that defect densities 

and configurations in MoS2 can be altered using irradiation. In addition, the group concentrated on 

establishing computational capabilities, which would aid experiment design. In year 2 of the 

project, we plan to focus our efforts on establishing thermal and radiation stability of defects and 

defect sinks in radiation response of MoS2.  

• Specifically, we will alter defect, charge, and spin states of the mechanically exfoliated and 

CVD grown freestanding MoS2 and monolayer MoS2 on a substrate. The formation 

energies and charge transition levels of relevant defects will be determined using DFT, and 

in-situ irradiation will be used to verify theoretical predictions. The result of the DFT 

calculations for the defect formation energies will provide the necessary data to map 

experimentally observed defects to specific atomic defect structures. Furthermore, the 

dependence of the defect formation energies on charge will be tested by irradiating and 

annealing 2DNM under different electrostatic conditions. 

Figure 2. Preliminary DFT results for MoS2: a) charge and 

b) spin states that can be produced by sulfur vacancy (Vs
1-), 

and c) charge state of sulfur vacancy in MoS2. 
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• Both in-situ and ex-situ irradiation experiments will be conducted with the goal of 

identifying the mechanisms governing radiation damage in 2DNMs. The radiation 

response of monolayer 2DNMs will be compared to that of a bilayer, and a bulk material, 

and the differences in their radiation response will be discerned.  

• The role of substrate and interface effects on radiation stability of MoS2 will be 

investigated. 

• Physical properties of the as-fabricated MoS2 will be measured. 

 

Publications 

In preparation.  
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Center for PRredictive Integrated Structural Materials Science – PRISMS Center 

 

PI: J. Allison, University of Michigan (UM)  

Co-PIs: S. Daly, University of California-Santa Barbara (UCSB), S. DeWitt (UM), V. Gavini 

(UM), M. Hedstrom (UM), E. Marquis (UM), A. Misra (UM), B.  Puchala (UM), L. Qi (UM),     

V. Sundararaghavan (UM), K. Thornton (UM), A. Van der Ven (UCSB). 

 

Program Scope 

The overarching goal of the PRISMS Center is to establish a unique scientific platform that will 

enable accelerated predictive materials science. The platform has three key thrust areas: 

1. PRISMS Integrated Computational Software: Develop and establish a suite of integrated, 

multi-scale, open-source computational tools for predicting the microstructural evolution and 

mechanical behavior of structural metals.  

2. The Materials Commons: Develop and deploy “The Materials Commons,” a knowledge 

repository and virtual collaboration space for curating, archiving and disseminating 

information from experiments and computations. 

3. PRISMS Integrated Science Use Cases: The use cases demonstrate the application of the 

integrated PRISMS platform of experiments, theory and simulation for making major 

advances in the quantitative and predictive understanding of microstructural evolution and 

mechanical behavior of magnesium alloys. 

 

Recent Progress and Future Plans 

In addition to eleven faculty members, the PRISMS Center currently has four full time staff 

members and over the past two years twenty graduate students and post-doctoral fellows. Over 

this time period six students have completed their PhDs.  We hold an annual workshop to develop 

our external PRISMS collaborative community and to train external users of PRISMS software 

tools and Materials Commons and have trained more than 150 users. Additional information can 

be found at http://prisms-center.org.   

PRISMS Integrated Computational Software  

Currently four primary codes make up the 

PRISMS Open Source Integrated software: 

CASM, PRISMS-PF, PRISMS-Plasticity and 

DFT-FE are available on GitHub (see 

descriptions below).  Three of these codes were 

first released in 2015 and have had at least four 

major upgrades since then. A new code, DFT-FE 

was first released in 2018.  The GitHub pages for 

these codes have been viewed more than 100,000 

times and over 1680 unique clones (copies) have 

been downloaded by users as shown in Figure 1. 

600 of these clones occurred over the past 12 

months.  Each software package includes a 

substantial user manual, formulation notes, 

commented source code and unit tests.  

 

Figure 1. Cumulative clones of PRISMS 

codes since January 2016.  
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CASM: CASM, a Clusters Approach to Statistical Mechanics, provides functionality for 

symmetry identification, enumeration of symmetrically unique supercells and configurations, use 

of automatically determined or custom reference states for formation energy calculation, and 

convex hull identification. CASM has been generalized to enable the construction of Hamiltonians 

that couple lattice strain, chemical disorder, vibrational excitations and on-site magnetic degrees 

of freedom.   Progress has also been made on fitting and sampling coupled Hamiltonians, 

improving ease of customization and sharing CASM projects via Materials Commons.  Future 

plans include incorporation of kinetic Monte Carlo calculations of non-dilute diffusion 

coefficients. https://github.com/prisms-center/CASMCode 

PRISMS-PF: The PRISMS-PF phase field code uses the finite element (FE) method, and is a 

massively scalable numerical framework for implementing phase field models for the multiscale 

materials modeling effort of PRISMS. The PRISMS FE framework using the deal.ii open-source 

finite element library has been implemented.  PRISMS-PF has been upgraded to include support 

for nonlinear quasi-static governing equations, which is necessary for the corrosion application. 

Grain remapping functionality has been added which allows a single order parameter to store 

multiple grains in a polycrystalline system. A plug-in for PRISMS-PF has been developed for 

sharing results and meta-data via Materials Commons. Future plans include incorporation of 

implicit time-stepping. https://github.com/prisms-center/phaseField 

PRISMS-Plasticity: The PRISMS-Plasticity code is a massively parallel numerical framework for 

implementing continuum and crystal plasticity finite element (CPFE) models using the deal.ii open 

source library. Various crystal and continuum plasticity material models have been implemented. 

A major improvement is development of a new physically based twinning and detwinning model 

along with the implementation a new kinematic hardening model to capture the material response 

during cyclic loading.  An automated work-flow has been established for integration with EBSD 

data sets using DREAM.3D.  Integration of the PRISMS-Plasticity software with the Materials 

Commons was also completed.  The ability to carry out simulations using gradient plasticity and 

crack paths is planned for future release. https://github.com/prisms-center/plasticity 

DFT-FE: DFT-FE is a massively parallel code for large-scale real-space DFT calculations using 

spatially adaptive higher-order finite-element basis was first released in 2018.  It was recently 

chosen as a finalist for the Gordon Bell Prize.  Key features include: (i) adaptive spatial resolutions 

using the FE basis informed by error estimates; (ii) computationally efficient and scalable 

algorithms for the solution of the KS-DFT problem; (iii) treatment of non-periodic and semi-

periodic boundary conditions; (iv) treatment of density and gradient-density dependent XC 

functionals; (v) geometric optimization using configuration forces.  Future plans include extending 

the implementation of DFT-FE to take advantage of GPU acceleration on heterogeneous 

computing architectures.  https://github.com/dftfeDevelopers/dftfe 

 

The Materials Commons  https://materialscommons.org 

The Materials Commons is an information repository and virtual collaboration space for curating, 

storing and disseminating materials information from experiments and computations. It has been 

designed to explicitly cover the entire data lifecycle, from data acquisition through sharing and 

analysis to reuse. The Materials Commons provides a common site for materials researchers to 

store, share, curate, analyze, publish, and reuse experimental and computational materials data 

collaboratively. The uniqueness and strength of the Materials Commons is that it is both a 

collaboration space and an information repository, where the types of collaborations supported are 

familiar tasks in materials research and the underlying data model for the information repository 
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is tailored for materials data, workflow, and analysis. Provenance is captured automatically and 

seamlessly as part of the scientific workflow.  Over 350 users have registered on the Materials 

Commons and have uploaded over 1.5 million files.  New features include a robust Python API 

that allows integration of computational applications with Materials Commons, a spreadsheet 

loader that allow users to directly their data from spreadsheets into Materials Commons and 

integration with Globus for fast, reliable upload/download of large sets of data such as that 

generated at APS or CHESS.  Future plans include improvements in search and contextual 

understanding and cloud-based storage capability. 

 

PRISMS Use Cases 

The PRISMS Use Cases serve as demonstrations and test beds for the development and 

demonstration of the PRISMS platform combining experiments, theory and simulation. Highlights 

from these use cases are summarized below.  

Grain Strengthening Use Case 

Theoretical/computational methods have been integrated with advanced experiments to 

understand grain size strengthening behavior in Mg alloys. This involves atomistic to continuum 

multiscale investigation of how texture, grain and twin boundaries, and chemistry affects the 

micro-Hall Petch coefficients used to capture grain size effects in PRISMS-Plasticity. At the 

atomistic scale, an efficient genetic code has been developed for predicting minimum energy 

structures of grain boundaries by considering both macroscopic and microscopic degrees of 

freedom. An example of which is shown in Figure 2.  

 

 
 

Figure 2. This figure shows GB energies and structures for [0001]-

tilted grain boundary in Mg generated by our code. All these GBs 

are composed of <a>-type edge dislocations on prismatic planes. 

They can transform from the flat GB plane at small tilted angles to 

the faceted GB plane at large tilted angles. 
 

 

 

 

 

A new high resolution EBSD (HREBSD) technique has been established to study the interaction 

of slip bands and grain boundaries and reconstruct the stress distribution imposed by a slip band 

on an adjacent grain. An analytical pile-up model was developed to predict this stress distribution. 

A high throughput technique is being developed to identify micro-Hall Petch coefficients in 

individual grains.  HEDM (CHESS) has been used to provide 3D measurement of grain size effects 

on stress-strain behavior of Mg-Nd alloy specimens.  These results were used to validate PRISMS-

Plasticity simulation parameters. SEM-DIC methods have been substantially improved for 

characterizing slip and twinning during loading on large field of views (100 million data points). 
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Fatigue Behavior Use Case 

Prediction of microstructural and alloying effects on 

cyclic deformation and fatigue behavior of Mg alloys is 

being accomplished by integrating PRISMS-Plasticity and 

advanced experimental methods.  The twinning and 

detwinning behavior of extruded fine-grained unalloyed 

Mg and Mg-4Al were characterized using in-situ HEDM 

(CHESS) measurements during cyclic deformation.   

These results were used to calibrate the new PRISMS-

Plasticity twinning-detwinning model, an example of 

which is shown in Figure 3.   

 
 

Figure 3. Experiment and PRISMS-Plasticity simulation of cyclic stress-strain response unalloyed Mg.   

 

The growth of fatigue cracks through grain boundaries has been characterized in 3D using HEDM 

(APS). These results will be used with a new fracture model being implemented for use with the 

PRISMS-Plasticity code.  This work is being done in collaboration with Professor Ashley Spear, 

U. Utah, who obtained an NSF supplement to a DMREF to work directly with the PRISMS Center 

on this topic.   

 

Corrosion Use Case 

This use case explores a new application of the PRISMS framework and is focused on coupling 

PRISMS-PF simulations with advanced in-situ corrosion experiments. A PRISMS-PF application 

using phase-field and smoothed boundary methods was developed to simulate localized pitting 

corrosion. The model employed describes the evolution of a metal/electrolyte interface which is 

governed by Butler-Volmer-type electrochemical kinetics coupled to ionic transport within the 

electrolyte.  

In situ electrochemical/hydrogen evolution measurements with optical imaging and post-

mortem microstructural analyses were conducted for pure Mg and Mg alloys, including Mg-Zn 

and Mg-Ca-Zn alloys.  The values of corrosion potential and corrosion current, critical input to the 

phase field model, were determined.  The corroded samples after various corrosion conditions and 

with different compositions showed a range of morphologies, i.e., uniform and filiform, which 

provides insights into how the corrosion parameters depend on the alloy composition. 

 

Complex Alloy Use Case 

This use case is combining information from our previous work on Mg-Nd-Y alloys to demonstrate 

the ability to integrate the PRISMS Tools to optimize a complex quaternary alloy and heat 

treatment, specifically the Mg-Nd-Y-Ca system. Design of the multiscale optimization 

framework/code, prisms.multiscale, has been completed. The framework integrates CASM, 

PRISMS-PF and Materials Commons and new multi-fidelity models using the open source 

integration and optimization framework, OpenMDAO.  A multi-fidelity Gaussian Process 

surrogate model was developed to predict precipitate shape based on information calculated by 

CASM. As shown in Figure 4, sharp interface model (low-fidelity, inexpensive) calculations are 

combined with PRISMS-PF phase field (high-fidelity, more expensive) calculations, to make high-

fidelity predictions at a much lower cost.  

CASM was used to perform DFT calculations for energetics of Mg-Ca, Mg-Nd-Y and Mg-
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Nd-Y-Ca.  To validate this predictions, quaternary Mg-Nd-Y-Ca alloys have been obtained and 

are under experimental characterization.  Substantial improvements to the dislocation dynamics 

(DD) code, ParaDis, were made to enable direct input of PRISMS-PF phase field simulation results 

and accurate calculation of interaction forces between dislocations and precipitates.  These 

simulations are being integrated with and validated by in-situ TEM experiments.  
 

 

 

Figure 4. A Gaussian-process-

based multi-fidelity model for 

equilibrium precipitate aspect 

ratio in Mg-Nd enhances a (lower 

fidelity, inexpensive) sharp 

interface (SI) model with (higher-

fidelity, more expensive) phase 

field (PF) calculations.  
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Quantifying the Role of APB Tubes on the Work-hardening of Ordered Phases 

Principal Investigator: I. Baker 

Thayer School of Engineering, Dartmouth College, Hanover, NH 03755. 

Ian.Baker@Dartmouth.edu 

 

Program Scope 

The concept of an anti-phase boundary (APB) tube was originally proposed by Vidoz and Brown 

(1962) in order to explain the much greater work-hardening rate (50% increase) observed when an 

alloy, such as Ni3Fe, is ordered. Their existence was only definitively confirmed by Chou and 

Hirsch in 1981 using weak-beam imaging with superlattice reflections in a transmission electron 

microscope. In this project, we aim to study three major unresolved issues: (1) there have been no 

studies in which an APB tube model has been directly linked to experimental measurements of 

APB tube density to quantitatively describe the work-hardening rate (WHR) in an ordered alloy, 

(2) how gliding dislocations interact with APB tubes has been theorized but such interactions have 

not been directly observed, and (3) the proposed APB tube formation mechanisms all rely on post-

mortem TEM observations.  

In this project, we are:  

(1) determining the APB tube formation mechanisms via TEM in situ straining experiments;  

(2) performing tensile tests to various strains and measuring the APB tube and dislocation density 

using a combination of TEM, calorimetry, and possibly electron channeling contrast imaging 

in a scanning electron microscope at each strain, and using these data to model the work-

hardening rate;  

(3) annealing out the APB tubes (but not the mobile dislocations) from strained specimens and 

determining the effect on the subsequent flow stress and work-hardening rate in order to 

provide insight into the mechanisms of APB tube strengthening;  

(4) relating synchrotron X-ray diffraction (XRD) measurements and neutron diffraction 

measurements of APB tube density to the flow stress continuously using in situ deformation 

experiments; and  

(5) examining the chemistry of the APB tubes using atom probe tomography (APT).  

The work is being performed on the two most common ordered phases, B2 and L12, i.e. 

(1) single crystals of B2 FeAl since there is extensive documentation of its deformation; and  

(2) the L12 phase in the two-phase HEA AlCoCrFeNi2.1 (Wani et al., 2016a, 2016b, 2017a, 

2017b; Lu et al., 2017) both as a stand-alone alloy and then as part of the (B2 + L12) HEA 

AlCoCrFeNi2.1.  

 

Recent Progress 

FeAl: Preliminary tests have been undertaken to observe the effect of annealing out APB tubes in 

B2 Fe-40Al. Large-grained polycrystalline samples were annealed at 1200°C for 10 hours to 

minimize chemical segregation and then annealed at 400°C for 5 days to minimize thermal 

vacancies (Nagpal and Baker, 1990). The samples were then compressed at a rate of 1 x 10-3 s-1 to 

5%, 14%, and 19% strain. After straining, samples were unloaded, annealed at 120°C for 2 h, and 

then compressed to failure. Because the samples had to be completely removed from the testing 

set-up for annealing, interrupted compression tests were performed without annealing to ensure 

repeatability. The interrupted tests showed the same flow stress within ± 2% after reloading.  
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 Figure 1 shows the stress-strain and 

WHR-strain curves for four samples. 

For the samples strained 14% and 

19%, the flow stress drops by 4% and 

8%, respectively, after annealing. 

Such a drop was not observed in the 

sample strained 5%, suggesting a 

lower limit before the annealing has 

an effect. The sample strained 19% 

shows a greater than 25% drop in 

WHR after annealing. However, the 

14% pre-strained sample shows an 

8% increase in WHR after annealing. 

The curves may be different due to 

anisotropy of the large-grain 

polycrystals, which only have 2-3 

grains across the diameter of the 

sample. The decrease in work-

hardening rate observed after 19% 

straining indicates that APB tubes act 

as obstacles for gliding dislocations. 

As not all data show a decrease in 

WHR, these tests are being repeated 

on both single crystals and fine-

grained polycrystals of Fe-40Al using 

tension rather than compression tests, 

as well as on pure iron for 

comparison. 

 

 

 

It may be possible to see the effects of APB tubes using synchrotron X-ray diffraction. Fe-40Al 

single crystal were grown in a modified Bridgman furnace and annealed at 1200°C for 10 hours 

and at 400°C for 5 days (Nagpal and Baker, 1990). Samples of two different orientations were 

cold-rolled to ~16% thickness reduction, and part of each sample was annealed at 120°C for 2 h 

to remove the APB tubes. Figure 2 shows the X-ray diffraction pattern for one orientation obtained 

using the synchrotron at Argonne National Laboratory. Table 1 lists the percent change from the 

cold-rolled to cold-rolled plus annealed state for the X-ray peak position, full width half maximum, 

and peak height. It was anticipated that the annealed sample would have narrower peaks, as the 

strain energy from APBs would have been removed. However, this is not evident. These tests are 

being repeated on single crystals that have been deformed to much greater thickness reductions. 

16% thickness reduction may not generate a high enough APB tube density to see effects on the 

X-ray diffraction data. 

Figure 1. (a) Work-hardening rate (filled shapes) and true 

stress (lines) versus true strain for 5% and 14% strained, and 

(b) work-hardening rate (filled shapes) and true stress (lines) 

versus true strain for as-prepared and strained 19% samples. 
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AlCoCrFeNi2.1 Eutectic High Entropy Alloy: Polycrystalline 

AlCoCrFeNi2.1 was arc melted from elemental materials with 

99.9+% purity. XRD confirmed that the material is two-phase L12 

and B2. The ordered L12 phase was further confirmed in the TEM, 

see Figure 3. The alloy has a dendritic microstructure composed of 

large dendrites of the L12 phase (tens of microns) with finer 

interdendritic region of mixed L12 and B2 lamella (~1μm thick), see 

Figure 4a. The L12 phase is Fe, Cr, and Co rich and appears lighter 

in the SEM; the B2 phase is Al and Ni rich, and appears darker. A 

stress-strain curve of the two-phase material is shown in Figure 4b. 

The yield strength and ultimate tensile strength are in good 

agreement with Wani et al., 2016a. The effects of low temperature 

anneals on tensile properties are being determined.  
 
 

 
Figure 4. (a) SEM micrograph and (b) engineering stress-strain curve of AlCoCrFeNi2.1 as-cast. 
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Figure 2. XRD patterns (wavelength 0.01173 nm) for a Fe-40Al single 

crystal in the undeformed, cold rolled (CR), and cold-rolled plus 

annealed (CR + A) states. Open triangles indicate superlattice peaks.  

 

Table 1. Percent change in peak 

position, full-width half 

maximum, and peak height 

between the CR and CR + A 

samples. Blue background 

indicates superlattice peaks.  

 

0.2% Yield Strength: 440 MPa 
UTS: 970 MPa 
Elongation: 26% 

Figure 3. [001] Electron 

diffraction pattern from L12 

phase of AlCoCrFeNi2.1. 

Yellow – fundamental spots; 

green - superlattice spots.  
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Future Plans 

1. Examine effects of low-temperature, APB-tube removing anneals on the flow stress and WHR 

of FeAl single crystals and polycrystalline AlCoCrFeNi2.1. 

2. Fe-40Al single crystal specimens have been sent to Dr. Andrew Payzant at ORNL for neutron 

diffraction in  as-grown, strained 50% and annealed at 120oC for 2 h condition (to remove APB 

tubes) to determine the effect of APB tubes on neutron diffraction patterns. 

3. Additional Fe-40Al single crystal specimens have been sent to Dr. Si Chen at ANL in the as-

grown, strained 50% (much higher strain than previously used) and annealed at 120oC for 2 h 

condition tubes to determine the effect of APB tubes on X-ray diffraction patterns. 

4. Lightly-strained (5%) Fe-40Al-3Cu single crystal specimens have been sent to Dr. Baptiste 

Gault at MPIE, Germany for atom probe tomography study of the local chemistry in APB tubes. 
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Discovery, Design, Synthesis and Testing of High Performance Structural Alloys 

 

Thomas John Balk 

Department of Chemical and Materials Engineering, University of Kentucky 

 

Program Scope 

 The overarching goal of this project is to understand the phase stability and mechanical 

behavior of non-stoichiometric multi-principal element alloy (MPEA) materials, which will 

ideally serve as models for other MPEA systems. MPEAs represent a rapidly growing area of 

alloy research, with reports of novel materials exhibiting greatly improved properties, especially 

regarding mechanical behavior [1, 2]. MPEAs, also known as “high-entropy alloys” or 

“compositionally complex alloys,” contain five or more alloying elements. This leads to a wide 

range of possible alloy compositions and an even broader spectrum of microstructures and 

properties [3]. Systematic evaluations of certain MPEA systems have been performed, and these 

have yielded promising MPEAs, often with simple stoichiometries. However, understanding how 

deviations from stoichiometric compositions influence certain mechanical properties has been 

hindered by the experimental difficulty of producing and studying sufficiently wide alloy 

variations in a systematic and feasible manner. Addressing this bottleneck will provide 

fundamental knowledge relating alloying effects to mechanical behavior in MPEAs and will 

facilitate the discovery and design of new, high performance structural alloys. 

 In order to identify suitable alloys, we are using a combinatorial thin film screening 

approach, in collaboration with scientists at Lawrence Berkeley National Laboratory who are 

performing computational work as well as complementary experimental work. Specific tasks 

include the fabrication, using thin film deposition from six sputtering targets, of combinatorial 

samples with multi-dimensional gradients in composition and microstructure. These samples are 

studied to screen MPEA systems for promising candidate alloys with specific composition(s), 

based on characterization of composition, structure and mechanical behavior across the thin film. 

We want to produce single-phase MPEAs with chemical homogeneity in a given thin film 

region, simple grain structures, and no intermetallic phases present. Gradient films facilitate first-

pass screening for desirable characteristics and inform the next stage of work that involves 

fabrication of bulk MPEA specimens for (tensile) mechanical testing and characterization. To 

make the bulk alloys, metal (elemental) pieces are melted to form MPEAs, followed by 

thermomechanical processing to homogenize the composition and microstructure. A subset of 

alloys will also be cast, using vacuum arc melting, to yield larger samples (diameter ~1 cm and 

length ~5-10 cm) and these will allow us to assess viability of scale-up for the alloys in structural 

applications. Further processing plans include rolling and heat treatment to recrystallize selected 
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bulk MPEAs and grow grains to different extents, in order to investigate mechanical size effects 

in MPEAs. Mechanical testing (primarily in tension) is planned to assess mechanical behavior 

over a range of temperatures. 

Recent Progress  

 Two MPEA systems are under investigation in this project. The first system is similar to 

the Cantor alloy, but includes Cu instead of Cr. Thin film composition gradient samples were 

characterized, and single-phase regions were identified using x-ray diffraction, to identify 

candidate alloys for bulk fabrication. In parallel, a bulk alloy processing approach was employed 

to identify alloy compositions that should be single-phase and thermally stable. An equiatomic 

alloy of CrMnFeCoNiCu was melted in a furnace and then slowly cooled, resulting in a multi-

phase microstructure consisting of acicular Cr-rich particles in a non-equiatomic MPEA matrix 

(Mn17Fe22Co24Ni24Cu13). This slow cooling approach has proven to provide an alternative path 

for identifying stable, single-phase alloys, and is a good complement to the combinatorial thin 

film approach. Although this slow cooling approach does not yield a wide alloy space for 

exploration, it does generate stable alloys, since the system tends to approach this composition 

on its own. We processed an equivalent alloy using rolling and heat treatment to obtain equiaxed 

grain structures, with a range of grain sizes. Tensile testing has shown that alloy strength and 

ductility are both high. These results are shown in Figure 1, where the non-equiatomic alloy is 

seen to exhibit better tensile mechanical properties than its equiatomic counterpart.  

 

The thermal stability of this non-equiatomic alloy is also significantly better than the 

equiatomic alloy. Samples of both materials were homogenized using rolling and 

recrystallization, then were annealed to assess the impact on microstructure. As shown in Figure 

2, the non-equiatomic alloy retained its homogenous composition and elemental distribution, 

while the equiatomic alloy decomposed into a multi-phase microstructure. Moreover, we have 

Figure 1. Optical micrograph of rolled and heat treated non-equiatomic MPEA Mn17Fe21Co24Ni24Cu14. Tensile 

stress-strain curves for the non-equiatomic MPEA and its equiatomic counterpart MnFeCoNiCu. 
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performed preliminary oxidation testing on the alloy Mn17Fe21Co24Ni24Cu14, and it exhibits 

significantly better oxidation resistance than the equiatomic alloy (and the Cantor alloy). 

    

 Additional work was performed on a BCC refractory MPEA system, motivated by a 

collaboration with LBNL scientists (Chrzan, Asta and Minor). Combinatorial thin film samples 

were prepared for the refractory system chosen for this project (VNbMoTaW). This system was 

chosen because it had been predicted that as Mo is replaced by Nb, meaning that the alloy 

composition approaches VNb2TaW, the system should transition from highly brittle to highly 

ductile. In order to accomplish the goals of the project and also gauge the extent of the alloy 

space available for producing bulk single-phase MPEA samples over this composition range, we 

have gone through several iterations of combinatorial thin film samples. A challenge in this area 

has been the accurate determination of alloy composition at each film location. Because we 

initially deposited films on silicon substrates, there was overlap between the Si peak and the 

Ta/W peaks of the film. This made it difficult to know whether the compositions were correct. 

Subsequent depositions were performed on alternate substrates (Kapton and sapphire), which 

enabled accurate determination of composition at each location. The characterization of MPEA 

crystal structure at each film location delivered a positive result, namely that the extent of single-

phase BCC stability for these MPEAs is broad. In fact, most of the film locations indicated a 

single-phase BCC structure, with only a small number of locations yielding different structure. 

Specifically regarding the trade-off between Nb and Mo, the film remains single-phase BCC 

when half of the Mo is replaced by Nb (and vice-versa) relative to the equiatomic composition. 

Therefore, we are confident that bulk alloys in the VNbMoTaW can be made such that Nb 

replaces Mo, with all alloys retaining the same crystal structure. This will require 

thermomechanical processing that we could not access at the time of proposal submission. 

However, the PO recently acquired a new piece of equipment that should allow the 

thermomechanical processing of refractory MPEAs, as well as high-temperature tensile testing in 

a controlled atmosphere. 

 

Figure 2. Optical micrographs and EDS maps of (a) annealed non-equiatomic MPEA Mn17Fe21Co24Ni24Cu14 

and (b) annealed equiatomic MnFeCoNiCu, which formed a multi-phase microstructure. 
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Future Plans 

 Our research plan for the near term includes a continued focus on the links between thin 

film screening and bulk alloy fabrication. In the FCC system (similar to the Cantor alloy 

composition), we will expand the alloy space around (Co24Fe22Ni24Mn17Cu13) using 

combinatorial gradient films and then fabricate suitable samples for mechanical testing. In the 

BCC system, we will fabricate several bulk alloys and thermomechanically process them to 

achieve a suitable microstructure for assessing their mechanical properties in tension. This is 

important for the collaborative efforts with LBNL. The PI has recently acquired a new piece of 

equipment (Gleeble 3500) that can process/test alloys under conditions that mimic those used in 

industry. The Gleeble will allow us to take as-cast MPEA samples and subject them to rolling 

conditions at high temperature, followed by heat treatment to achieve equiaxed grain structures. 

The Gleeble is also able to perform hot tension experiments under controlled environment 

(vacuum or controlled gas), and bulk MPEA samples will be tested to assess their ductility. 
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Global aspects of microstructural evolution in irradiated alloys: Effects of self-organization 

 

Pascal Bellon, Robert S. Averback, Shen J. Dillon 

Department of Materials Science and Engineering, University of Illinois at Urbana-

Champaign, Urbana, IL 

 

Program Scope 

The next generation of nuclear power systems requires structural materials that can operate 

safely and economically in harsh conditions, in particular resisting to high levels of radiation 

damage at elevated temperature. Such materials, driven far from equilibrium, constitute 

dissipative systems that have a strong tendency for developing self-organized microstructures. 

One strong attractive characteristic of these self-organized microstructures is they are stable 

steady states, thus ensuring that materials properties are stable over time. Furthermore, it has 

been recognized recently that some of these microstructures contain a high number density of 

nanoscale features that can promote trapping and recombination of point defects, and trapping of 

rare gas atoms, thus improving the overall performance under irradiation. Most of the past works 

on self-organization under irradiation focused on isolated elements of the microstructure, such as 

precipitates [1], voids and bubbles, [2,3] grain boundaries [4-6]. Recent results, as well as critical 

re-analysis of past results, suggests however that self-organization takes place globally, coupling 

all the elements of the microstructure. Our new research effort aims at elucidating these global 

aspects of microstructural evolution under irradiation, including the validity of a local forcing 

analysis and the dynamical coupling of sub-systems of the microstructure. Fundamental 

understanding of global self-organization under irradiation is expected to offer new ideas about 

designing new radiation resistant materials. This research could have far broader impact by 

stimulating and guiding research on other aspects of self-organization in dissipative materials 

systems, the so-called driven alloys.  

Research Plans 

Our project will investigate the microstructural evolution of two-phase Ni-based alloys during 

energetic particle irradiation, determining how compositional patterning (CP) couples to other 

parts of the microstructure, such as dislocation loops, chemical ordering, and grain boundaries. 

The project includes both experimental and theoretical modeling to achieve our goals. The 

experiments involve, primarily, irradiations of two-phase Ni-Al and Ni-Si -’ alloys. We will 

first determine if these alloys form a precipitate structure that self-selects in steady state a fixed 

length scale, i.e., precipitate size, morphology, and density, as well as fixed alloy compositions 

in the  and ’ phases. We will then determine how this “compositionally patterning” couples to 
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other parts of the microstructure. Characterization of the alloys will be performed using atom 

probe tomography, transmission electron microscopy and scanning transmission electron 

microscopy to measure in particular the density, size, composition and order of precipitates, their 

location in relationship to dislocation loops and grain boundaries, as well as the solute 

concentration in the matrix and at grain boundaries.  

The experimental component of the research will be supported by theoretical modeling, 

primarily through the development of a phase field model to explore how different kinetic 

parameters influence the microstructural evolution of the alloys and to provide guidance for 

interpreting the experimental results. The modeling consists of three tasks, first studying 

composition patterning in isolation in ordering alloys such as Ni-Al and Ni-Si, then assessing the 

influence of net fluxes on compositional patterning, and lastly investigating the coupling 

between compositional patterning and defect sinks such as dislocation loops and grain 

boundaries.  

1. Coupling between CP and dislocation loops: basic processes 

We first consider the coupling between CP and irradiation-induced dislocation loops. A first 

possible consequence of coupling is the suppression of loop nucleation and growth arising from 

the competition between loops and a high density of nanoprecipitates for freely migrating 

defects. Similar consequences of CP would be expected for void swelling and creep. Our focus is 

on the broader issues outlined in Fig. 1.  For example, in Fig. 1(a) we envision the possible 

coupling between CP and dislocation loops, and will explore it using -’ Ni-Al alloys as a 

model system. This choice is motivated, in part, by the works of Nelson et al [7] and Schmitz et 

al.  [8], but also by its relevance to precipitation-hardened alloys such as PE-16.   

 

Fig. 1 Schematic microstructures of possible interactions under irradiation between nanoprecipitates of 
radius rp stabilized by compositional patterning (CP) and elements of the microstructures, such as 
dislocation loops (L) in (a,b) and grain boundaries (GB) in (c). In (a) an inverse Kirkendall effect induces 
a solute flux 

 
J

B

V  that depletes the region near the loop resulting in the possible absence of CP there, 
while in (b) solute drag to the loop leads to precipitation on the loop and may extend patterning. In (c), 
even in the absence of flux coupling, fast thermal diffusion along grain boundaries 

 
J

B

( GB )  competes with 
solute recoil into the matrix, which could result in a stable steady-state size for GB precipitates.  
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The first task will be to establish that CP does indeed occur in Ni-Al -’ alloys, as assumed in 

Fig. 1(a). Potter and Hoff [9] had shown that after an irradiation dose of  5 dpa at 550 C, the 

region in the vicinity of loops becomes depleted of ’, Fig. 2(a), and sketched in Fig. 1(a). One 

possible explanation for this behavior, suggested by Potter and Hoff involves radiation-induced 

segregation. Alternative explanations arise, however, if dislocation loops are the dominant sink 

for point defects, since the defect concentrations nears sinks are dramatically reduced. Such a 

reduction would increase the forcing parameter, b. Furthermore, our recent phase field 

simulations suggest that CP leads to an inverse Gibbs-Thomson effect, which should also 

contribute to the coupling between the dislocation loops and the regions far from the loops. 

Lastly, the chemical order parameter of the precipitates near the dislocation loops should also 

couple to their size, thus affecting their stability. This alloy system represents thus a rich model 

alloy to gain an understanding of the underlying coupling mechanisms. 

   

Fig. 2 Microstructures of irradiated alloys similar to the schematic ones sketched in Fig. (2): (a) bright-
field TEM of Ni-14 at% Al irradiated with 3.2 MeV Ni ions at 550 ˚C to 1.7 dpa with dose rate 2.7x10-3 
dpa-s-1 [9]; (b) superlattice dark-field TEM Ni-6 at% Si irradiated with Ni ions at 400 ˚C to a dose of 10 
dpa [10]; (c) Z-contrast STEM Cu-1.5at% W irradiated with 1.8 MeV Kr ions at 600 ˚C to 80 dpa [11]. 

2. Coupling between CP and dislocation loops: radiation-induced segregation 

We will then investigate the coupling between CP and segregation more directly using the Ni-Si 

alloy system, where strong binding of interstitial atoms to Si leads to robust RIS effects. Si is 

known to segregate to GB’s and forms ’ precipitates (Ni3Si), even in nominally understaturated 

alloys, as sketchd in Fig. 1(b) and illustrated in Fig. 2(b). Barbu and Ardell showed such 

precipitation for alloys with Si concentrations as low as 2 at.% [12]. Our goal here is determine 

whether these ’ precipitates undergo compositional patterning. Unlike the case of Ni-Al, the 

competing dynamics is between recoil mixing and RED tending to homogenize the alloy versus 

the segregation flux leading to precipitation.  

3. Coupling between CP and grain boundaries 

Our proposed research for elucidating the coupling between CP and GBs follows our approach 

for studying CP coupling with dislocations.  GB’s like dislocation loops are a sink for point 

defects and therefore will lead to local variations in b and possibly also to segregation by the 
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inverse Kirkendall effect. Examining the interaction of CP with GB’s, however, is somewhat 

simplified since the grain size can be fixed from the outset, and it is expected to change only 

slowly with irradiation dose. GB’s, however, add a new dimension to the problem since, as 

sketched in Fig. 1(c), grain boundary diffusion can introduce in a new anisotropic forcing 

parameter,  
g

b

GB

, in the boundaries. This may lead to CP on the GB’s, but with different control 

variables as those for the grain interiors. The thrust of the experiments, therefore, is to carefully 

characterize the microstructure as a function of composition, temperature, and dose to map out 

the interplay between CP and GBs. The first tasks will be to determine whether CP can take 

place at grain boundaries, and if so, to determine the influence of CP at grain boundaries on the 

stability of intragranular CP.  

Perspectives 

Our program is expected to impact several aspects of the field of driven alloys. If our hypotheses 

regarding the strong influence of compositional patterning in these materials bears out, we 

believe it will dramatically alter our current thinking about the response of these materials to 

irradiation, not only calling for revision of past explanations of experiments, but also revising our 

ideas about designing new radiation resistant materials. Specifically, a key finding of this work 

will be to demonstrate the importance of the local nature of the nonequilibrium forcing 

introduced by irradiation, and its coupling with the permanent defect fluxes imposed by 

irradiation.  
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The role of subgrain heterogeneous processes in slip localization in polycrystalline metals 

during cyclic plasticity 

Irene J. Beyerlein, University of California at Santa Barbara 

Program Scope 

 Improved prediction of the behavior of materials under the monotonic and cyclic loading 

conditions encountered in structural components is critical to ensure reliable, long-term 

performance and to guide the design of new materials that can withstand extreme environments.  

For most classes of metallic materials, a major challenge in advancing prediction still lies in the 

strong dependence of highly localized plastic deformation processes on seemingly many 

microstructural features presiding at the nanoscale, microscale and mm-scale.  Recent advances in 

experimentation and modeling are now enabling assessments in real time and within a 

microstructural framework. In this program, which began in August 2018, we bring these to bear 

to study microstructure-sensitive slip band localization in metals.  Our overarching goal is to build 

the fundamental understanding of the slip-based processes that eventually lead to fatigue crack 

initiation, such as the formation of intense slip bands and chains of such intense bands across a 

microstructure, to a depth that enables prediction and material design. 

The approach we use involves three sets of new methods, which, when combined, provide a 

complete picture of when, where, and which slip processes form during monotonic and cyclic 

loading. The first technique is in-situ High Energy X-ray Diffraction Microscopy (HEDM). 

Possessing both global scope and local resolution, HEDM can interrogate the distribution of 

orientations and strains within every crystal inside a deforming polycrystal with subcrystalline 

resolution. Time-resolved HEDM data can detect when slip heterogeneities form.  The second 

method is a set of spatially resolved microstructure data generated via the new 3D TriBeam and 

advanced in situ HR-DIC approaches. These are integrated with the other efforts to determine 

where heterogeneities form. The third component is a series of recent time- and spatially resolved 

crystal plasticity gradient-based microstructure materials models.  We extend these to identify 

which slip processes cause slip bands to form and transmit across grain boundaries. 

Recent Progress  

 Role of microstructure on strain concentrations. Upon macroscopic loading and while 

the material is still globally elastic, many grains undergo highly localized plastic deformation in 

the form of slip bands.  At the onset of globally plastic deformation, a few of these slip bands 

intensify, strengthen, and serve as precursors to persistent slip bands and eventual crack 

initiation.  Experiments show that the more intense slip bands often form at coherent twin 

boundaries. While this is a frequent occurrence in many fcc metals containing annealing twins, it 

is not clear why these bands prefer to develop most often (but not always) along a twin boundary.  
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In this research, we first focused on 

the role mesoscale microstructure 

plays on the early developments of 

localized elastic strain 

concentrations.  In the experiment, 

a Ni based superalloy was strained 

to different levels, below and above 

the macroscopic elastic-plastic 

transition.  Figure 1 shows one such 

localized slip band identified in the 

material after a small amount of 

externally applied deformation, at a 

level still lying in the elastic 

regime.  A series of 3D crystal 

plasticity microstructure 

calculations were carried out in 

which the same explicit 

microstructure was (a) idealized 

with elastic isotropy, (b) less elastic 

anisotropy or (f) idealized with 

simplified neighborhood. Nearly identical strain fields develop in the grain, including the intense 

localization, with elastic anisotropy, even when the microstructural details of the neighborhood 

are averaged out as a homogeneous matrix. This result suggests that the high elastic strain 

concentration results from the grain being surrounded entirely by elastically harder nearest 

neighbors.  Specifically, with these calculations we uncover that elastic strain localization is 

favored when: (i) the grain is elastically softer than all nearest neighbors, (ii) the grain has a non-

equiaxed shape with sharp corners as potential stress concentrators created by traversing twin 

boundary planes; and (iii) the loading axis to twin plane orientation causes a high shear boundary 

traction. 

  

These results explain how the presence of annealing twins significantly increases the probability 

of localization. First, given the large misorientation characteristic of fcc twin boundaries and 

elastic anisotropy, it becomes highly probable that either the grain or annealing twin across the 

twin boundary are elastically softer than its annealing twin or grain neighbor. Second, the presence 

of annealing twins increases the number of high-aspect ratio grains and creates sharp corners, 

which serve as stress and strain concentrators. 

 

Irreversibility in orientation gradients.  Fatigue crack initiation is intimately linked to plasticity 

processes on the grain scale and below and these processes induce lattice orientation 

heterogeneities. In this project, we use multiple experimental characterization methodologies, 

1

(a) (b) (c)

(d) (e) (f) (g)

Figure 1.  (a) EBSD map of a twin (g4) in a parent grain (g1) 

containing a slip band at the twin boundary.  (b) DIC lattice rotation 

map exposing an orientation gradient zone at the tip of a slip band, 

(c) micromechanical model of a slip band in the same local 

neighborhood and (d) calculated lattice rotation map 
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capable of quantifying structure (including 

lattice orientations) on different length scales, to 

study changes in the crystal orientation 

distributions during cyclic loading. We analyze 

far-field HEDM data to track the distribution of 

lattice orientations within every crystal as a 

commercially pure copper test specimen is 

cyclically loaded. As changes in the distribution 

of orientations within a crystal can be linked 

directly to slip system activity, we posit that slip 

band localization correlates with grains 

exhibiting the greatest changes in their lattice 

orientation distributions. We examine the lattice 

orientation “cloud” or grain orientation envelope 

(GOE) within each copper crystal in orientation 

space to specifically study how the size of each 

GOE evolves during cyclic loading. In the 

HEDM experiment, the crystals that had the 40 

largest GOEs at the tensile loop tip in the first 

loading cycle through subsequent cycles are 

tracked. Figure 2 depicts changes in the average 

cloud size of these top 40 crystals to the rest of 

the crystals in the aggregate for cycles 2 and 256 

at various points around the hysteresis loops. The 

top 40 average cloud size remains larger than the rest of the aggregate, which we suspect indicates 

that these 40 crystals are the ones most susceptible to microcrack initiation.  An important finding 

achieved within the first year of this project is that the dispersion in the orientation within a grain 

are irreversible. Further, these intragranular orientation gradients are seen to grow with each cycle. 

 

Future Plans 

In the next year we plan to identify the sources for orientation gradients during deformation.  By 

combining 3D micromechanical modeling of orientation development in 3D, in-situ DIC and in-

situ HEDM, we hope to identify those grains and grain neighborhood properties that prompt the 

locally high stresses, slip band formation, and irreversible orientation gradients.  Figure 3 shows 

some initial results using two methods, H-DIC and micromechanical modeling of slip bands.  The 

H-DIC lattice rotation map in Fig. 3(b) displays an example of one prevailing origin of orientation 

gradient, which lies at the tips of intense slip bands, in the neighboring grain.  Here a prominent 

orientation-gradient zone emanates and extends in the neighboring grain.  Explicit modeling of the 

slip band in Fig. 3(c) within this same local neighborhood reveals a similar zone (Fig. 3d), one that 

is extensive due to the intensity of the slip band and the particular orientation of the neighboring 

1

(a) (b)

(c)

Figure 2 (a-b) Hysteresis loops from cycles 2 

and 256 in situ cyclic loading / HEDM 

experiment on copper. Red markers indicate 

where HEDM experiments were conducted. (c) 

Changes in average cloud size for the top 40 

crystals compared to the remaining bulk crystals 

within the copper aggregate at the load steps in 

the HEDM experiment. The first number in a 

load step corresponds to the cycle number (1, 2 

or 256). 
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grain.  With these tools, we have the opportunity to study the micromechanics behind slip band 

transmission and development of growing orientation gradients near intense slip bands observed 

experimentally. 

 

Also, in the next year, we aim to identify the orientation gradient-driven processes and their 

relationship to the strengthening of slip bands during 

cyclic loading.  We plan to combine two in-situ 

techniques, H-DIC and HEDM, to study the 

development of localized orientation gradients in 2D 

and 3D at different strain points in the cycle (Fig. 4).  

The key is to use the formation of those extensive 

zones of high orientation gradient generated at the 

tips of slip bands seen in H-DIC (Fig. 3b) as a 

“signature” of intense slip band development in 3D 

HEDM. The in-situ HEDM studies will be conducted 

to capture the stress and orientation evolution within 

each crystal at different points in the hysteresis loop, 

and from one cycle to the next. The full stress tensor 

and GOE will be extracted for each grain. 3D spatial 

maps of the orientations will be collected (Fig. 4).  

These data will be used to build an understanding of 

plastic responses during fatigue, and to prepare for an 

in-situ study that combines both modalities, 

obtaining datasets for the same grains in the same 

volume at different stages of cyclic loading. 

Figure 4.  In-situ H-DIC and HEXM low 

cycle fatigue experiments for identifying 

when slip localization occurs and in which 

grains in the cycle 

Figure 3.  (a) EBSD map of a twin (g4) in a parent grain (g1) containing a slip band at the twin boundary.  (b) 

DIC lattice rotation map exposing a orientation gradient zone at the tip of a slip band, (c) micromechanical 

model of a slip band in the same local neighborhood and (d) calculated lattice rotation map 
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Characterization and Modeling of Deformation Induced Damage in Hexagonal Alloys 

Principal Investigators:  C.J. Boehlert, T.R. Bieler, M.A. Crimp, and P. Eisenlohr 

Michigan State University, 428 S. Shaw Lane, Rm 2100 Engr. Bldg., East Lansing, MI 48824 

 

Program Scope 

Over the course of this program, we have used synergistic experimental and computational ap-

proaches to examine heterogeneous deformation processes that lead to damage nucleation at inter-

faces in hexagonal titanium alloys.  Characterization methods have included slip trace analysis, 

nanoindentation, and synchrotron based 3-D X-ray diffraction tomography to identify local strains 

and orientation gradients.  Crystal plasticity finite element and Fast-Fourier based solvers have been 

used to simulate deformation of experimentally characterized microstructures.  These simulations 

have enabled direct comparisons between models and experiments, revealing where better modeling 

approaches are necessary to establish a paradigm in which the physical processes responsible for 

damage nucleation in polycrystals can be simulated.   

Recent Progress 

A critical part of crystal plasticity models is to quantitatively identify how slip systems operate in Ti 

alloys, and three of our recent efforts focusing on this theme are:  1) Three different experimental 

methods were used to determine the critical resolved shear stress (CRSS) in the same material [1].  

These results show that the CRSS values depend on the method, so the credibility of these methods 

has been assessed.  In addition, by combining slip trace analysis, TEM, 3D X-ray measurements, and 

simulated deformation of a particular experimentally characterized microstructure patch, mechanistic 

phenomena not easily explained using only experimental or modeling approaches alone have been 

clarified.  2) A method to enable identification of localized slip system activity in 1 micron voxels, 

located hundreds of microns below the surface, has been developed.  This capability greatly extends 

the opportunity to examine dislocation substructure mechanisms in 3-D, well beyond commonly used 

EBSD based GND analysis on a 2-D surface, without requiring any sample surface preparation.  3) 

Two approaches to investigate slip transfer of dislocation activity through grain boundaries have 

been developed; one that reveals new insights on the mechanisms of the subsurface slip transfer pro-

cess (described below), and another experimental and computational modeling approach, in collabo-

ration with IMDEA Materiales during Bieler’s sabbatical in Madrid, that introduces slip transfer into 

crystal plasticity models (described in [2,3]).    

1.  Assessment of various methods for measuring critical resolved shear stress (CRSS) values 

The plastic anisotropy of hexagonal materials makes the numerical prediction of their plastic behavior 

challenging and depends critically on the knowledge of CRSS values.  We assessed the reliability of 

three experimental methods to quantify CRSS values of the different hexagonal slip families with 

simulations based upon: (a) the statistics of observed surface slip traces in a deformed polycrystal; 

(b) an inverse indentation method where CRSS values are adjusted iteratively until a simulated in-

dentation into a particular crystal orientation matches the corresponding computational experiment in 

terms of the load–displacement response and the residual surface topography of the indent; (c) direct 

measurement of the resolved shear stress at yield; i.e. observed RSS = CRSS (using lattice strains 

from in-situ high-energy X-ray diffraction microscopy, HEDM) in grains for which single-family slip 

can be deduced from specific lattice reorientation conditions.  To compare these three methods, virtual 

experiments were performed on synthetic microstructures to assess how reliably each method recov-

ers a prescribed set of CRSS values using a phenomenological constitutive material description.  The 

resulting CRSS values using method (a) strongly depend on the ability to observe slip traces from all 
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active slip systems, which introduces experimental uncertainty.  For the inverse indentation method 

(b), the predicted CRSS values are within 8% of their reference CRSS values for the two cases inves-

tigated with different orientations.  The simulation of the HEDM method (c) determined CRSS values 

for basal and prism slip reliably, but the method lacks a suitable criterion to assess pyramidal slip.  In 

summary, the HEDM method (c) appears to be more accurate than either the inverse indentation 

analysis (b) or statistical slip trace analysis (a).  From a broader perspective, it is noteworthy that the 

slip trace measurements are strictly surface measurements.  In contrast, the HEDM is a bulk meas-

urement, while inverse indentation analysis is a combination of both surface and interior slip behavior 

(but without any complicating factors associated with grain boundaries).  The inability of extracting 

bulk plastic behavior from surface slip trace observations suggests that differences in dislocation sub-

structure evolution, stress environment, and the presence of image forces close to a free surface could 

influence the measurement of CRSS values.  

2.  Dislocation content from differential aperture X-ray peak streak analysis  
The subsurface dislocation content in a Ti-5Al-2.5Sn (wt.%) uniaxial tension sample deformed at 

ambient temperature was assessed using peak streak analysis of micro-Laue diffraction patterns col-

lected non-destructively by differential aperture X-ray microscopy (DAXM) and transmission elec-

tron microscopy (TEM) from the same volume of material.  To determine whether the mostly near-

screw dislocation content observed in the TEM foil can be identified by a (nominally pure) edge 

dislocation-based analysis of the streaked diffraction peaks in the red circle from a DAXM voxel (red 
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sphere in figure on next page) that is close to the TEM foil location was analyzed.  The major streak 

direction in all three analyzed 

peaks are only consistent with a3 

dislocations on basal planes, 

which are the predominant dislo-

cations found in the TEM analy-

sis.  The critical observation is 

that although the peak streak 

analysis model is based on an 

edge dislocation assumption, the 

analysis successfully determines 

the Burgers vectors of the domi-

nant dislocations although the 

dislocations are predominantly 

screw in character.  Despite the 

fact that the majority dislocation 

content is correctly identified by 

the streak analysis, significant 

other dislocation content observed in the TEM foil was not clearly identified, i.e., neither the prismatic 

nor basal a1 dislocation content resulted in identifiable streaked peaks.  Expanding this analysis to 

include the orientation gradient with neighboring voxels, involving use of the Frank-Bilby equation, 

enables the density of GNDs on each slip system to be determined spatially, which is the subject of 

papers in preparation.  

3.  Insights into dislocation slip accommodation across grain boundaries 

Slip transfer across grain boundaries is commonly observed in relation to slip traces such as those 

shown in the top left image on the next page.  Because the slip planes associated with these correlated 

traces are not coplanar, understanding of how slip transfer takes place through the boundary is inves-

tigated using atomic force microscopy (AFM), electron channeling contrast imaging (ECCI), and se-

rial sectioning.  Cases where one slip system is accommodated by a single system in the neighboring 

grain (left column figures on the next page) have been compared to the situation where the single 

system is accommodated by two distinct slip systems in the neighboring grain (right column figures 

on the next page).   

To assess the shear in the two distinct slip system case, AFM was used to determine the total 

shear in all of the slip bands meeting at the boundaries and, in turn, the total residual Burgers vector 

remaining within the boundary.  In all cases of double slip accommodation, the experimentally ob-

served activity corresponds with the calculated minimization of the residual Burgers vector between 

slip systems 1 and 2 in the receiving grain (blue minimum on the lower right hand side plot).  Similar 

calculations of the optimum shear transmission show that in experimentally observed single slip ac-

commodation (such as in the left column), the activity expected on any secondary slip system is either 

minimal or zero, which was observed in the majority of the cases examined.  These results conclu-

sively show that the primary motivating factor in shear accommodation at grain boundaries is the 

minimization of the residual Burgers vector.   

Nevertheless, this assessment does not explain how the shear is accommodated when the cor-

responding slip plane intersections at the grain boundary do not meet at common lines below the 

surface.  Also, it is not clear if the free surface in typical ‘2-D’ studies influences the observation of 

slip transfer.  A secondary electron image showing the traces of two prism <a> slip systems meeting 

at common points on the grain boundary is shown in the left hand side top figure.  An ECC image of 

the same area after removing approximately 5 µm is shown in the left hand side middle image.  While 
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the spacing between the slip bands in the respective grains remains the same, the distance between 

each slip band intersection with the grain boundary is displaced by ~7 µm.  Detailed ECCI analysis 

in the area within the red box 

in the left hand side middle 

image indicates that the two 

slip systems remain correlated 

by cross slip onto a secondary 

slip plane.  In this particular 

case, a pyramidal <a> slip sys-

tem (indicated by small ar-

rows in lower left hand side 

image), carries the slip from 

the intersection point of the 

prism <a> slip system in the 

upper grain to merge with the 

primary slip system in the 

lower grain.  In all such cases, 

the secondary accommodating 

slip system has the same 

Burgers vector as the primary 

accommodating slip system.  

However, these secondary ac-

commodating systems typi-

cally have significantly higher 

CRSS (i.e. the primary prism 

<a> slip is much easier to ac-

tivate than the secondary py-

ramidal <a> slip).  This obser-

vation suggests that the sur-

face indeed influences the ob-

servation of slip transfer.  This 

analysis also confirms that the 

critical factor in accommodat-

ing slip is the minimization of 

the residual Burgers vector, 

and that the dislocations accommodating the slip transfer can 

have Burgers vectors locally active on secondary planes in order 

to accomplish slip transfer. 

Future Plans 

Crystal plasticity simulations of the experimentally characterized microstructures examined in this 

work are guiding the development of better modeling approaches that are necessary to establish a 

paradigm in which the physical processes responsible for damage nucleation in polycrystals can be 

simulated.  Continuing efforts to distinguish between surface and bulk deformation phenomena, and 

how this influences modeling, will be a primary focus of future work. 
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Nanomechanics and Nanometallurgy of Boundaries 

Brad L. Boyce, Khalid Hattar, Stephen Foiles (now retired), Remi Dingreville, Ryan Sills,  

Sandia National Laboratories 

 

Program Scope 

In the deformation, fatigue, creep, and irradiation response of metals, grain boundaries play a 

complex mediating role.  The current program focuses not only on the fundamental role of 

structural and chemical defects on boundary stability, but also the interplay with mechanical and 

irradiation-induced degradation mechanisms. The seemingly unusual GB-driven evolution of 

nanocrystalline metals has led to a rethinking of the fundamental role of boundary mechanisms 

for all materials and grain sizes.  There is a recognition that GBs are not static barriers with 

constant character, but their structure and corresponding properties necessarily evolve with 

deformation.1 Shear coupling, the phenomenon by which external shear stress drives GBs to 

undergo some ratio of sliding and normal migration, has been well established as one mechanical 

mechanism for evolution.  Just in the past few years, top researchers have begun to speculate that 

boundary migration (microstructural evolution) and shear coupling are mechanistically 

connected for “all boundaries under all conditions”.2  However, how this proposed mechanism 

applies to imperfect GBs is still an open question. Our core hypothesis is that the presence and 

evolution of defects within grain boundaries alter the GB behavior in response to thermal, 

irradiation, and/or mechanical driving forces.  We seek to understand how evolving boundary 

structure & chemistry governs the mechanical, thermal, and irradiation response.  

Recent Progress  

a. Thermal response of grain boundaries. Our project contributes to the fundamental 

understanding of the influence of boundary character on its thermal response, connecting the 

macroscopic and atomic perspectives, in both pure systems and in alloys.  In recent years, the 

nanocrystalline community has focused heavily on the role of solute to lower the thermodynamic 

driving force for GB motion.  Our specific interest has been in understanding the convoluted 

contributions that solute plays in lowering the driving force while simultaneously providing 

kinetic pinning points, especially in the context of heterogeneous GB properties.  An interesting 

effect emerges in immiscible NC alloys due to the interconnected roles of GB segregation and 

bulk alloy phase separation.  Based on a combination of phase field diffuse interface model and 

in-situ TEM annealing experiments in nanocrystalline Pt-Au, we have examined grain growth 

dynamics in immiscible NC alloys, where both GB solute segregation and bulk phase separation 

act in conjunction.3 While segregation provides the intended role of lowering the energetic cost 

of the GBs, the accompanying phase separation can also play a kinetic role in simultaneously 

stabilizing the GBs via Zener pinning.  Corresponding  phase field3 and molecular dynamics 

models4 are useful to elaborate the relative roles of segregation vs phase separation. Generally, in 

systems with low GB segregation, precipitation of solute-rich domains and associated Zener 

pinning effects lead to sluggish grain growth rates.  In contrast, GB solute segregation plays a 

more dominant role as the heat of segregation increases in comparison with the bulk heat of 
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mixing.  Finally, associated atomistic models and experimental observations have shown that 

solute segregation to GBs is not uniform: there is compositional heterogeneity across different 

boundary types, and even within an individual GB.4, 5  This heterogeneous segregation is related 

to the structural differences in GBs such as differences in excess free volume; the departures 

from mean-field behavior are critical since not all boundaries are stabilized uniformly leading to 

the possibility of a percolating network of unstable boundaries and subsequent abnormal grain 

growth.   

b. Mechanical response of GBs. In addition to the thermal driving forces such as those 

described in the preceding section, our team places an emphasis on the connection of boundary 

character to mechanical response, especially beyond yield strength where boundary behavior 

affects properties such as toughness, fatigue resistance, and wear behavior.  In-situ 

characterization allows direct observation of the dynamic boundary-scale processes which occur 

in such scenarios.  Utilizing a Hysitron in-situ TEM picoindenter, modified to be capable of 

fatigue frequencies up to 300 Hz, the microstructural evolution of nanostructured thin film 

tensile is observed.  Evidence of localized deformation and grain growth within 150 nm of the 

crack tip was observed by both standard imaging and Automated Crystal Orientation Mapping 

(ACOM).  Complementary studies using molecular dynamics simulation6 and in-situ synchrotron 

x-ray diffraction7,8 provided additional details on the fatigue-induced microstructural evolution 

process.  

In-situ observations are complemented by interrupted and post-mortem ex-situ experiments.  The 

Pt-Au alloy, discussed in the preceding section, was studied 

with regard to mechanical stability.  This system was 

identified by our group not only because of the ability to 

undergo solute segregation and enhanced boundary stability, 

but also because it is the most noble binary alloy thereby 

mitigating the kinetic effects of oxygen-uptake which 

confounds other studies of nanocrystalline stability.  Perhaps 

the most surprising result was the effect that the Au 

stabilization played in improving the wear resistance under 

low contact stresses.  While our work and others had 

previously shown that nanocrystalline metals are susceptible 

to wear-induced grain growth with concomitant increase in 

frictional behavior and loss in wear resistance, this stabilized 

alloy exhibited a substantially lower wear rate, orders of 

magnitude below any previous reports for metals – 

nanocrystalline or otherwise, as shown in Figure 1.9  In fact, 

the hemispherical sapphire counterface used in this study exhibited much higher wear rates than 

the Pt-Au.  Not only does the Pt-Au system have surprising wear resistance, but also displays 

novel toughening mechanisms.  Using a combination of in-situ tensile experiments and 

complementary molecular dynamics simulations, we have shown that inhomogeneous chemical 

 

Figure 1.  Ashby wear-friction map 

showing the low wear rate of Pt-Au 

attributed to the resistance to wear-

induced grain growth and the subsequent 

tribocatalytic formation of diamond-like 

carbon surface films9. 
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segregation to the GB can lead to a new toughening mechanism termed compositional crack 

arrest.10   

Irradiation response of boundaries.  Similar to grain-boundary mediated mechanical 

deformation, GBs have been shown to absorb irradiation-induced crystal defects such as 

dislocation loops and bubbles as a function of grain size.11  This behavior is magnified in the 

nanocrystalline regime and is generally attributed to the high density of GBs with excess free 

volume necessary to accommodate such defects.12  Our group’s ability to observe in-situ ion 

irradiation has indicated that within the nanocrystalline regime defect absorption is not always 

enhanced by decreasing grain size. The stability of these sessile defects observed in small, 20–

40 nm, grains is the proposed primary mechanism for the lack of grain-size dependence on defect 

absorption in the nanocrystalline regime.13  The notion of a plateau or peak in grain-size 

dependent irradiation-induced defect accommodation parallels the observed Hall-Petch 

breakdown in yield strength, and our own group’s observation of a plateau in fatigue resistance 

in the nanocrystalline regime, albeit with different mechanistic explanations.    

Future Plans 

Building off prior research, we recognize that there are outstanding questions regarding 

boundary response in thermal, mechanical, and irradiation environments.  A fundamental 

question regards the mechanisms by which structural and chemical features of the grain 

boundary influence boundary dynamics.  Many established and even recent thermodynamic 

models for boundary migration are mean field theories which ascribe the same characteristics to 

each GB.14-17  Early works to understand boundary dynamics often attempted to employ a single 

scalar parameter such as misorientation angle.   More recent and sophisticated concepts such as 

the fundamental zone representation18 and interfacial stiffness19 still focus on the ‘macroscopic’ 

character of the GB.  However, these approaches appear to be at odds with the recognition that a 

given macroscopic GB configuration does not necessarily have a single structural arrangement: 

there are a multiplicity of nearly-degenerate metastable structural states which can be relaxed (or 

excited) with a low energy barrier.20,21 Moreover, each nearly energetically equivalent 

configuration can contain distinct defect or solute arrangements and will interact differently with 

both applied stimuli and nearby defects.  

Our core hypothesis that underpins this research is that the presence and evolution of defects 

within grain boundaries alter the GB behavior in response to thermal, irradiation, and/or 

mechanical driving forces.  Here, ‘defects’ can be structural defects such as disconnections or 

chemical defects such as inhomogeneous solute or boundary precipitates.  This thesis follows 

from our prior work which focused on the effects of heterogeneous GB character on properties 

ranging from solute segregation to mobility to interfacial toughness.  This macroscopic 

viewpoint is still relevant as it governs the arrangement of GB defects and solute that can be 

supported during evolution, but as our previous work has shown it is not alone a sufficient 

descriptor.  Moving forward, we augment the macroscopic GB perspective with the notion that 

both structural defects and chemical heterogeneities within a particular GB are largely 

responsible for the behavior.  The objective of the project is to understand the intertwined roles 
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of macroscopic character and boundary defects on migration dynamics, while also demonstrating 

control over these processes under various driving forces. We are pursuing two related lines of 

questioning: 

(1) The fundamental understanding of boundary behavior associated with the character, 

defects, and local composition in response to thermal, irradiation, and monotonic/cyclic 

mechanical driving forces.  A key sub-hypothesis for this section is that both defects within 

boundaries and near boundaries alter the local response of the boundaries to external stimuli.  A 

corollary is that macroscopic boundary character is not only important because it establishes 

mean field parameters such as energy and excess free volume, but also because it dictates what 

types of defects are supported and how they influence the boundary behavior. 

(2) The network effects of boundary type and triple junction distributions on response to both 

isolated and combined environments.   A key sub-hypothesis is that chemically-graded boundary 

networks can be tailored to evolve into a self-stabilized configuration which resists evolution in 

combined thermal, mechanical, and irradiation environments.  A related question in this regard 

is the synergistic or antagonistic effects of superimposed environments: e.g. will evolution driven 

by one stimulus disrupt or enable incipient response to a second stimulus? 

Acknowledgement: Sandia National Laboratories is a multimission laboratory managed and 

operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned 

subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear 

Security Administration under contract DE-NA-0003525. 
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Effect of gradient architectures on the strength, deformation, and failure of nanoglasses 

 

Paulo Branicio, University of Southern California 

 

Program Scope 

 Metallic nanoglasses (NG), amorphous metallic alloys with a nanostructure, display an 

unusual set of mechanical properties. They derive from bulk metallic glasses (BMG) and inherit 

their high yield strength and absence of dislocation plasticity. In contrast with BMG, NG have 

the ability to deform plastically and exhibit tunable ductility, dictated by the length scale of their 

nanostructure. NG are promising materials for the design of components for medical implants, 

sporting equipment, and nuclear energy devices. To this point their mechanical properties have 

been discussed as a function of particle size, where they display a trade-off between strength and 

ductility, with large ductility achieved, as the nanostructure is refined, at the cost of lower 

strength. A limited compromise between strength and ductility has been demonstrated by the PI’s 

group for a heterogeneous structure constructed combining two length scales in the same 

nanostructure. A promising new concept leverage on the combination of dissimilar particle sizes 

to generate a seamless gradient nanoglass (GNG) structure. The concept is inspired by 

developments on gradient nanostructured materials, which have been shown to generate 

materials with a unique and unexpected combination of mechanical properties originating from 

the synergy of dissimilar length scale behaviors. GNG suggest an unexplored path to induce 

novel mechanical properties that could potentially enable combinations of strength and ductility 

unachievable by other heterogeneous MG and NG structures. 

 Recent Progress  

  

Preliminary Mechanical behavior of GNG with double gradient size from 3 to 15 nm. The hard-core 

region of the structure has average 15 nm particle size. (a) Color indicates different grains in the double 

gradient GNG. (b)-(f) Deformation profiles with color indicating the local van Mises strain. (f) 

Engineering stress-strain curves for tensile loading. 
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Future Plans 

 This project focuses on the design, generation, and characterization of the mechanical 

properties of GNG employing high-end parallel molecular dynamics (MD) simulations, 

visualization, and data analytics. We will perform large-scale MD simulations to describe the 

structure and mechanical behavior of GNG structures and data analysis to clarify the underlying 

mechanisms controlling their mechanical response. 

The objective is to develop a comprehensive atomistic to nanoscale understanding of the 

deformation and failure of GNG to further the description of deformation mechanisms in the 

general class of gradient nanostructured materials. In particular, the PI will investigate how the 

presence of a seamless particle size gradient in a NG influence the expected particle-size-

dependent glass-glass-interface activities. If it is capable of enhancing the delocalization of 

deformation of large particle size regions and constrain early deformation, consequently 

augmenting the strength, of small particle size regions, allowing the generation of structures 

exceeding the currently achievable strength-to-ductility relationship of BMG and NG. The 

outcomes of this research are expected to provide a framework for the generation of GNG, shed 

light on the effect of gradient design on the mechanical properties of heterogeneous amorphous 

materials, and advance the field of gradient functional materials. 
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Thermal Activation in Dislocation Dynamics of Face-Centered Cubic Metals 

Wei Cai, Stanford University 

Program Scope 

 Dislocation dynamics controls plastic deformation, mechanical strength, and failure of 

crystalline materials. It also governs fatigue resistance under cyclic loading, creep resistance at 

elevated-temperature, and radiation resistance for reactor applications. Thermally activated 

dislocation processes play a critical role in the strain hardening and dislocation patterning 

behavior of crystals, but are still not well understood. Cross slip and removal of Lomer-Cottrell 

(LC) junctions are two important thermally activated processes in pure Face-Centered Cubic 

(FCC) metals. Many fundamental questions regarding these processes still remain open, and our 

proposed research seeks to provide answers. This project will use dislocation dynamics (DD) 

simulations and atomistic simulations with advanced sampling techniques to determine the 

fundamental mechanisms of cross slip and LC junction removal processes and their consequence 

on strain hardening.  

 Recent Progress  

 The newly developed sub-cycling integrator for ParaDiS and its implementation on GPU 

has led to an orders-of-magnitude increase of computational efficiency in work hardening 

simulation of single crystals.  This allows us to probe the deformation behaviors of bulk Cu with 

simulation cell size of (15  μm)3 over an appreciable range of plastic strain in which the work 

hardening rate can be reliably extracted (Fig. 1a) using a single GPU for several weeks 

(something that used to require hundreds of CPUs over several months).  We found that while 

the flow stress depends on the strain rate, the strain hardening rate seems not sensitive to the 

strain rate, and our predicted strain hardening rate at 102-103 s-1 is in good agreement with the 

experimental measurements under the quasi-static loading condition (Fig. 1a).  

The new DD capability 

provides us with a valuable tool to 

understand how the dislocation 

microstructure control the rate of 

strain hardening [1]. For the first 

time, we found that for [001] 

loading) the dislocation network 

consists of links whose length 

satisfy an exponential distribution 

(Fig. 1b).  This fundamental finding 

has later been confirmed by other 

groups using both DD simulations 

and molecular dynamics (MD) 

 
Figure 1. (a) Shear stress-strain curves of single crystal Cu deformed 

along [001] axis. Thick curves are DD predictions at two different 

strain rates.  Thin solid line is extracted from experimental data [1].  

(b) Dislocation link length distribution n(L) from a DDD simulation 

snapshot at 0.87% shear strain. 
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Figure 2. Strain hardening rate predicted by DDD 

simulations for single-crystal Cu at 103 s-1. Each rod in 

the stereographic triangle corresponds to a different 

loading direction. 

simulations. The exponential distribution of link lengths is fully characterized by two variables: 

the total dislocation density ρ, and the nondimensional parameter φ ≡ N2/ρ3, where N is the 

number of dislocation lines per unit volume. While the density ρ describes the total amount of 

dislocations in the material volume, the nondimensional parameter φ describes how they are 

arranged.  We believe the parameter φ is an important microstructural information that should be 

kept in the coarse-grained continuum theory of crystal plasticity based on dislocation fields.  

We have now performed a large number of DD strain hardening simulations on single 

crystal Cu for >100 loading orientations in the stereographic triangle (Fig. 2). This is the first 

time that the strain hardening rate is systematically predicted over such a wide range of 

orientations.  The predictions show that the 

strain hardening rate remain high over a much 

wider angular range of loading orientations 

near the [001] orientation, than over the [111] 

or the [011] orientation.  The strain hardening 

rate is rather weak around the [011] 

orientation. We have further confirmed that 

exponential distribution of dislocation link 

lengths, remains true for all of these loading 

conditions, as long as the dislocation links on 

different slip systems are considered 

separately. 

Future Plans 

 We plan to incorporate the dislocation cross slip rate model constructed based on 

atomistic simulations into our DD model and use it to predict the effect of thermally activated 

processes on the temperature/strain rate effects on strain hardening. We will also perform 

molecular dynamics (MD) simulations of cross slip to reveal any finite temperature effects 

possibly missed by zero-temperature energy barrier calculations.  

We plan to develop a systematic approach to obtain crystal plasticity models using 

machine learning tools and the large amount of data produced by our DDD simulations.  We will 

address the fundamental questions of what essential microstructural information (beyond 

dislocation densities) needs to be retained in a continuum theory of crystal plasticity, and what 

are the equations of motion for the microstructural parameters that are consistent with explicit 

DDD simulations. 

We plan to enable a one-to-one comparison between DDD simulations and experimental 

measurements on FCC single crystals under identical conditions, by applying the same loading 

histories in DDD simulations as measured experimentally.  This will be accomplished through a 

collaborative effort with Prof. KT Ramesh’s group at Johns Hopkins University.  Ramesh’s group 
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have performed Kolsky bar shock compression experiments on several single crystal Cu samples 

along the [001] directions. This opportunity of establishing the first quantitative, direct 

comparison between dislocation-based simulations and stress-strain measurements, which is 

critically needed by the scientific community. We expect that a tremendous amount would be 

learned on the fundamentals of crystal plasticity once such a comparison is made. 

We plan to quantitatively compare the DD against MD simulations under identical size 

and loading rates, for both stress-strain curves and dislocation microstructure evolution.  The 

purpose of this comparison is to identify the key physical mechanisms (lacking in existing DD 

simulations) that causes significant discrepancies between DD and MD predictions. PI Cai is part 

of an LC Grand Challenge team of Lawrence Livermore National Laboratory (LLNL), which 

have access to the large-scale computing resources to produce the MD simulations needed for 

this comparison. 
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Multi-Scale Study of the Role of Microstructure in the Deformation Behavior of Hexagonal 

Materials 
 

Laurent Capolungo, Los Alamos National Laboratory 

 

Program Scope 

 Twinning and martensitic transformations accommodate strain during plastic deformation 

of HCP materials via the formation and growth of reoriented/transformed 3D domains. The 

kinetics of propagation of these domains is controlled by the intrinsic mobility of the 

facets/interfacial defects separating them from the host phase, by the internal stresses acting as 

driving forces for transformations to occur, and by the presence of local defects which can either 

impede or favor the propagation process. The material’s science community, surprisingly, has 

focused on twin and martensitic domain morphology and interface mobility mostly from a 2D 

perspective. Our program addresses the full 3D character of transformed domains. Leveraging 

atomic and micron-scales characterization techniques in combination with both simulation and 

analysis tools, this program aims at unraveling the nature of interfacial defects, at correlating their 

intrinsic properties (mobilities, metastable states) and their environment (local stress state and 

defect content) to the kinetics of microstructure evolutions. The goal being to understand which 

dominant local microstructure features and associated thermodynamic landscape most affects the 

activation of these rare events (i.e. twin and martensitic transformation) that induce drastic and 

sudden changes in the microstructure and mechanical response. 

 Recent Progress  

This section focuses on advances made in: characterizing the 3D shape of twins, 

characterizing the structure of 3D defects/facets mediating twin transformation, studying the 

migration of these facets, quantifying the stress state near twinned microstructures and, analyzing 

the effect of twin/defect interactions on twinning. In what follows the η1, k1 and λ, directions will 

denote the direction of shear, twin plane normal and direction perpendicular to both η1 and k1, 

respectively (see Figure 1).  

To reveal the 3D shape of twin domains, sections of Mg samples were prepared to compare 

the size of twin domains along its width, length and thickness [1].  The statistical analysis of EBSD 

maps led to critically important new observation: (1) Twin growth is anisotropic with faster 

propagation along the lateral λ direction followed by the η1 and k1 directions, in that order; (2) The 

common description of twins as elliptical domains is thus far too idealized as twins are irregular 

in shape; (3) The observed twin morphology may result from the intrinsic mobility of facets 

bounding twin domains and/or from the distribution of driving forces acting on those. These 3 

complementary aspects of twinning have been studied in parallel.  
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TEM characterization accompanied with simulations using Generalized discrete defect 

dynamics (GD3), and Molecular Dynamics (MD) were performed to relate 3D twin growth to 

interfacial defects bounding twin domains [2-4]. The first objective was to identify by means of 

TEM complemented by MD, the nature of defects bounding twin domains.  As shown in Figure 1, 

for the first time, we identified all likely facets bounding (101̅2) twins in Mg and (101̅1) twins in 

Ti [4]. This study is critical as a rigorous understanding of the kinetics of twinning can only begin 

by characterizing the defects that mediate the transformation. 

MD-based study revealed, consistently with experimental observations, that migration 

along the lateral side is the fastest (see Figure 1). It was also found that, as a function of orientation 

and stress, facets can adopt several different equilibrium and non-equilibrium configurations with 

strikingly different mobilities. In parallel, the driving forces acting on the twin domains were also 

quantified. Using X-ray diffraction and the differential aperture microscopy technique (Advanced 

Photon Source), we revealed that the heterogeneity in the driving forces acting on twin domains is 

far larger than previously thought [5]. These findings motivate the need for high fidelity models 

that accurately predict the relative kinetics of twinning and quantify the associated internal stress 

state evolution. 

Finally, the potential roles of domain/domain interactions (DDI) on transformation kinetics 

was preliminarily assessed. High-pressure X-ray synchrotron experiments (Advanced Photon 

Source) shows that the presence of twins prior to high pressure loading significantly decreases the 

critical pressure triggering martensitic transformation; thereby revealing an unknown correlation 

between twinning and α-to-ω phase transformation. Second, EBSD analysis of deformed Mg 

microstructures revealed that twin transmission across grain boundaries accelerates growth at the 

twin/grain boundary junction thereby further contributing to the development of these complex 3D 

twinned topologies [6]. Modeling of the process, albeit considering static configurations, showed 

that the local driving force at twin/grain boundary junctions increases when twin transmission 

occurs; thereby rationalizing the observations.  

 
 
Figure 1: (Left) Reconstructed 3D twin domain showing all facets identified by HRTEM. (Middle) HRTEM 

micrograph of {1012} twin boundaries viewed along a <1011> direction.  (Center) Twin tip, comprised of Twist-

PyPy1 ((1101)M//(0111)T and (0111)M//(1101)T) and Twist-PrPr2 ((1210)M//(1210)T) facets.  (Right) MD 

simulations of a 21×8×41 nm3 3D (1̅012) twin under 1 GPa twinning shear stress associated with twinning at 100 

K [4]. 
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Future Plans 

 In the next 3 years, focus will be placed on the study of domain/domain interactions (DDI) 

which are hypothesized to play a dominant role on the kinetics of formation of complex 3D 

hierarchical microstructure. 4 types of interactions will be studied in Mg and Ti (see Figure 2): 

(a) a twin domain interacting with another twin in the host crystal and sharing a common zone 

axis, (b) a twin interacting with another twin with different zone axis within the host crystal, (c) a 

twin interacting with another twin across a grain boundary and (d) a twin domain interacting with 

an ω domain.  

 
Figure 9: Structure of the program 

 

Acronyms: TEM: Transmission electron microscopy, MEP: Minimum Energy Pathway search methods, 

GPA: Geometrical Phase analysis, EBSD: Electron Back Scattering Diffraction 
 

From the microstructure viewpoint alone, and drawing parallels from dislocation mechanics, 

one expects DDIs to have a significant impact on the mechanical response of HCP metals. 

Remarkably though, our understanding of DDI remains particularly superficial; the processes 

leading to the formation of 3D hierarchical microstructures are not understood. Conceptually 

different but not necessarily exclusive views can be considered. First, one could foresee DDI as 

resulting from the simultaneous and uncorrelated nucleation of domains that will interact in the 

short range as they grow. Opposite to this, one could postulate that the statistics and geometry of 

DDI are controlled by long-range elastic strain fields associated with the presence of forming 

domains. In this view, the formation and growth of a twin in a crystal would condition the 

nucleation, growth and transmission of other twins. Commonly to these two viewpoints lies the 

question of the role of DDI on twin growth: Are the kinetics of growth of connected twin domains 
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largely different from those of isolated domains? How is the 3D path of interacting domains 

affected by short and long-range interactions between domains? 

Testing the leading hypothesis and addressing the aforementioned subsidiary questions 

entails that: (i) interfacial defect motion and stability be studied in the presence and in absence of 

other defects, (ii) the internal stress field in the presence and in absence of interactions be 

quantified and, (iii) the net effects of short and long-range domain interactions be quantified 

simultaneously. The project will be structured around these 3 topics. (i) will be mainly performed 

with transmission electron microscopy and with atomistic simulations. This work will provide 

guidance to GD3 (e.g. interfacial defect reactions, facet junction mobility etc.). The second task 

focuses on the quantification of the stress state in regions in which DDI occurs. In-situ X-ray 

synchrotron experiments and TEM-GPA characterization will be performed to this end. 

Interpretation of these measures will allow for a validation of the GD3 framework as well as assess 

the effect of short-range interactions between twin facets and other twin facets/ phase facets on 

stress relaxation. Finally, in the third task, both the effects of short and long-range DDI will be 

studied at the polycrystal length scale. This task will rely on the use and extension of both GD3 

and of METIS-3D (code for statistical analysis of 3D EBSD microstructure). The overall metric 

for success will be measured by our ability to, via the use of GD3, reproduce the statistical measures 

of 3D microstructures gathered using 3D EBSD data.  
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Molecular Design of Hybrid Films with Unusual Mechanical Properties  

 

Professor Reinhold H. Dauskardt  

Department of Materials Science and Engineering, Stanford University 

Stanford, CA 94305 – 4034, Email:  dauskardt@stanford.edu 

 

Program Scope 

Our research is focused on fundamental studies related to the molecular design, synthesis, 

characterization and modeling of molecular-reinforced hybrid glass films for superior 

mechanical and fracture properties. Molecular-reinforced hybrid glass films exhibit unique 

electro-optical properties while maintaining excellent thermal stability. They have 

important technological application for emerging nanoscience and energy technologies 

including anti-reflective and ultra-barrier layers in photovoltaics and display technologies. 

However, they are often inherently brittle in nature, do not adhere well to adjacent 

substrates, and exhibit poor mechanical properties.  

Our research brings together a unique combination of internationally recognized thin-film 

processing and mechanical characterization capabilities coupled with computational 

modeling that we have pioneered to study hybrid films. Composition and molecular 

structure are characterized using high resolution X-ray, electron, optical and nuclear 

spectroscopy. Mechanical properties are studied using acoustic, nanoindentation, force 

modulated AFM, and thin-film adhesion and cohesion techniques we have pioneered for 

thin-film structures. We leverage computational modeling capabilities that allow us to 

understand the complex molecular structure, free volume, cohesive and elastic properties 

of hybrid molecular materials. This has enabled the molecular design, synthesis, 

characterization and modeling of hybrid films for superior mechanical and fracture 

properties. 

Recent Progress  

Controlling Elastic Stiffness of Hybrid Glasses with Precursor Geometry: Designing 

hybrid glasses to maintain high levels of mechanical strength and stiffness while keeping 

low density remains as a significant challenge that can ultimately limit the integration and 

use of these materials in emerging device technologies including dielectrics in 

microelectronics, antireflective (AR) coatings, protective coatings in flexible electronics, 

and molecular sieves for biosensing.1-5 To address this challenge, we introduced in our 

previous program the hyperconnected hybrid network architectures as a new design 

strategy to improve the stiffness of these materials.6 Hyperconnected network 

architectures, wherein the connectivity of a silicon atom within the network extends beyond 

its chemical coordination number of four, results in exceptional mechanical properties in 

that the stiffness can reach up to three times higher than that of fully dense silica. However, 

the most recent results we have indicate that not only hyperconnectivity but also the 

molecular geometry of the precursors chosen to generate the networks plays a role in 
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increasing stiffness. 

We simulated several hyperconnected hybrid networks derived from a range of precursors 

to identify the effects of different geometrical features these precursors have on the 

resulting mechanical properties. While short carbon bridge length and molecular symmetry 

in a precursor are among the features that can lead to an increase in network stiffness, we 

also found that molecular planarity is the most effective feature that plays a significant role 

in increasing elastic properties. Compared to the hyperconnected networks derived from 

acylic precursors such as flexible silane, those generated with cyclic precursors having a 

more planar orientation of atoms therefore result in significantly improved bulk modulus 

values. Fig. 1a shows the bulk moduli of hyperconnected networks with cyclic precursors 

having different degrees of molecular planarity. The ones with the highest molecular 

planarity, 1,3,5-benzene and 1,2,4-

cyclopentadiene, lead to the 

highest stiffness values achieved. 

An important implication of the 

use of cyclic planar precursors is 

that when the carbon bridge length 

of the cyclic precursor is short, 

molecular planarity decreases due 

to the steric hinderance effects, 

leading to a reduced bulk modulus 

value as shown with the 1,2,3-

cyclopropane network. This leads 

to the great advantage of 

increasing stiffness while 

decreasing density, since high 

molecular planarity in a cyclic 

precursor is only achieved when 

the carbon bridge length is 

sufficiently long, as in the case of 

1,3,5-benzene and 1,2,4-

cyclopentadine networks, both 

having higher stiffness but much 

lower density than  the 1,2,3-

cyclopropane network.  

Controlling Local Deformation Mechanisms with Network Connectivity and Precursor 

Geometry: We also explored the combined effect of precursor geometry and network 

connectivity on the molecular level in the form of geometrical and topological constraints, 

which in return reflect on bulk mechanical properties by reinforcing structural rigidity. We 

(a) (b) 

(c) 

 

               
Figure 1: (a) The degree planarity of several cyclic precursors 

and its effects on the resulting mechanical properties. Deviation 

from planarity quantifies how planar each molecule is. A 

smaller amount of deviation corresponds to higher molecular 

planarity. (b) Degree of non-affine deformations correlate with 

bulk modulus for several different hybrid glass networks. (c) 

Comparison of the degree of non-affine deformations in 1,3,5-

benzene and 1,4-benzene networks, emphasizing the role of 

hyperconnectivity in 1,3,5-benzene network as a topological 

constraint in decreasing non-affinity and increasing stiffness. 

1,2,3-Cyclopropane

1,3,5-Benzene

1,3,5-Cyclohexane

1,2,4-Cyclopentane

1,2,4-Cyclopentadiene

●

●

●

●

●

0 10 20 30 40 50 60
30

35

40

45

50

Deviation From Planarity (°)

B
u
lk

M
o
d
u
lu

s
(G

P
a
)

1,3,5-Benzene

1,3,5-Cyclohexane

Flexible Silane R1

1,4-Benzene

Pr-OCS
Flexible Silane R2

●

●

●

●

●

●

0.0 0.1 0.2 0.3 0.4
0

10

20

30

40

50

Degree of Non- affinity

B
u
lk

M
o

d
u

lu
s

(G
P

a
)

1,3,5-Benzene 1,4-Benzene 0.3

0mSimax = 5 mSimax = 4

62



calculated the degree of non-affine deformations in these networks, which corresponds to 

a degree of deviation of the local deformation field from the macroscopic deformation field 

applied.7 Geometrical and topological constraints in the network act to decrease these 

deviations in the local deformation field, which increases overall network stiffness. Fig. 

1b, and c show the degree of non-affinity and bulk modulus values for several 

hyperconnected and also traditionally bridged networks formed by different precursors. As 

can be seen, there is a correlation between stiffness and degree of non-affine deformations 

in hybrid glass networks, which is controlled by the network connectivity and precursor 

geometry. While similar trends can be found in literature for different types of network 

structures ranging from elastic and polymeric networks to cytoskeleton,8-10 this has never 

been shown for hybrid glass networks of our interest before. Non-affine deformation 

analysis therefore not only validates the effectiveness of precursor geometry as a new 

fundamental structural property for the design of hybrid glasses materials with exceptional 

mechanical properties, but also serves as a new predictive metric for the stiffness of these 

materials that is ultimately controlled by precursor geometry and network connectivity. 

Design of Mechanically Ultrastiff Hybrid Materials: Exploiting both hyperconnectivity 

and precursor geometry to generate ultrastiff hybrid materials in light of our 

aforementioned results will lead to unprecedented combinations of stiffness and density of 

these materials. Fig. 2a shows the results we obtained for the bulk modulus and density of 

hyperconnected networks with 

cyclic precursors, together with 

two new networks derived from 

1,2,5,6-pentalene and 1,4,6,9-

naphthalene precursors. Both of 

these precursors have high 

molecular planarity, as well as 

having a maximum network 

connectivity of six, going beyond 

the maximum network 

connectivity of five we used in 

our previous model hybrid 

glasses.  The networks derived 

from 1,2,5,6-pentalene and 

1,4,6,9-naphthalene are both 

stiffer than the 1,3,5-benzene 

network, which set the highest stiffness value we achieved previously, while maintaining 

a comparable density.  

Importantly, an immediate use of such ultrastiff hybrids is the design of nanoporous hybrid 

glasses with an ultrastiff matrix. While nanoporosity is an important structural parameter 

that controls material properties such as dielectric constant, it severely degrades the 

(b) 
 

Figure 2: (a) The predicted bulk modulus, K, as a function of the 

predicted mass density, ρ, for model organosilicate glasses with 

various cyclic precursors. The experimental (square) and simulated 

values for amorphous SiO2 are shown for comparison. (b) Hybrid 

glass networks with nanoporosity at porosity levels increasing 

from 0%, 8%, 16%, 32% to 40%. Porous glasses with ultrastiff 

matrices obtained with 1,2,5,6-pentalene and 1,3,5-benzene lead to 

the highest bulk moduli at all porosity levels. 
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mechanical properties (Fig. 4a). However, our new design strategy to generate ultrastiff 

hybrid glass materials significantly enhances the elastic properties of nanoporous glasses 

compared to a state-of-the-art nanoporous ethylene-bridged glass as shown in Fig. 2b. 

Future Plans 

We will continue our research to develop hybrid films with improved mechanical and 

fracture properties. Specifically, we will continue to pioneer molecular design criteria to 

control the mechanical properties. By leveraging our atmospheric plasma deposition 

capabilities, we will synthesize hybrid materials with controlled molecular architectures 

and precursor geometry to further calibrate our computational models and develop hybrids 

with well-controlled degrees of elastic asymmetry and exceptional mechanical properties. 

Furthermore, we will develop new computational strategies to design new nanoporous 

hybrid glasses with controlled pore surface chemistry to expand our design space towards 

even lower density hybrids with exceptional mechanical and fracture properties.   

References 

1. Volksen, W., Miller, R. D. & Dubois, G. Low dielectric constant materials. Chem. 

Rev. 110, 56–110 (2009). 

2. Volksen, W., Lionti, K., Magbitang, T. & Dubois, G. Hybrid low dielectric constant 

thin films for microelectronics. Scr. Mater. 74, 19–24 (2014). 

3. Hiller, J. A., Mendelsohn, J. D. & Rubner, M. F. Reversibly erasable nanoporous anti-

reflection coatings from polyelectrolyte multilayers. Nat. Mater. 1, 59–63 (2002). 

4. Kresge, C. T., Leonowicz, M. E., Roth, W. J., Vartuli, J. C. & Beck, J. S. Ordered 

mesoporous molecular sieves synthesized by a liquid-crystal template mechanism. 

Nature 359, 710–712 (1992). 

5. Dong, S., Zhao, Z. & Dauskardt, R. H. Dual Precursor Atmospheric Plasma Deposition 

of Transparent Bilayer Protective Coatings on Plastics. ACS Appl. Mater. Interfaces 

7, 17929–17934 (2015). 

6. J. A. Burg, M. S. Oliver, G. Dubois, and R. H. Dauskardt, “Hyperconnected Molecular 

Glass Network Architectures with Exceptional Elastic Properties,” Nature 

Communications, 2017. 

7. K. I. Kilic, R. H. Dauskardt, “Nonaffine Deformations in ULK Dielectric Glasses” 

Proceedings of the IEEE IITC, Santa Clara, CA, 2018. 

8.  G. Buxton and N. Clarke, ““Bending to Stretching” Transition in Disordered 

Networks", Physical Review Letters, vol. 98, no. 23, 2007. 

9. A. Basu, Q. Wen, X. Mao, T. Lubensky, P. Janmey and A. Yodh, "Nonaffine 

Displacements in Flexible Polymer Networks", Macromolecules, vol. 44, no. 6, pp. 

1671-1679, 2011. 

10. D. Head, A. Levine and F. MacKintosh, "Distinct regimes of elastic response and 

deformation modes of cross-linked cytoskeletal and semiflexible polymer 

networks", Physical Review E, vol. 68, no. 6, 2003. 

 

 

 

64



Recent Publications 

Under review: 

1. Karsu I. Kilic and Reinhold H. Dauskardt,“Design of Ultrastiff Hybrid Glasses,” 

Advanced Functional Materials, under review, 2019. 

 

Published: 

1. Y. Ding, S. Dong, F. Hilt, R.H. Dauskardt, “Open-Air Spray Plasma Deposited UV-Absorbing 

Nanocomposite Coatings”, Nanoscale, vol. 10, pp. 14525-14533, 2018. 

2. Y. Ding, Q. Xiao, R.H. Dauskardt, “Molecular design of confined organic network 

hybrids with controlled deformation rate sensitivity and moisture resistance”, Acta 

Materialia, vol. 142, pp. 162-171, 2018.  

3. Karsu I. Kilic and Reinhold H. Dauskardt, “Nonaffine Deformations in ULK Dielectric 

Glasses” Proceedings of the IEEE IITC, 2018.  

4. Joseph A. Burg and Reinhold H Dauskardt, "The Effects of Terminal Groups on Elastic 

Asymmetries in Hybrid Molecular Materials," Journal of Physical Chemistry B, 2017. 

5. Joseph A. Burg, Mark S. Oliver, Geraud Dubois, and Reinhold H. Dauskardt, 

“Hyperconnected Molecular Glass Network Architectures with Exceptional Elastic 

Properties,” Nature Communications, 2017. 

 

 

 

 

 

65



 Improving radiation response of solid state interfaces via control of curvature 
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Program Scope 

 The goal of this project is to discover 

the effects of curvature on the radiation 

response of solid-state interfaces and explore 

strategies for elevating the radiation 

resistance of composite materials via control 

of interface curvature. Materials that are 

simultaneously resistant to numerous forms 

of radiation-induced degradation call for 

intricate, hierarchical microstructures 

composed of multiple, interpenetrating 

phases with high curved interfaces [1], such 

as those shown in Fig. 1. Yet the majority of 

previous studies dedicated to radiation 

response of interfaces have focused on 

nearly-flat interfaces, leaving the effect of 

interface curvature unexplored. 

This project integrates experiments and 

simulations to address three fundamental, 

scientific hypotheses: 

Hypothesis A: The efficiency with which 

interfaces absorb radiation-induced point 

defects increases with interface curvature. 

Thus, composites with nano-curved interfaces (radii of curvature below 100nm) are more 

radiation resistant than composites with an equal volumetric density of flat interfaces. 

Hypothesis B: Interface curvature provides additional nucleation sites for radiation-induced voids 

and precipitates on the concave (positive curvature) side of a curved interface. This factor 

influences the asymmetric growth of voids and precipitates at heterophase interfaces, impacting 

the degradation of interfacial cohesion under irradiation. 

Hypothesis C: Radiation-induced voids and impurity precipitates increase the thermal stability of 

curved interfaces by reducing curvature-driven mass transport along them. 

Underlying these hypotheses is the recognition that curvature changes the atomic-level structure 

of interfaces by introducing defects that may not be present in flat interfaces, such as facet 

junctions or disconnections. We expect these defects to influence interface radiation response in 

the manner articulated in our hypotheses. To assess our scientific hypotheses, we organize our 

work into three integrated research tasks (IRTs): 

IRT 1: response of curved interfaces to vacancies and interstitials 

IRT 2: implanted impurities and their effect on thermal stability of curved interfaces 

 

Fig. 1: Hierarchical materials with high curvature 

interfaces: a) oxide dispersion-strengthened (ODS) 

austenitic stainless steel [2], b) bicontinuous TaTi/ZrTi 

composite processed via solid metal dealloying (SMD) 

[3], c) in situ Cu-Nb microcomposite [4], d) radiation-

induced, self-organized Cu-Nb-W composite [5]. 
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IRT 3: radiation resistance of metal composites with highly curved interfaces 

IRTs 1 and 2 rely on model materials specially-synthesized using physical vapor deposition 

(PVD) and lithography. By contrast, IRT 3 compares the radiation response of a variety of 

different composites that contain complex networks of nano-curved interfaces—such as those 

shown in Fig. 1—to the radiation response of PVD multilayer composites with an equal 

volumetric density of flat interfaces.  

The model materials investigated in IRTs 1 and 2 are 

two-element, A-B thin film composites consisting of 

a layer of element A sandwiched between two layers 

of element B. Both B layers are continuous across 

the entire area of the film. The A layer, however, 

terminates along a straight edge within the 

composite, as illustrated in Fig. 2. We use 

lithographic methods to create this terminated layer 

structure [6]. Upon careful annealing, the edge of the 

terminated layer develops a rounded interface with 

mean curvature approximately equal to the 2/t, 

where t is the thickness of the layer. Thus, by 

controlling t, we control the curvature of the edge 

along which A terminates, allowing us to 

systematically explore the effect of curvature on 

radiation response. To assess the effect of curvature on interfaces with differing misfit strains, we 

investigate two series of A-B element pairs: Cu-FCC pairs, where A=Cu and B=Ir, Ag, or Pb, 

and Cu-BCC pairs, where A=Cu and B=V, Mo, or Nb. Samples of all compositions will be 

irradiated/implanted using ion accelerators and examined using quantitative transmission 

electron microscopy techniques. Atomistic models will be constructed to interpret the response 

of these samples in terms of atomic-level interface structure. 

 

Recent Progress  

 Our focus during FY1 of this project has been on three tasks: 

Task 1:  Perfecting methods for synthesizing the model materials to be used in IRTs 1 and 2. We 

have used the deposition and lithography equipment at TAMU's AggieFab to create Nb‐Cu‐Nb 

trilayers, where the middle (Cu) layer terminates along a straight edge. The Nb layers are 

~500nm thick and the Cu layer is ~100nm thick. This task required optimization of the 

deposition conditions to minimize impurity content (especially O), as measured by XPS, as well 

as film quality. We have also perfected our methods for sectioning and imaging the resulting 

samples and performing controlled anneals on them. Our success in this effort positions us to 

begin performing investigations on thermal stability (IRT 2) and irradiation experiments (IRT 1) 

in the fall of 2019.  

Task 2:  Acquiring and characterizing interatomic potentials for all the Cu‐FCC and Cu‐BCC 

pairs to be investigated in IRTs 1 and 2. We have collected all of the available EAM interatomic 

potentials for the Cu‐FCC and Cu‐BCC pairs to be investigated as part of IRTs 1 and 2. By 

calculating physical properties such as elastic constants, lattice parameters, cohesive energies, 

vacancy and interstitial formation energies, and heats of mixing, we have validated the accuracy 

 

Fig. 2: A single layer of metal B terminating 

along a straight edge within a matrix of metal 

A. Upon annealing, the termination edge 

developed a mean curvature of 𝜅 =
1

𝑟
=

2

𝑙
. 
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of these potentials. As expected, no EAM potential was found for the Cu‐Ir binary system. We 

have therefore developed this potential ourselves, completing the set of potentials needed for our 

project. Our success in this task positions us to perform one‐to‐one comparisons between 

simulations and experiments to be performed as part of IRTs 1 and 2. 

Cu and Ir are phase separating metals with minimal solid solubility and no stable intermetallic 

compounds. Therefore, we constructed our EAM Cu‐Ir potential by fitting to cohesive energies 

and lattice parameters of hypothetical Cu‐Ir crystals, including DO22 Cu3Ir, DO22 CuIr3, L21 
Cu3Ir, L21 CuIr3, L11 CuIr, L10 CuIr, and B2 CuIr. The fitting data also include the formation 

enthalpies of CuxIr1-x quasirandom solid solutions. All these quantities are obtained using first‐
principles, density‐functional theory (DFT) calculations. A manuscript describing the resulting 

potential is currently in preparation. 

Task 3: Investigating the helium implantation response of two composites types under IRT 3: a 

Ta/Ti in situ composite made by annealing a vapor deposited TaTi solid solution and Cu/W 

composites made by spinodal decomposition by high‐ temperature PVD. Under IRT 3, we have 

investigated two metal composites containing complex, interpenetrating microstructures with 

curved interfaces. One of them was an in situ Ta/Ti composite formed via phase separation of a 

TaTi solid solution under annealing. This sample was already available to us from another 

project. The sample was implanted with helium (He) impurities using the ion implanters at the 

CINT user facility at LANL. This work was made possible through the success of a CINT rapid 

access proposal, which we submitted in the fall of 2018. We then used TEM to investigate the 

size, number density, and distribution of He bubbles in the as‐deposited TaTi single‐phase alloy 

and a Ta/Ti dual‐phase nanocomposite.  

Using defocus imaging, we found that bubbles had 

an average diameter of ~1.7 nm and number density 

of ~4×104/μm2. He bubbles were found to segregate 

preferentially to grain boundaries, as illustrated in 

Fig. 3. In the Ta/Ti nanocomposite, bubbles in the 

Ti(HCP)‐rich phase were found to be are smaller and 

of higher number density (~1.2 nm, ~12×104/μm2) 

than those in the Ta(BCC)‐rich phase (~3 nm, 

~2.4×104/μm2) as well as in the single‐phase alloy. 

These findings stand in contrast to previous 

investigations on FCC/BCC composites, where 

bubbles are always found to be smaller in the BCC 

phase. In the Ta/Ti composite, He bubbles were also 

observed to decorate phase boundaries. However, 

these bubbles were generally smaller than those on 

the grain boundaries. These findings represent the 

first investigation of He implantation response in 

BCC/HCP nanocomposites. They are currently under 

preparation for publication. 

Finally, through our CINT user project, we also 

created Cu‐W nanocomposites formed by spinodal decomposition during high‐temperature co‐
deposition. Several different deposition temperatures and deposition rates were used, giving rise 

 

Fig. 3: Defocus TEM micrograph of He 

bubbles (bright) near a grain boundary (GB) 

and phase interface in a He-implanted in situ 

Ta-Ti nanocomposite. 
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to different spinodally decomposed microstructure morphologies. These samples were implanted 

with He and the depth profiles of the implanted He were measured using nuclear reaction 

analysis (NRA). TEM imaging of the He‐implanted microstructures has yet to be performed for 

these samples.  

 

Future Plans 

 Our main goal in FY2 is to use the model materials created in the current FY to complete 

IRT 2, which is concerned with the effect of implanted impurities on thermal stability of curved 

interfaces. Completion of this work will enable us to verify or falsify science hypotheses B and 

C. The work to be completed includes: 

 Anneal model materials over a range of times and temperatures and, based on the resulting 

microstructure evolution, determine the mobility of the heterophase interfaces in them. 

 Repeat this investigation for samples that were implanted with He; assess the effect of 

interfacial He impurities on interface mobility and, therefore, high‐temperature 

microstructure stability in composites with highly curved interfaces. 

 Using precession electron diffraction (PED), determine the crystallographic character of the 

heterophase interfaces in our model materials; construct atomistic models that are faithful to 

the experimentally‐determined interface character and use these models to investigage the 

effect of He impurities on interfacial mass transport.  

Simultaneously, we will also continue to prepare for carrying out IRT 1 (which tests hypotheses 

A and B). Since this IRT requires model materials with very thin middle ("A") layers, we expect 

that we may have to make use of the high‐performance PVD equipment available at the CINT 

facility at LANL. 
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Program Scope 

This project aims to provide a first-principles understanding of the collective aspects of 

dislocation dynamics that lead to dislocation patterning in deforming FCC metals. Of primary 

interest are the early stages of dislocation pattern formation. The fundamental role of spatial and 

temporal dislocation correlations in dislocation self-organization, collective dislocation mobility, 

and short range reactions under deformation are being investigated within the recently developed 

continuum dislocation dynamics framework [1]. The enhanced framework is being used to 

predict the patterning of dislocations in Cu and other FCC metals as a function of strain rate and 

crystallographic orientation. To capture the underlying science of deformation mechanisms on 

mesoscopic length scales and enable direct comparisons with deformation measurements, 

continuum dislocation dynamics simulations will be extended to volumes on the order of 15µm – 

25µm on edge and strains up to 4-5%. These simulations will provide a new level of predictions 

for comparison with in situ and ex situ Transmission Electron Microscopy (TEM), Electron 

Backscattering Diffraction (EBSD), and direct and absolute model validation with 3D Dark Field 

X-Ray Microscopy (DFXM) and both polychromatic and scanning-monochromatic 3D X-Ray 

Microscopy (3DXM) experiments using focused synchrotron x-ray beams. 

 Recent Progress  

We extended continuum dislocation dynamics (CDD) framework to model dislocation 

junction reactions formation. In CDD, dislocations are represented by density fields the evolution 

of which is governed by transport-reaction type equations. These equations are solved 

concurrently with crystal mechanics equations using the eigenstrain approach [1,2]. Several 

types of dislocation reactions are to be considered: the annihilation process within the same slip 

system, collinear annihilation, and glissile and sessile junction reactions. Together with cross 

slip, these processes represent the physics to be incorporated into dislocation dynamics models of 

patterning. The reactions processes and cross slip lead to the appearance of so-called network 

terms in the transport reaction equations governing the dislocation densities. These network 

terms can be constructed within the transport-reaction systems by subtracting the reacting 

dislocation density vector from each reacting slip system and adding to the same density to the 

product slip system (for glissile junction) or forming immobile densities (in the case of sessile 

junctions). In the case of annihilation, no product is formed. In previous models, junction 

reactions were typically accounted for by adding Taylor hardening terms as resistive stress 
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components in CDD models [2]. Unlike the explicit treatment of reactions into the governing 

equations, such resistive stresses result in slowing down the motion of dislocations with no 

change in the dislocation densities.  

We have established energy-based criteria for junction reactions in terms of dislocation 

vector densities and the corresponding Burgers vectors. The criteria can be used for all kinds of 

junction reactions, both glissile and sessile. When junctions are formed, the total energy will be 

reduced. An important 

aspect of the generalized 

junction formation 

criterion developed here 

is that it depends on both 

the Burgers vectors and 

line directions of the 

reacting species. The 

line direction 

dependence 

distinguishes this 

criterion from Frank’s [3], which depends only on Burgers vectors, and it delineates the range of 

orientations in which junctions form (central, yellow regions in Fig. 1 from those for forest 

cutting. The orientation dependence of dislocation line calculated by this energy criterion shows 

that it’s easier to form glissile junction and Lomer-Cotrell junction than Hirth junction. The 

network term of junction reactions has been carefully formulated in terms of dislocation vector 

densities. It is a function of the reacting dislocation densities together with a junction reaction 

rate, which can be derived by discrete dislocation dynamics (DDD). A simple test is shown in 

Fig. 2 in which a glissile junction (blue bundle) has formed as a result of reaction between 

dislocations on two slip 

systems (red and green). 

The results show that 

enhanced CDD 

framework is able to 

capture the change of 

dislocation network due 

to reactions: dislocations 

on two collinear slip 

systems annihilate when 

they are in opposite 

directions; glissile junction formed on the new slip system behaves like Frank-Read source 

generating new dislocation loops; and sessile Lomer-Cottrell and Hirth junctions stop at the 

intersection of the two slip planes. These results are consistent with the existing discrete 

dislocation dynamics (DDD) simulations. 

Fig. 1: Orientation map for the junction reactions through the energy-

based criterion developed under the current project. From left to right: 

glissile, Lomer-Cottrell, and Hirth, respectively. 

Fig. 2: A sequence of snapshots illustrating the formation of 

glissile junction (blue) due to reactions between coplanar systems 

(red and green dislocation bundles). 
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The junction implementation approach discussed above has been implemented in our CDD 

code via an operator splitting scheme in which both the transport (glide motion) and reactions of 

dislocations were treated 

in a staggered fashion. 

Simulation of collective 

dislocation dynamics has 

been started with 

simulation domains 

consisting of a large 

number of dislocation 

loop bundles on each 

slip system. The initial 

results are very 

promising and show that 

our approach predicts 

the dislocation patterns and hardening behavior of crystals as originally hypothesized. Figs. 3 

and 4 provide sample results for the stress-strain curve, dislocation density evolution, and 

dislocation pattern, respectively. In this implementation, only glissile junction formation is 

included in the continuum dislocation dynamics equations while the sessile locks are substituted 

for by Taylor type hardening terms. The stress-strain behavior shown in Fig. 3 (left panel) for Cu 

single crystal loaded at a constant rate along the [001] direction shows less-than-optimal 

hardening rate beyond the initial yielding. While this can be adjusted by adjusting the Taylor 

hardening coefficients compensating for the sessile junctions, we plan to remove those terms 

completely in favor of an 

explicit representation of 

sessile junctions in the 

next simulations. Fig. 3 

shows also the total 

dislocation density 

evolution corresponding 

to the stress-strain curves. 

The results are consistent 

with DDD simulations at 

the same conditions. The 

dislocation density for the 

individual slip systems is 

shown in Fig. 4, corresponding to the short simulation ending at 1.2% strain in Fig. 3. The 

density evolution is non-smooth as should be at the level of resolution considered in our 

mesoscale simulation. This non-smoothness is due to the random dislocation reactions and cross 

slip taking place within the dislocation systems. It is noted that the density on the slip systems 

Fig. 3: Stress-strain curve and dislocation density evolution for two 

simulation conditions, SC1 and SC2 differing slightly Taylor 

coefficients.  

 
Fig. 4. Dislocation pattern at 0.8% strain shown on a (111) plane within 

the simulated volume. This volume is approximately 5 micron on the 

edge. The figure shows the beginning of cell formation. 
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perpendicular to the loading axis are also evolving, albeit slowly, due to the reactions, cross slip, 

as well as the 3D nature of the internal stress field. The right panel shows a slice of the 

dislocation density over a (111) plane showing the beginning of dislocation patterning. It is clear 

that our model is able to predict the initial formation of dislocation cell structure characteristic of 

[001] loading.  

We are currently completing the testing for the sessile lock formation and destruction, 

investigating the orientation dependence of stress-strain behavior and patterns in preparation for 

comparison with experiments. 

Future Plans 

In next year we will: 

 Finalize the dislocation correlation calculations. 

 Finalize the simulation of coarse grained junction reactions using discrete dislocation 

dynamics simulations. 

 Implement the dislocation correlations and short range interactions in continuum 

dislocation dynamics code. 

 Complete the predictions of dislocation patterns and comparison with experiments. 

References 

[1] S. Xia, J. Belak, and A. El-Azab, The discrete-continuum connection in dislocation 

dynamics: I. Time coarse graining of cross slip, Modelling and Simulation in Materials Science 

and Engineering, 24 (2016) 075007. 

[2] T. Hochrainer, Thermodynamically consistent continuum dislocation dynamics, Journal of 

the Mechanics and Physics of Solids, 88 (2016) 12-22. 

[3] J. Hirth and J. Lothe, Theory of Dislocations, John Wiley & Sons, 1982.  

Publications 

Three papers fully supported by this project and three partially supported papers are being 

finalized. 

74



Fundamental Mechanisms Controlling Dislocation-Obstacle Interactions in Metals and 

Alloys 

 
*David T. Fullwood, *Eric R. Homer and +Robert H. Wagoner 

 
*Mechanical Engineering Department, Brigham Young University, Provo UT 

84602, USA, dfullwood@byu.edu 
+Department of Material Science and Engineering, Ohio State University, 

2041 College Rd, Columbus OH 43210, USA 

 

Program Scope 

Despite various advances in modeling the behavior of dislocations at the meso-scale, the accurate 

prediction of bulk dislocation evolution at the sub-grain level remains a challenge. This project 

seeks to test the hypothesis that bulk (meso-scale) grain boundary (GB) / dislocation interactions 

can be predicted using simple geometrical considerations of the relevant slip systems, and/or other 

local microstructural characteristics; furthermore, the backstresses associated with the resultant 

geometrically necessary dislocations (GNDs), when added to single crystal hardening behavior, 

produce the resultant polycrystalline deformation response. The hypothesis is explored via a 

combined modeling and experimental approach. 

Cross-correlation EBSD is used to map actual GND content in order to compare simulated 

predictions with experimental measurements. The study focuses particularly on grain boundaries, 

where GND buildup often occurs. Furthermore, MD simulations of dislocation / GB interactions 

across a wide number of GB types are used to inform the selection of transmissivity factor, and 

test the hypothesis at the atomistic and nano-level. 

The hypothesized and uncovered mechanisms are captured and tested via a super-dislocation (SD) 

model, based upon crystal plasticity, and incorporating meso-scale elastic dislocation interactions.  

Recent Progress 

The key questions that have recently been investigated by the team are: i) What is the obstacle 

stress associated with a particular GB type? ii) How does that obstacle stress influence the 

distribution of GNDs near the GB? and iii) How does the resultant backstress from the GND 

distribution contribute to overall hardening?  

The first question was tackled directly using an MD approach. MD simulations of dislocation / GB 

interactions were carried out on more than 33 different FCC Ni bicrystals, each subjected to four 

different loading conditions to induce incident dislocation / GB interactions in 132 unique 

configurations. The resulting simulations produced 189 dislocation / GB interactions. Each 

interaction was analyzed to determine properties that affected the likelihood of transmission, 

reflection, or absorption of the dislocation at the GB of interest. Properties included the slip system 

of the incident dislocation, resolved shear stresses associated with the interaction, and geometric 

factors including transmissivity [1] and dislocation content left behind in the GB (residual Burgers 

vector, RBV) following a transmission event [2]. Each simulation cell consists of ~500,000 atoms 

and has a configuration designed such that applied uniaxial loads, cause nucleation of dislocations 

at a sharp notch, which then propagate into the GB. Figure 1 shows two separate dislocations as 

they interact with the GB; one transmits through while the other reflects back. The associated 

resolved shear stresses for the respective incident slip system are also shown in Fig. 1. 
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Analysis of all 189 simulated interactions confirms the ability to predict the slip system of a 

transmitted dislocation using the common geometric criteria of transmissivity and residual Burgers 

vector. Transmissivity factor predicts the slip system for transmission with reasonable accuracy 

and predicts the slip plane of the transmitted dislocation with even higher accuracy. For the 

majority of transmitted dislocations, the transmissivity value is within 20% of the maximum 

possible value for the given dislocation-GB interaction. RBV predicts the slip direction for 

transmission well. 

The MD results also provide insight into the type of interaction observed, though these insights 

were more difficult to extract. There was a surprising lack of correlation between any of the 

geometric factors and resolved shear stress and whether a dislocation transmitted through, was 

absorbed by, or reflected back from a GB. Transmission frequency decreased with increasing 

disorientation angle. Reflection of dislocations occurred more frequently at twist GBs than tilt GBs 

while the opposite is true of transmission. Both twist and tilt GBs were equally likely to absorb 

dislocations. Partial dislocations are more likely to transmit than full dislocations. Twist GBs 

appear to have an energy barrier to transmission; below GB energies of ~950 mJ/m2, transmission 

is exclusively observed and above this value transmission is not observed. 

Machine learning was required to find complex combinations of geometric properties, such as the 

minimum residual Burgers vector (RBV) and the disorientation angle between the two grains, to 

determine whether dislocations would transmit through or be absorbed by a GB; the machine 

learning model can correctly predict transmission 75.5% of the time and correctly predict 

absorption 77% of the time. Reflection is not effectively predicted in this study. 

Fig. 1 Snapshots of the simulation of the [100] Tilt Σ25a bicrystal. Two dislocations of the same slip plane but 

different slip directions impact the GB at different locations and at different times. The first dislocation (blue) 

transmits while the second dislocation (orange) reflects. The resolved shear stress associated with each event is 

shown beneath the snapshots and are labelled accordingly.  
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The first and second question mentioned above were also 

combined in an empirical study of how GND buildup 

correlates with GB type in both BCC Ta and FCC nickel. 

The key question to be answered is whether GBs with higher 

predicted obstacle strength (presumed to correlate with 

lower transmissivity) tend to associate with higher GND 

buildup. The resultant observations enable a focused study 

on GBs of particular interest, as well as highlighting the 

particular obstacle interaction mechanisms that contribute to 

kinematic hardening and other backstress-enabled 

phenomena.  

Both tantalum oligocrystals and polycrystals displayed a 

weak, albeit significant, statistical link between GB 

character (including various transmissivity factors) and 

increased GND density. Figure 2 illustrates the relationship 

for GB misorientation and GND buildup in the 

neighborhood of the GBs.  

These Ta polycrystal results also reflect the observations made for three nickel superalloys, using 

high resolution digital image correlation (HRDIC). Figure 3 shows an inverse pole figure, a shear 

strain map and the profile of shear along a single slip band in the RR1000 alloy. As can be seen, 

there is a strain gradient from the middle area of the grain towards the grain boundaries at each 

end of the slip band. This is typical for several hundred slip bands investigated.  

 

Fig. 3 - Inverse pole figure for segment of RR1000 coarse precipitate sample (left), map of maximum shear (middle) 

and profile of maximum shear along indicated band. 

If the shear gradient is treated as a pileup of edge dislocations (a view that is supported by the local 

orientation gradients – see the IPF figure), then the dislocation spacing and resultant backstress 

can be calculated for the dislocation closest to the grain boundary. No significant correlations were 

observed between the distribution of pileup stresses and various  GB transmissivity factors and 

other metrics of GB character. The combined experimental and MD studies present two potential 

ideas for further study: i) the obstacle stress associated with a particular GB is only weakly related 

to its character (or related in a very complex / stochastic manner); and/or ii) the GND buildup 

associated with a boundary is dominated by the local incompatibility requirements, with actual 

level of obstacle stress playing a secondary role. Clarification of the magnitude of the influence 

exerted by the competing phenomena is underway. 
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The third question, relating to the relationship between 

GND distributions and hardening rates was investigated 

using the Ta oligocrystals, for which full 3D information 

was available to model. Both the CPFEM and SD model 

capture the approximately correct stress-strain curve; 

however, the SD model uses inferred single crystal 

hardening parameters plus backstress relating to GND 

distributions (Fig. 4). The difference between SD and SD* 

(the same model, without backstress) illustrates the 

magnitude of hardening that is contributed by the 

backstress. Consistent with macroscopic backstress 

studies, the backstress dominates early in the deformation, 

and the SSD hardening contributes more later on. 

Future Plans 

The next stage of the MD work, currently under way, is 

focused on examining resolved shear stresses associated 

with transmission and their correlation with a limited set of geometric parameters. The approach 

employs the concurrent atomistic-continuum method to simulate larger bicrystals to improve the 

fidelity of the stress measurements associated with the dislocation / GB interactions. The goal is 

to gain a better understanding of obstacle stresses required for the SD model to accurately predict 

dislocation / GB interactions. 

Two combined HREBSD / HRDIC studies are underway (on Ta and Ni) to confirm the 

relationships between local hardening rates and GND distributions, as a more sensitive indicator 

of the role of backstress in sub-grain level deformation. The Ni experiment will take place in 

collaboration with the University of Manchester to test several stages of loading and unloading in 

a pure nickel sample, with combined HREBSD / HRDIC, to further highlight local backstress 

behavior. 

The SD model originally used a column-selection method and Hirth’s equation (suitable parallel 

edge-edge interaction in one grain only) to calculate interactions between GNDs. A new version 

will be based on computing and representing the full GND content in each element by Nye’s 

Tensor, and incorporating the full remote stress field (from all GNDs) in the backstress via Zbib’s 

method [3].  This addresses the most serious, perennial concern of reviewers that only edge-edge 

slip was incorporated in SD, a single slip system at a time. Furthermore, the column method 

introduced instabilities in back stress, requiring it to be incorporated as a friction stress (always 

opposing the applied stress), rather than a more accurate and more correct signed stress that can 

hinder or assist the applied stress. This will also be addressed at the same time. 

References 

[1] Z. Shen, R.H. Wagoner, W.A.T. Clark, Dislocation and grain boundary interactions in 

metals, Acta Metall. 36(12) (1988) 3231-3242. 

[2] W.Z. Abuzaid, M.D. Sangid, J.D. Carroll, H. Sehitoglu, J. Lambros, Slip transfer and plastic 

strain accumulation across grain boundaries in Hastelloy X, Journal Of The Mechanics And 

Physics Of Solids 60(6) (2012) 1201-1220. 

[3] H.M. Zbib, M. Rhee, J.P. Hirth, On plastic deformation and the dynamics of 3D dislocations, 

International Journal of Mechanical Sciences 40(2-3) (1998) 113-127. 

Fig. 4 Measured and modeled 
engineering stress vs strain for Ta 
oligocrystal #3. SD and CPFEM use 
inferred single crystal and best fit 
polycrystal hardening parameters, 
respectively; SD* is the same as SD, 
but without backstress 

78



Publications since 2017 retreat: 

1. Hyuk Jong Bong, Hojun Lim, Myoung‐Gyu Lee, David Fullwood, Eric Homer and R. H. 

Wagoner, An RVE Procedure for Micromechanical Prediction of Mechanical Behavior of 

Dual-phase Steel, Materials Science and Engineering A, 695 (2017), 101-111 

2. Richard Wyman, David Fullwood, Robert Wagoner, Eric Homer, Variability of non-

Schmid effects in grain boundary dislocation nucleation criteria, Acta Materialia, 124C 

(2017) 588-597 

3. Landon Hansen, Brian Jackson, David Fullwood, Stuart I. Wright, Marc de Graef, Eric 

Homer, Robert Wagoner, Influence of Noise Generating Factors on Cross Correlation 

EBSD Measurement of GNDs, Microscopy and Microanalysis, in press, 23 (2017), Issue 

3, 460-471 

4. W. Gan, H.J. Bong, H. Lim, R. Boger, F. Barlat, R.H. Wagoner. Mechanism of the 

Bauschinger effect in Al-Ge-Si alloys, Materials Science and Engineering A 684 (2017) 

353-372 

5. Brian Jackson, David Fullwood, Jordan Christensen, and Stuart Wright, Resolving 

pseudosymmetry in gamma-TiAl using cross correlation electron backscatter diffraction 

with dynamically simulated reference patterns, Journal of Applied Crystalography, 51 

(2018), 655-669 

6. Travis M. Rampton, Stuart I. Wright, Michael P. Miles, Eric R. Homer, Robert H. 

Wagoner, David T. Fullwood, Improved Twin Detection via Tracking of Individual 

Kikuchi Band Intensity of EBSD Patterns, Ultramicroscopy, 185 (2018), 5-14 

7. Bret E. Dunlap, Timothy J. Ruggles, David T. Fullwood, Brian Jackson, Martin A. Crimp, 

Comparison of Dislocation Characterization By Electron Channeling Contrast Imaging and 

Cross-Correlation Electron Backscattered Diffraction, Ultramicroscopy, 184A (2018), 

125-133 

8. Bret E. Dunlap, Timothy J. Ruggles, David T. Fullwood, Martin A. Crimp, Comparison of 

Dislocation Mapping Using Electron Channeling Contrast Imaging and Cross-Correlation 

Electron Backscattered Diffraction, Microscopy and Microanalysis 23 (2017) suppl 1, 546-

547 

9. Adams, DW, DT Fullwood, RH Wagoner, and ER Homer (2019). Atomistic survey of 

grain boundary-dislocation inter- actions in FCC nickel. Computational Materials Science 

164, 171-185  

10. Homer, ER (2019). High-throughput simulations for insight into grain boundary structure-

property relationships and other complex microstructural phenomena. Computational 

Materials Science 161, 244-254 

11. Greg C. Randall, Kameron R. Hansen, Brian Jackson, David T. Fullwood, Lower-bound 

Dislocation Density Mapping in Microcoined Tantalum using High-Resolution Electron 

Backscatter Diffraction, Materials Characterization, 153 (2019), 318-327  

79



Fig. 1 TEM select area diffraction at zone [011] of bcc U-Mo showing 

satellite spots from Xe bubble superlattice (left).  Bright field images of 

Xe bubble superlattice at low (center) and high (right) magnification. 

 

The Role of Anisotropy on the Self-Organization of Gas Bubble Superlattice 
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Program Scope 

 Three-dimensionally ordered nanostructures have many potential applications and 

irradiation is a useful tool for creating them. Gas bubble superlattice (GBS) and void superlattice 

are the two important ordered nanostructures of great scientific interest. The objective of this 

project is to understand the fundamental mechanisms controlling the self-organization of these 

patterned structures, to aid the development of novel materials with novel properties and for 

applications in conditions involving irradiation. Although both types of superlattices were 

investigated extensively in the past, a consensus on the formation mechanisms is yet to be 

achieved. Moreover, the recent discovery of incoherent face-centered-cubic (fcc) Xe bubble 

lattice in body-centered-cubic 

(bcc) U-Mo (Fig.1) challenges 

the widely accepted coherency 

between superlattices and 

matrices. A complete 

mechanistic understanding of 

bubble lattice self-organization 

will have a large impact to 

materials science and nuclear 

technology advancement. This 

project takes an integrated 

experimental and computational approach. The focus is placed on the self-organization 

mechanisms of nanostructures under irradiation. The factors that dictate the self-organization, 

including materials properties and irradiation conditions, will be identified to assist new material 

development. The studies center on two appealing self-organization hypotheses proposed in the 

literature: anisotropic elastic interaction between voids or bubbles and anisotropy diffusion such 

as one-dimensional (1D) self-interstitial atoms (SIA) diffusion. In the past two years, the role of 

1D SIA diffusion has been elucidated by coupling atomistic modeling and inert gas-ion 

implantation experiments using metals such as bcc Mo and W, with the former being elastically 

anisotropic while the latter isotropic. Following the theory proposed in our previous work, the 

effects of irradiation condition on the formation and the properties of GBSs are discerned 

experimentally. Efforts have also been made to investigate the fundamental interaction between 

inert gas and metal matrices, and GBS stabilities under irradiation and annealing. The research 

outcomes from the Phase-I studies suggest the possibility of developing a unified theory for both 

void superlattices and GBS, and for various types of inert gases and matrix materials.   
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Fig. 2 Synchrotron beam SAXS data for Mo irradiated with He ions at 

300 C (left) and XAS data from the SRX of NSLS-II showing solid state 

of Kr in Xe/Kr bubble superlattice in irradiated U-Mo reference sample. 

 

Recent Progress  

 By coupling the 

non-destructive synchrotron 

beam analysis and TEM 

characterization with 

modeling, full information 

regarding GBS including 

bubble size, distance, pressure 

and chemistry can be achieved. 

Effects of helium implantation 

parameter on He GBS 

formation are evaluated using small angle x-ray scattering (SAXS) analysis. X-ray Absorption 

Spectroscopy (XAS) measurements at the SRX beamline of the NSLS-II were employed to 

determine the structure of the Kr and Xe gas atoms in the irradiated U-Mo fuel reference sample. 

Results show that the fission gas atoms are under intense pressure (~1.5 - 2.0 GPa) with 

crystalline spectra consistent with an FCC structure, indicating the Xe/Kr bubbles in neutron 

irradiated U-Mo are actually in solid state in FCC crystal form at room temperature. Figure 2 

shows the results of the SAXS and XAS measurements for this project.    

Besides He GBS formation in Mo, W and Fe, GBS with Ne, Ar and Kr are also 

investigated, as shown in Figure 3. Ne GBS formed from TEM in-situ irradiation at 300 C to a 

dose of 10 at.%Ne with an average bubble size of ~ 1.5 nm and bubble lattice constant ~ 5.1 nm, 

similar to that of He GBS in Mo. Argon GBS formation in Fe from TEM in-situ irradiation at 

room temperature was identified at 3.51016 Ar/cm2. The degree of ordering was further 

improved at 7.31016 Ar/cm2, with an average bubble size of ~ 1.8 nm and a GBS lattice 

constant of ~ 6.4 nm. TEM in-situ irradiation of Mo with 300 keV Kr ions at 300 C revealed Kr 

bubble presence at 1.6 at.%Kr, a slightly aligned Kr bubbles at 4.0 at.%Kr and disordered 

random bubbles at 9.0 at.%Kr with increased bubble size. Kr GBS was not identified under this 

irradiation condition. An experiment with two-step TEM in-situ Kr ion irradiation at 300 C was 

also carried out using the IVEM at ANL. Mo was irradiated in Step-1 with 300 keV Kr to ~ 3 

at.%Kr, where Kr bubbles are randomly distributed, followed by Step-2 irradiation with 1.0 MeV 

Kr ions (mostly transmitted) to 2.5 dpa, where the evidence of slightly ordering of Kr GBS can 

be identified. Comparing to He GBS, the difficulty with ion irradiation experiment for Kr and Xe 

GBS formation indicates the formation mechanism could change with these large gas ions since 

the binding energy with vacancy is significantly higher and role of elasticity anisotropic on the 

GBS formation may become important. It is expected that these difference in comparison to that 

of small gas ions are important and may eventually attribute to the different bubble superlattice 

structure from the matrix of host material such as an fcc GBS on a bcc host material.  
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Fig.3 TEM bright field images reveal the development of noble gas bubble superlattice in bcc metals. The role 

of elastic anisotropy and SIA diffusion anisotropy is elucidated. 

 

Fig. 4 Schematic showing multi-modal imaging set-up at HXN 

beamline, NSLS II for simultaneous XRF and nanodiffraction 

mapping of Kr irradiated single crystal W. 

 

 

According to our newly developed theory, superlattices form by superposition of 

symmetrical concentration waves that develop at the critical point when the uniform 

concentration field becomes unstable. This implies that the formation process of superlattices 

will experience three stages at finite temperatures. Before the instability occurs, the voids or 

bubbles distribute randomly because no perturbation waves are stable. Upon the occurrence of 

instability, symmetrical waves start to develop. Due to stochastic effects, they do not develop at 

the same time. A planar ordering will appear due to the wave that develops first. Eventually, all 

symmetrical waves will develop, and their superposition leads to a three-dimensional 

superlattice. Such a three-stage formation process has been observed in both Atomic Kinetic 

Monte Carlo (AKMC) simulations and He ion implantation experiments in bcc Mo. Such 

observations prove that indeed superlattices form by symmetrical waves that develop at the 

instability point. It was found that the formation of gas bubble superlattice depends on specific 

irradiation conditions, specifically temperature, fluence and flux. The ratio of bubble superlattice 

constant to bubble diameter falls between 2 and 5, and it requires relatively lower irradiation 

temperature with higher He appm/dpa ratio.  

In addition, synchrotron based 

multi-modal imaging (Figure 4) 

studies of Kr irradiated single crystal 

W was performed at HXN beamline at 

NSLS II to elucidate structural 

changes (lattice distortion and strain) 

using nanodiffraction and elemental 

changes using X-ray fluorescence 

(XRF). Single crystal tungsten was Kr 

irradiated at energy of 1.8 MeV to a 

fluence of 2.251017 ions/cm2 in the 

Ion Beam Lab at Sandia National 

Laboratories. Python based data analysis 

scripts were developed to extract local 

strain variability from variations in the length of the reciprocal-lattice vector relative to the mean. 
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X-ray based nano-diffraction was used to study structural changes in the tungsten matrix. It was 

observed that as the probe moves from unirradiated W region to Kr irradiated W region the 

diffraction peak intensity changes from a sharp well defined peak to diffuse diffraction intensity. 

Such change in diffraction intensity clearly indicates the changes in microstructure after Kr 

irradiation, where W matrix changes from highly crystalline character (single crystal) in pristine 

matrix to distorted crystalline region. Such deviation from single crystal character can be 

attributed to presence of radiation induced defects. High densities of such radiation-induced 

defects as observed in this study result in significant strain in the surrounding matrix. 

Following the rate theory framework used to predict the characteristic length scales, the 

recombination rate between vacancies and self-interstitial atoms (SIAs) is derived in the discrete 

lattice space. It is found that the appearance of perturbation reduces the recombination rate. More 

importantly, such a reduction becomes anisotropic when interstitials diffuse anisotropically. 

Because the growth rates of perturbation waves are proportional to the negative of recombination 

rates, the wave directions associated with the most reduction in recombination will be favored 

over others to grow. This allows for theoretical predictions of superlattice symmetry by 

numerically calculating the reduction of recombination rate due to perturbations and anisotropic 

diffusion. As such, the physical connection between anisotropic interstitial diffusion and 

superlattice symmetry is established. Moreover, this demonstrates the rate theory framework is 

capable to predict both superlattice parameter and structure. For one-dimensional interstitial 

diffusion along the [111] direction, all wave directions in the (111) plane are favored equally, 

indicating random void distribution when projected in the [111] direction. For one dimensional 

interstitial diffusion along the [111] and [-111] directions, a single wave vector [0 1 -1] is 

favored, indicating (01-1) planar ordering. All <110> waves are favored when interstitials 

diffuse one-dimensionally along all <111> directions, indicating a bcc superlattice. The 

predictions are confirmed by AKMC simulations. 

Extensive density functional theory (DFT) calculations have been performed to predict 

the energetics, site preference, and migration barriers of noble gas atoms (He, Ne, Ar, and Kr) in 

transition metals with a bcc crystal structure. Interestingly, while He consistently prefers 

tetrahedral sites over octahedral sites in all bcc transition metals, Ne, Ar, and Kr prefer 

octahedral sites in group 5B (V, Nb, and Ta) and tetrahedral sites in group 6B (Cr, Mo, and W) 

and 8B (Fe) metals. Our results further reveal strong correlations between the formation energy 

of a noble gas atom and the charge density of the host matrix. Specifically, the formation energy 

increases with the atomic size of the gas atom and the charge density at the site for the gas atom 

to be located. As shown in Figure 5, bigger gas atoms and higher charge densities lead to more 

perturbation in the local electron density due to the repulsion between the inert gas atom and a 

charge field; accordingly the bubble formation energy will be higher. The information on gas-

metal interaction is critical for extending the understanding of void superlattice to GBS. 

The high gas interstitial formation energy leads to strong binding between gas atoms and 

vacancies or voids. DFT calculations show that inert gas atoms have strong affinities to 
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Fig. 5 Formation energies of inert gas atoms at the octahedral site in various bcc metals (left) and the 

corresponding variation in local electron density: > 0.5 eV/A3 in red and < - 0.5 eV/A3 in blue (right). 

 

vacancies or voids, indicating a strong tendency to precipitate into bubbles. The binding becomes 

stronger with increase gas atom size in a given metal. With sufficiently high gas to vacancy ratio 

in a gas-vacancy cluster, the presence of gas atoms can effectively suppress recombination of 

vacancies and SIAs and stabilize vacancy clusters, i.e., voids. This suggests strong driving 

forces, particularly for Xe, to form stable gas bubbles under irradiation. Moreover, since the 

lower temperature bound for superlattice formation is governed by the recombination limit, this 

implies that GBS can form at lower temperatures that void superlattice do.    

 

TEM in-situ 16 keV He ion implantation at -100 C, 25 C and 100 C up to 7 at.%He 

revealed GBS with corresponding homologous temperatures of 0.096,  0.17 and 0.21, 

respectively. Since Fe is elastically anisotropic with isotropic SIA diffusion, it suggests that the 

anisotropic 1D diffusion of individual SIA may not be the necessary condition for GBS 

formation. MD simulations show that small SIA clusters with more than five SIAs diffuse 

anisotropically along <111> in pure Fe. Therefore, anisotropic diffusion of small SIA clusters 

may play an important role on GBS formation in Fe. The formation of He GBS in Fe at relatively 

low irradiation temperature (Tm = 0.096) inspired interest for further investigation. Vacancy 

mobility is quite low at this temperature and it is below the typical low temperature limit 

(0.15Tm) for He GBS formation. SIA clusters and loops in bcc Fe have very low migration 

barriers and they diffuse actively at low temperatures. Because the loops migration along their 

burgers vector direction anisotropically, the role of SIA loop migration on GBS formation needs 

to be investigated to extend the current theories for GBS formation. 

 

Future Plans 

 Based on the knowledge learned from Phase-1 studies, several key science questions are 

raised. (1) Can a unified theory be developed for both void lattice and GBS? (2) What is the role 

of small SIA cluster on GBS formation? (3) What is the effect of crystal structure and alloying 

addition on GBS formation? According to the diffusion anisotropy hypothesis, the ordering is 
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determined by SIA or SIA cluster diffusion anisotropy, not directly related to crystal structure 

and alloy composition. It is hypothesized that current theory developed based on results in bcc 

metals can be generalized into other crystal structures in metals and alloys. (4) What is the role of 

elastic anisotropic property on the formation of GBS with heavy inert gas atoms, such as Kr and 

Xe? It is hypothesized that the role of elastic anisotropy on GBS formation is gas atom size 

dependent and it becomes important at large gas atoms. 

These questions will be answered in our Phase-2 studies. Coupled modeling and 

experiments will be carried out to investigate: 1) the effect of gas atoms in thermodynamics and 

kinetics of point defects and how they affect defect self-organization, for the purpose of unifying 

void superlattices and GBS; 2) the configurations and migrations of SIA clusters/loops in both 

fcc and bcc metals, as well as their effects on superlattice formation; 3) the effects of bubble 

internal pressure on bubble-bubble interaction and on bubble ordering; and 4) the possibility of 

modifying defect properties via alloying for the purpose of controlling defect self-organization.   
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Program Scope 

High-entropy alloys (HEAs) and medium-entropy alloys (MEAs) occupy the centers of 

multicomponent phase diagrams; that is, they comprise multiple principal elements in relatively 

high concentrations. Some of these alloys are highly malleable and can be thermomechanically 

processed to yield single-phase microstructures with FCC [1] or BCC [2] crystal structures. 

Additionally, a few HEAs [3,4] are also able to overcome the vexing strength-toughness tradeoff 

[5]. Therefore, they can be the bases for next-generation, damage-tolerant, ultrastrong materials 

[6]. To that end, our goal is to understand the fundamental factors that govern phase stability and 

mechanical behavior of HEAs/MEAs. Additionally, we are interested in applying that knowledge 

to control the behavior and properties of precipitate-strengthened alloys whose matrices are 

HEAs/MEAs. We investigate model alloys whose compositions are designed to address specific 

questions about the role of fundamental physical properties (e.g. elastic moduli, planar fault 

energies) and mechanisms (e.g. twinning, phase transformations, precipitation) on strength and 

ductility. Careful thermomechanical processing is employed to control microstructure, followed 

by mechanical testing and analyses using a variety of techniques including neutron diffraction, 

advanced electron microscopy, and atom probe tomography. MD simulations as well as first 

principles calculations are used to interpret the experimental results. We expect that insights from 

our work will produce broad scientific principles for the design of an important new class of 

structural materials based on HEAs/MEAs. Since the last PI meeting, new co-PIs Albina 

Borisevich and Ying Yang have replaced the previous co-PIs Hongbin Bei, Yanfei Gao, James 

Morris and Yury Osetskiy. Here we describe our most recent work on multiphase HEAs. 

Recent progress 

Prior research on HEAs found that there are at least two ways to simultaneously increase the 

strength and ductility of HEAs. The first is to dynamically introduce nanoscale interfaces during 

deformation, e.g. by twinning [3] or phase transformation [7]. This results in enhanced work 

hardening and postponed necking. An example of transformation induced plasticity (TRIP) 

enhancing the strength and ductility of certain FCC alloys is shown in Fig. 1 (red curves), where 

the dashed curve represents the stress-strain behavior of a Fe-Mn-Co-Cr alloy that does not 

undergo TRIP whereas the solid line represents a Fe-Mn-Co-Cr variant that does undergo TRIP 

[7]. In this case, the TRIP effect is due to a deformation-induced FCCHCP phase transformation. 

A second approach is to introduce a large volume fraction of nanoprecipitates in a FCC matrix, 

which leads to strengthening and ductilization by microband-induced plasticity. A successful 

87



example of that approach is also shown in 

Fig. 1 (blue curves) where the dashed curve 

represents the stress-strain behavior of a Fe-

Mn-Ni alloy without nanoprecipitates and 

the solid curve that of a Fe-Mn-Ni alloy with 

nanoprecipitates [8].  

As discussed in a recent review paper 

[9], in order to obtain significant 

improvements in the mechanical properties 

of HEAs/MEAs, multiple strengthening 

mechanisms such as twinning, TRIP and 

nano-precipitation need to be 

simultaneously activated. Consistent with 

this, our recent work focuses on developing 

a new alloy design strategy that can take 

advantage of both nanoprecipitates and 

TRIP in the same alloy. To achieve our goal, we need to carefully design the matrix and 

precipitates, as schematically shown in Fig. 2. Although the name “FCC HEAs” implies our alloys 

have the FCC structure, that need not be their most stable structure. On the contrary, we 

purposefully designed the FCC phase to be metastable at room temperature, so that it can undergo 

a phase transformation during subsequent deformation. In addition, we want the transformation 

from the metastable to its thermodynamically stable state to occur in a diffusionless manner (a la 

the shear transformation leading to martensite). Given these limitations, we realized that phases 

such as sigma and equilibrium ferrite (which have a favorable thermodynamic driving force) would 

not qualify as suitable strengthening phases as they need significant diffusion to occur. Therefore, 

we designed a matrix composition that would readily undergo a martensitic transformation under 

constraint-free conditions. As for the nanoprecipitates, we wanted them to serve two functions: 

one, to strengthen the matrix (in the usual precipitate-hardening way) and second to impede the 

FCC to martensite phase transformation that would otherwise occur during cooling. The 

strengthening role of precipitates is straightforward and has been utilized many times before. What 

is novel in our approach is the use of nanoprecipitates to delay the thermodynamically favorable 

phase transformation until stress is applied, resulting in deformation-induced phase transformation 

and, in turn, TRIP.  

Fig. 1 Simultaneous improvement of strength and 

ductility of HEAs via TRIP [7] and formation of 

nanoprecipitates [8]. 
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Fig. 2 Design approach for new FCC HEAs that take advantage of both nanoprecipitate and TRIP 

effects. 
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Following this strategy, we designed a medium-entropy Fe-Ni-Al-Ti alloy. In this alloy, Fe 

and Ni are the major elements in the MEA matrix and Al, Ti are the nanoprecipitate formers. With 

the aid of computational thermodynamics, we calculated the phase amounts in this alloy as a 

function of temperature (Fig. 3a) and the chemical composition of the matrix as a function of 

temperature (Fig. 3b). Between 925 and 1240 °C, the alloy is single-phase FCC. At temperatures 

of 925 °C and below, L12 precipitates form in the FCC matrix. Although the dashed line shows 

that bcc_eq (ferrite) becomes stable at temperatures below 625 °C, as a practical matter it is very 

difficult to form ferrite due to sluggish kinetics. Based on these predicted phase equilibria, we 

chose a solutionizing temperature of 1100 °C followed by an aging temperature of 700 °C to form 

~25 mol% of the L12 nanoprecipitates in our alloy. Upon formation of the precipitates, which are 

rich in Ni, Al and Ti, their concentrations in the FCC matrix were reduced to ~23 at %, ~3.5 at %, 

and ~0.5 at %, respectively (Fig. 3b). Although the FCC structure of this composition is metastable 

relative to the bcc_eq (ferrite phase), the FCCBCC_eq ferrite is not our target phase 

transformation as it requires diffusion. Rather, what is attractive about this composition is that it 

exhibits a strong tendency for the diffusionless FCCBCC (martensite) transformation [10] which 

is also thermodynamically favorable. To validate this, an alloy having the matrix composition of 

the afore-mentioned precipitate-strengthened alloy (after aging at 700 °C) was made using the 

same synthesis and processing routes. Our calculations had indicated that no L12 precipitates 

should form in this matrix alloy (Fig. 3c), so its composition should remain the same at all 

temperatures (Fig. 3d), assuming that bcc_eq (ferrite) does not form. The two alloys, one with 

nanoprecipitates and the other without, but both having the same matrix composition were 

Fig. 3 (a-b) Calculated phase amount and matrix composition vs temperature for the alloy with 

nanoprecipitates. (c-d) Calculated phase amount and matrix composition vs temperature for the alloy 

without precipitates and having the same composition as the matrix of the two-phase alloy. (e) SEM-

BSE image after 700 °C aging showing equiaxed austenite grains with a small amount of lenticular 

BCC regions in the alloy containing nanoprecipitates. (f) SEM-BSE image after 700 °C aging showing 

fully martensitic lath structure in the alloy without nanoprecipitates. (g-h) Room-temperature true 

stress-strain curves of the precipitate-containing and precipitate-free alloys. 
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investigated. The alloy with nanoprecipitates has a primarily equiaxed austenite (FCC) structure 

containing a few isolated lenticular (BCC) regions (Fig. 3e), where the inset shows the 

nanoprecipitates in the matrix. The other alloy, without nanoprecipitates, has a completely 

transformed martensitic lath structure (Fig. 3f). Clearly, the nanoprecipitates in the former alloy 

impeded the martensitic transformation, resulting in mostly retained austenite in the 

microstructure. To investigate the effects of nanoprecipitates on mechanical behavior, room-

temperature tensile tests were performed on the two alloys (with and without nanoprecipitates). 

Examples of true stress-strain curves are shown in Fig. 3g and 3h. The yield strength, ultimate 

tensile strength, and uniform plastic elongation of the precipitate containing alloy are all 

significantly higher than those of the alloy without precipitates. In fact, the strength-ductility 

combination of the precipitate-containing alloy places it near the top of the strongest structural 

alloys designed to date. The combination of high strength and ductility in our alloy is a result of 

hardening from the nanoprecipitates as well as deformation-induced transformation of the 

metastable FCC matrix to BCC martensite. 

Future Plans 

The alloy design strategy introduced here is just a start because it can be further refined, for 

example, by tuning the precipitate distribution (size, spacing, volume fraction), grain size, the 

degree of cold work and recovery, and the thermodynamic driving force for phase transformation. 

Our future plans call for understanding how these variables affect the phase transformation and 

mechanical behaviors in the newly developed FCC MEAs in which both nanoprecipitates and 

TRIP effects are utilized to attain ultrahigh strength with good ductility. 
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Solute/Twin boundary interaction as a new atomic‐scale mechanism for 
Dynamic Strain Aging 
 
Maryam Ghazisaeidi (PI) and Michael Mills (co PI), Ohio State University 

Program Scope  
 
Twinning is an important mechanism during the plastic deformation of materials with hexagonal 
close-packed (hcp) structures. Strength and formability are among critical properties of this 
family of structural materials that can be tailored by controlling the twin nucleation and growth. 
In this project, we investigate the effect of different alloying elements on twin nucleation and 
growth in hcp alloys and the corresponding impacts on the plastic deformation of these 
materials. We previously employed density functional theory (DFT) to obtain a complete picture 
of thermodynamics and kinetics associated with the segregation of oxygen (O) interstitials to the 
(10-12) twin boundaries in titanium (Ti) [1]. Our results predicted strong driving force as well as 
enhanced diffusivity of oxygen atoms near the twin boundary, facilitating the segregation of 
oxygen to the twin boundary. The enhanced diffusion of O to the twin boundary and subsequent 
pinning of the boundary results in serrated flow- similar behavior to dynamics strain aging (DSA). 
Here, we study the role of interstitial solutes on the twin growth and subsequently DSA. We 
develop a framework to predict equilibrium concentration of segregated solutes and 
strengthening due to solute-twin interactions at given strain rate and temperature conditions. 
Without using any fitting parameters and based on first-principles inputs, our model predicts the 
occurrence of stress drop due to the solute/twin pinning at the experimental strain-rate and 
temperature conditions. Experimental characterization is also being performed to identify the 
possibility of DSA due twinning in Ti alloys. 
 
 

Recent Progress  
 
Figure 1 shows the change 
in additional strengthening 
versus strain rate due to 
the oxygen segregation to 
the twin boundary in Ti. 
The responsible 
mechanism for the change 
in additional strengthening 
arises from the 
competition between 
solute diffusion to the twin 
boundaries and the twin 
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Figure 1: Change in additional strengthening versus strain rate at various temperatures 
and initial oxygen content in Ti. (a) shows the prediction of present model at T=423K for 
different oxygen contents and (b) shows the strength prediction at various 
temperatures for Ti-0.05at% O. Dashed lines show the experimental strain rate reported 
in Akhtar [2].  
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growth rate. At low strain rates, where twin growth is slow, the boundary experiences an 
additional pinning stress exerted by the segregated solutes.  Upon increasing the strain rate to a 
critical value, the strength will drop to zero, indicating that the twin growth rate is not faster than 
solute diffusion and the boundary can escape the segregated solutes. Increasing the temperature 
also results in higher solute diffusion rates requiring the comparatively higher growth rate for 
solutes to trap the moving boundary. Similar to the dislocation pinning by solutes, twin growth 
impediment through solute segregation also causes the stress flow instability, thereby 
occurrence of DSA. Our predictions are in agreement with available experimental evidence by 
Akhtar [2] where serrated flow was identified in Ti-0.05 at pct O with an active (10-12) twinning 
deformation mode. This mechanism is further explored by experimental efforts.  

 
Figure 2:  In-situ micro-tensile testing of single crystal pure Ti sample: (a) scanning electron microscope image of micro-tensile 
sample prepared sing FIB, (b) stress-strain curve for micro-tensile testing on single crystal pure Ti at room temperature and (c) 

To investigate the serrated flow as a result of solute/twin interactions, in-situ micro-tensile 
testing of single crystal Ti oriented favorably for activation of twins are going to be performed. Ti 
samples with various oxygen concentrations are prepared for testing at ambient and elevated 
temperatures. Figure 2(a) shows the specimen prepared using focus ion beam (FIB) with the 
corresponding dimensions. The stress-strain curve obtained from this sample using micro-tensile 
testing at room temperature is shown in Figure 2(b). Samples for elevated temperature testing 
which typically require larger sizes are prepared as shown in Figure 2(c). Currently, we are 
developing high resolution strain mapping for micro-tensile testing to study the strain localization 
associated with plastic deformation.   
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Future Plans:  
 
We developed a model to predict the solute strengthening resulting from interstitial solute 
segregation to the twin boundaries that can cause DSA. Our goal is to extend the model to 
incorporate the effect of substitutional solutes which transport via vacancy-mediated diffusion 
mechanism on the twin boundary segregation. We also perform DFT calculations to compute 
binding energy, vacancy formation energy/entropy and transition barrier energies for the 
solute/vacancy jumps within hcp alloys. We use these values as input to the developed model to 
particularly investigate the effect of rare earth elements on twin growth in Mg alloys leading to 
DSA. Experimental works will be also performed on this class of alloys.  
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A Fundamental Study on the Link between Mechanical Properties and Atomic-level 

Microstructure in Nano-sized Metallic Glasses 

 

Julia R. Greer, Principal Investigator, California Institute of Technology 

 

Program Scope 

 This project seeks to gain a fundamental understanding on the effects of atomic-level 

microstructure in metallic glasses on its strength, stiffness, and viscoelastic properties, via state-

of-the-art nanofabrication techniques, in-situ nano- mechanical experiments, micro- structural 

analysis, and atomistic simulations. Our previous works have been dedicated to investigate the 

effects of deposition technique (i.e. electrodeposition and sputtering) and post-processing (i.e. 

thermal annealing and irradiation) on the microstructure and mechanical properties of the 

material. The main objective of the proposed work is to understand the effect of room 

temperature physical aging on the mechanical properties and the atomic-level microstructure of 

sputtered Zr-Ni-Al metallic glass. Uniaxial pillar compression experiments demonstrate a new 

property: age- induced strengthening. Molecular dynamics simulations are performed to quantify 

the short range order, free volume distribution and mechanical properties of the metallic glass at 

various microstructural states. These efforts help elucidate the link between mechanical 

properties and atomic-level microstructure in amorphous metals.  

 Recent Progress  

 Sputtered metallic glasses (MGs) represent a unique class of materials because their non-

periodic atomic arrangements are far from equilibrium. This microstructure gives rise to their 

exceptional mechanical properties; for example, experiments and simulations of deformation of 

small-scale sputtered Zr-based MGs demonstrate their exceptional compressive and tensile 

strengths in excess of 1 GPa and exceptional tensile ductility of ~150% 1. 

We report a new property that emerges in sputtered metallic glasses: age-induced 

strengthening. We measured compressive strengths of cylinders with diameters between 300 nm 

to 1.1 µm carved from a 5 µm-thick sputtered Zr-Ni-Al thin film that was aged in a nitrogen 

environment for three years. Nanomechanical experiments revealed that the aged samples had a 

stiffness of 91 ± 4 GPa and a yield strength of 2.7 ± 0.2 GPa for all cylinder sizes, which 

represents a nearly 50% increase in yield strength and a 31% increase in the elastic modulus 

compared to equivalently-sized as-sputtered samples. We also observed nano-size-induced 

failure suppression: samples with diameters below 600 nm deformed smoothly and non-

catastrophically; those with larger diameters deformed via a series of observable and detectable 

shear bands that propagated to the surfaces. Molecular dynamics (MD) simulations of uniaxial 
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compression of chemically equivalent Zr-Ni-Al MG nanowires revealed that the underlying 

physics of enhanced strengths involves the evolution of local disorder that can be quantified in 

the number of five-fold atomic bonds. The average amount of five-fold bonding increased 

systematically with energetic relaxation and the maximum compressive stress.  

Experiments and simulations in this work demonstrate that sputtered metallic glasses 

strengthen by 50% when solely aged for three years, i.e. without any accompanying annealing or 

mechanical treatment, which originates from atomic-level microstructural relaxation in these 

materials. This provides a useful foundation for simple design of advanced materials whose 

mechanical properties can be predicted and prescribed a priori using physical principles of 

atomic-level relaxation. 

 

Figure 1: Uniaxial pillar compression experiments of RT aged Zr-Ni-Al, including (left) SEM image before 

compression, (center) engineering stress-strain data (denoted in red), and (right) SEM image after compression. 

The data is grouped by pillar diameter (D) with diameters less than 600 nm in the top row, and diameters greater 

than 600 nm in the bottom row. All scale bars in the SEM images correspond to 500 nm. For reference, the 

engineering stress- strain data for as-sputtered Zr-Ni-Al is shown in grey.  
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Future Plans 

 To provide further insight into age-induced strengthening, we are performing dynamic 

mechanical analysis (DMA) on micro- and nano-sized cylindrical pillars to determine the 

viscoelastic properties of the Zr-Ni-Al metallic glass. At frequencies of 450Hz, we observe a 

peak in loss modulus of 61.5 GPa and 38.8 GPa for the aged and as- sputtered Zr-Ni-Al, 

respectively. We believe that this peak corresponds to the activation of hydrogen mobility within 

the Zr-Ni-Al host matrix. Hydrogen from ambient air became trapped in the interstitial sites of 

the Zr4 tetrahedral structure and formed ZrHx 
2. The formation of hydride from hydrogen and 

zirconium reduces its free energy and is energetically favorable 3. Sputtering produces a thin film 

Figure 2: (a) Summarized stress vs. strain of simulated compression of a Zr55Ni25Al20 nanowire. Red curve 

represents the upper stress boundary (lowest quench rate of 1010 K/s and longest anneal time of 400 ns); grey curve 

indicates the lower boundary on stress (highest quench rate of 1013 K/s and not annealed). Insets show deformed 

nanowires colored by atomic shear strain. (b) A close-up of the sample initially quenched at 1010 K/s and 

subsequently annealed for 400 ns at 0.8 shear strain. Shear planes nucleate from the surface and propagate into the 

wire at ~45° with respect to the nanowire axis. (c) A schematic cluster of atoms taken from the simulated MG. 

The two red atoms share 5 neighbors (indicated by grey bonds) and thus we classify their bond (the red bond) as 

a “5-fold bond”. (d) Summary plot showing that the maximum compressive stress increases with the average 

number of 5-fold bonds while the average atomic energy decreases with the average number of 5-fold bonds. 
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which has large amounts of free volume and promotes the diffusion of hydrogen into the host 

matrix. Therefore, sputtering combined with zirconium’s affinity for forming bonds with 

hydrogen greatly increases the chance of hydride formation in sputtered Zr-based metallic glass.  

Future works will involve the use of nuclear reaction hydrogen depth profiling techniques 

to identify the depth of hydrogen implantation in sputtered Zr-Ni-Al metallic glass. A resonant 

nuclear reaction experiment will be performed where a tandem accelerator is used to bombard 

the metallic glass specimen with nitrogen-15. At the resonance energy (6.38 MeV), the yield of 

the characteristic gamma radiation (4.43 MeV) will be proportional to the number of hydrogen 

atoms at the surface of the sample. When the energy of nitrogen-15 is increased, the surface 

hydrogen is no longer detected because the energy lies above the resonance. As the nitrogen-15 

loses energy while passing through the sample, it reaches the resonance energy at a characteristic 

depth. Thus, the yield of gamma ray is proportional to the hydrogen content at this depth. In this 

experiment, the hydrogen concentration profile can be determined by measuring the gamma ray 

yield versus the energy of the nitrogen-15. This study will isolate the effect of the hydrogen 

resonance so that the response from metallic glass can be clearly decoupled from that of 

hydrogen. Furthermore, this work opens the door for further investigation into the effect of 

hydride on the microstructure and mechanical properties of sputtered metallic glass. 
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Understanding extreme strength and plasticity in nanotwinned Ni-Mo-W alloys 

Kevin J. Hemker, Departments of Mechanical Engineering and Materials Science & 

Engineering, Johns Hopkins University  

 

Program Scope 

 This study involves a multi-scale experimental effort to elucidate the underlying 

mechanisms that govern the mechanical response of nanotwinned Ni-Mo-W alloys [1-3]. 

Grounded by the extensive literature that exists for nanotwinned Cu [4-14], we hypothesize that 

the interplay between hard and soft slip systems, interactions of dislocations with CTBs, and 

detwinning all play a role. The specific goals being pursued in the present study are to: (i) 

Identify the active deformation mechanisms that underpin the ultrahigh strength and anisotropic 

plasticity in nanotwinned Ni-Mo-W alloys with post mortem and in situ electron microscopy. (ii) 

Quantify the role of that coherent twin boundary (CTB) orientation and resolved shear stresses 

play in determining the mechanical response of nanotwinned Ni-Mo-W via in situ micropillar 

compression. (iii) Employ nanoscale orientation and strain mapping to quantify nanotwinned 

structures and the mesoscale accumulation of stresses through automated computer orientation 

mapping (ACOM). (iv) Elucidate how variations in alloy and processing parameters affect 

nanotwinning in Ni alloys through combinatorial variations in alloy content. The program is 

designed to enhance the synthesis of nanotwinned Ni-Mo-W alloys and to elucidate the 

mechanisms that underpin their unusual suite of physical and mechanical properties. 

 Recent Progress  

 The deposition of nanotwinned 

Ni83.6Mo14W2.4 alloys has been shown to yield thin 

films with a favorable suite of properties [1,2]. 

Combinatorial sputtering allowed us to expand 

upon that study, produce a compositional spread 

of Ni85Mo15-xWx, alloys and investigate their 

physical and mechanical properties as a function 

of alloy chemistry. A wide processing window 

for the formation of the desired nanotwinned 

microstructure was discovered; nanotwins were 

observed in all films and over a wide range of 

powers. The addition of Mo and W was found to 

decrease the coefficient of thermal expansion 

(CTE) and to provide a route for tailoring the 

CTE and its temperature dependence with precise 

compositional control (Fig. 1). 

 

Fig. 1: CTE versus temperature for compositional 

spread of Ni-Mo-W alloys, with associated at.% 

compositions, compared to pure Ni [15].  
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Microscale mechanical testing was 

employed to measure the in-plane tensile 

properties, and ultrahigh ultimate tensile 

strengths approaching 3 GPa were measured. 

Heat treating the films for 1 hour at 400 and 

600oC did not result in a change of the 

nanotwinned microstructure or the attendant 

tensile properties (Fig. 2).  In situ micropillar 

experiments of the films demonstrated 

compressive strengths of 3-4 GPa and 

extremely localized plasticity. FIB lift-out 

was employed to prepare TEM foils of the 

deformed micropillars, and post mortem 

examination of a highly deformed 

micropillars revealed the formation of 

localized shear bands with intense regions of 

crystallization and the formation of 

nanocrystalline grains, see for example Fig. 3. 

The columnar nanotwinned grains are visible 

in the regions marked with red stars and 

SAED patterns of these regions resulted in 

the patterns shown in Fig. 3(b).  Regions of 

intense shear are located between the 

nanotwinned regions and were found to be 

nanocrystalline as shown in Figs. 3(a) and 

3(c). The nanotwins and the formation of 

nanocrystalline grains were also captured in 

ACOM orientation maps of these samples. 

Techniques for preparing lift-out specimens 

of a series of micropillars with various 

amounts of plastic deformation have been 

developed to document the earlier stages of 

shear band formation.   

A visit to UCSB and collaborative 

exchange with the Gianola group resulted in 

the preparation of push-to-pull microtensile in 

situ samples from nanotwinned Ni-Mo-W 

films.  Load frame malfunctions postponed 

the first round of in situ TSEM experiments 

but follow up visits are scheduled.  

 

Fig. 3: (a) Cross-sectional TEM lift-out of a deformed 

micropillar thinned to electron transparent with inset 

before thinning and re-deposition. SAED patterns 

were taken in the starred regions with (b) the 

nanotwinned (red) and (c) the nanocrystalline (yellow) 

microstructures.  
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Fig. 2: Tensile stress-strain response for a subset of 

films heat treated for 1 hour at 400°C in 10-6 Torr 

vacuum showing linear-elastic behavior. No changes 

in the microstructure or the mechanical properties are 

observed in films heat treated at 400°C or 600°C but 

annealing at 1,000°C results in 10% tensile ductility.  
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Collaborations with Drs. Khalid Hattar and Brad Boyce have also paved the way for in situ TEM 

observations of shear band formation and dislocation–twin boundary interactions at CINT.    

Future Plans 

 The next stage of this investigation will focus on electron microscopy studies. Post 

mortem lift out and TEM observations of micropillars of various compositions and 

microstructural orientations will be conducted to determine their effect on the nanotwin 

microstructure and the formation of intense shear bands at various stages of plastic deformation. 

Evidence for dislocation-CTB interactions, de-twinning and dynamic crystallization will be 

documented and used to explain the onset of highly localized plasticity.  The SEM-based 

micropillar compression tests conducted at JHU will be expanded by varying the loading 

direction with respect to the CTBs.  TEM in situ experiments will be conducted at CINT by Dr. 

Mo-Rigen He in collaboration with Drs. Brad Boyce and Khalid Hattar. Finally, collaborations 

with Professor Daniel Gianola and his group at UCSB will enable in situ transmission-SEM 

(TSEM) experiments that will complement the in situ TEM experiments to be undertaken at 

CINT. 
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Computational and Experimental Investigation of Cryogenic Grain Boundary Motion 

for Enhanced Mechanical Properties 

Eric R. Homer 

Department of Mechanical Engineering, Brigham Young University, Provo, UT, 84602 

eric.homer@byu.edu 

Program Scope 

The major goal of the project is to determine the feasibility of cryogenic processing to 

obtain enhanced mechanical properties by influencing the microstructural network of grain 

boundaries (GBs). GBs have a significant influence on numerous material properties, including 

strength and ductility. Thermomechanical processing frequently modifies these material 

properties by altering GB networks through the motion of GBs. This processing is facilitated by 

the thermally activated motion of large populations of GBs, making it difficult to control the 

resulting microstructure. In contrast, at cryogenic temperatures, coarsening has been measured in 

a subset of select GBs (Brons et al., 2014; Zhang, Weertman, & Eastman, 2005). This difference 

in GBs that could be mobile at cryogenic temperatures presents a transformational opportunity to 

create different microstructural networks that have enhanced strength and ductility. 

The specific goals and tasks associated with the project during the past funding period, 

ending July 2019, were to (i) observe and measure cryogenic GB mobilities and mechanisms, (ii) 

identify crystallographic trends of cryogenically mobile GBs, and (iii) determine cryogenic 

processing-structure-property relationships. The work combined simulations, which were used to 

investigate the atomic mechanisms that could enable cryogenic GB migration, with experiments, 

executed through collaborations designed to provide evidence of the phenomena. 

Recent Progress  

Origins of cryogenic GB migration: ordered atomic migration mechanisms 

One of the primary goals of the past funding period was to understand what mechanisms 

could enable boundary migration at cryogenic temperatures and what could be the origin of the 

non-thermally activated inverse temperature dependence. Two publications in particular 

provided unique insight, one examining Σ3 GBs (Priedeman, Olmsted, & Homer, 2017), and 

another examining Σ7 and Σ9 GBs (Bair & Homer, 2019). 

In these works, atomic motions of the highly mobile, non-thermally activated GBs 

revealed ordered migration patterns. Each atom in the GB had a specific motion to undergo as 

determined by its position in the structure. For the Σ3 GBs, each atomic plane moved in a 

direction consistent with a Shockley partial dislocation (as illustrated in Fig. 1a), and in some 

cases had very small activation energies (as low as 0.009 eV). The Σ7 and Σ9 GBs also had 

specific slip direction, but these were not consistent with known dislocation directions. A 
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possible explanation for the inverse temperature dependence, even seen in random walk 

simulations, was given as dislocation drag it is also known to exhibit inverse temperature 

dependence (Al'shitz & Indenbom, 1975). Additional examination showed that CSL atoms, 

common to both lattices, could act as pinning sites to slow a GB as it migrates. The ordered slip 

around a CSL atom (c.f. Fig. 1b) is frustrated at higher temperatures; stick-slip like behavior is 

observed at higher temperatures (c.f. Fig. 1c), with the GB stopping and starting around CSL 

atom sites (c.f. Fig. 1d). 

In short, one strong conclusion from the works of Priedeman et al. (2017) and Bair & 

Homer (2019), is that the ordered atomic motions are integral to both the high mobility, that 

would enable migration at cryogenic temperatures, and appear to be the source of the non-

thermally activated temperature-dependence of the mobility. 

Role of GB crystallography and structure 

Another primary goal of the past funding period was to identify trends in GB structure 

that influence migration at cryogenic temperatures. The works of Priedeman et al. (2017) and 

Bair & Homer (2019) were informative on crystallographic character while Rosenbrock, Homer, 

Csányi, & Hart (2017) provided insight into atomic structure. 

The Σ3 GBs showed clear dependence on the crystallography with similar boundary 

plane orientations exhibiting similar mobility behaviors (Priedeman et al., 2017). In the Σ7 and 

Σ9 GBs, interesting trends in the crystallography regarding the transition from one mobility type 

to another were observed. While the crystallography of these GBs did not directly point to which 

GB exhibited specific mobility types, the temperature at which they transitioned to different 

mobility types was clearly dependent upon the crystallography (Bair & Homer, 2019). 

Since crystallography only acts as a constraint on GB character (Han, Vitek, & Srolovitz, 

2016), the properties of a GB are controlled by the atomic structure. To this end, machine 

learning of GB atomic structure-property relationships was carried out using a new tool called 

smooth overlap of atomic positions (SOAP) developed by Bartok et al. (2013). Using this tool to 

describe the atomic structure of GBs, Rosenbrock et al. (2017) predicted the mobility type of a 

 
Figure 1. (a) Slip vector distribution separated out by atomic planes for migration of a Σ3 GB.  (b)  Slip vector plot 

showing atom motions in a Σ7 GB (111) plane. (c) GB Position vs Time for several temperatures, showing stick-slip 

stagnation at higher temperatures. (d) Migration of a Σ7 GB with atoms colored by slip vector magnitude and CSL 

atoms circled in white. 
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GB with 74.3 ± 2.7 % accuracy. In short, the machine learning algorithm was able to predict a 

dynamic GB property (mobility) based solely on the static atomic structure of the GB. More 

importantly, with no a priori knowledge of defect structures, the machine identified several well-

known defects (e.g. a partial dislocation, and a pair of full dislocations arranged according to the 

Read-Shockley low angle GB structure). The presence or absence of these defects was correlated 

with the tendency for a GB to exhibit thermally activated or non-thermally activated GB 

migration. 

In summary, crystallographic trends demonstrate strong influence on some, but not all, 

characteristics of GB mobility. Most importantly, there appears to be some influence on the 

transition between different mobility types. In addition, machine learning discovered important 

atomic structures correlated with specific types of mobility that may facilitate the ordered atomic 

motions of cryogenic mobility. 

Experiments and collaborations 

Experimental work in a collaboration with Peter Hosemann at the University of 

California, Berkeley has demonstrated stress-driven grain growth at cryogenic temperatures 

using in situ micromechanical loading and real time electron backscatter diffraction (Frazer et 

al., 2019).  Equal channel angular pressed (ECAP) copper was milled into micro pillars and then 

subjected to a series of elastic and plastic deformations. While maintained at cryogenic 

temperatures, one grain in particular (grain 2 in Fig. 2) has an area reduction of 55% following 

the initial plastic load. A subsequent elastic load causes further reduction to 80% of its original 

size. The boundary most involved with this migration is a low-angle GB. These results provide 

direct evidence of stress-driven grain growth at cryogenic temperatures, whereas previous ex-situ 

examinations demonstrated coarsening after cryogenic loading, but samples were not maintained 

at cryogenic temperatures between deformation and characterization (Brons et al., 2014; Zhang 

et al., 2005). 

In other collaboration work with Greg Thompson at the University of Alabama, Cu grains 

were sputter deposited with a high fraction of Σ3 GBs (a GB predicted by simulations to exhibit 

non-thermally activated mobility). In-situ mechanical loading in the TEM induced grain growth 

and grain refinement as well as the emission of dislocations from boundaries as characterized by 

precession electron diffraction (PED).  

 
Figure 2. Micromechanical loading at cryogenic temperatures showing stress-driven grain growth under elastic and 

plastic deformation.  
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In summary, these efforts demonstrate stress-driven grain growth at cryogenic 

temperatures and the potential for cryogenic processing to cause microstructural evolution in a 

subset of GBs. 

Future Plans 

The project was just renewed, starting August 2019. The planned work builds on the 

previous demonstrations that (i) ordered atomic motions, with low activation energies, are central 

to cryogenic mobility, and (ii) additional thermal energy only serves to frustrate the coordinated 

movements, leading to a non-thermally activated inverse temperature dependence on GB 

mobility. 

In the next period, we seek to understand how these ordered motions can be leveraged for 

ideal processing conditions and in materials responsive to the treatment. Thus, the planned work 

seeks to test three hypotheses related to the complexities of different materials, multiplicity of 

GB structures, and alloying/solute elements. Specifically, the project will (i) investigate how the 

ordered atomic motions vary between interatomic potentials and whether they can be reconciled 

using classical models of migration, (ii) determine if variations in atomic structure at GBs 

influences the ordered migrations that facilitate cryogenic mobility, and (iii) determine to what 

extent solute atoms can be accommodated without interrupting the ordered atomic motions. 

As part of the renewal, Greg Thompson at the University of Alabama, will become an 

official collaborator on the project and will conduct in situ experiments to test predictions as to 

which materials will cryogenically coarsen and which will not, as affected by different GB types 

and varying solute content and types. Atomistic simulations will examine how ordered atomic 

motions are influenced by interatomic potential, multiplicity of GB structures, and solute atoms 

at or near the GB.  
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Fundamental Study of Fatigue Crack Initiation at Grain and Twin Boundaries in Austenitic 

Stainless Steel 

Josh Kacher, Georgia Institute of Technology 

Program Scope 

 The overarching goal of this project is to understand the dislocation-based mechanisms 

driving fatigue crack initiation at grain and twin boundaries. The hypothesis of the work is that 

dislocation structures equivalent to persistent slip bands (PSBs) form in the boundaries, leading to 

local stress concentrations and fatigue crack initiation. The sub-goals associated with this work 

include: 

 Understanding the evolution of the dynamic stress state and dislocation density 

surrounding PSB/grain boundary interactions. This will require the development of new 

techniques that couple high resolution electron backscatter diffraction (HREBSD) with in 

situ scanning electron microscopy (SEM) deformation. 

 Uncover the mechanisms by which dislocations are accommodated in grain and twin 

boundaries during fatigue. The proposed approach here is to conduct in situ transmission 

electron microscopy (TEM) deformation experiments on fatigued samples. 

 Establish correlations between microstructure, deformation accommodation, and crack 

initiation across time and length scales. 

This work primarily focuses on understanding fatigue crack initiation in austenitic stainless steels, 

though fatigue in high purity Al samples is also being investigated as the grain boundary 

morphology can be directly accessed via liquid Ga embrittlement. 

 Recent Progress  

 Current research has focused on developing the in situ TEM deformation experiments, 

applying the Ga embrittlement approach for investigating grain boundary morphology evolution 

during cyclic loading, and correlating TEM and EBSD dislocation density measurements. Main 

progress points include: 

 Resolving the evolving geometrically necessary dislocation (GND) density as a function 

of fatigue loading in stainless steel by EBSD. 

 Tracking grain boundary morphology in high purity Al as a function of cycles loaded 

during fatigue testing. 

 Directly correlating TEM-based dislocation density measurements with high resolution 

EBSD-based measurements. 
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1. Resolving the evolving GND density as a function of fatigue 

EBSD provides a statistical tool to evaluate microstructure evolution, including changes in GND 

density, as a function of loading conditions [1]. As microstructure characteristics such as grain 

boundary character, twin distribution, and grain size are evaluated on the same grid as GND 

density, correlations between features of interest and dislocation accumulation are straightforward 

to establish. Figure 1 shows the 

microstructure of a polished stainless 

steel 316L sample in its annealed state, 

after 100 cycles, and after 1,000 cycles 

during a stress-controlled tension-

tension fatigue test (σmax = 450 MPa, R 

= 0.1). As can be seen from the 

similarity between Figure 1d and f, the 

GND density reaches a saturation level 

after 100 cycles and increases only 

slowly after that. The dislocation 

accumulation is most pronounced in 

clusters of smaller grains, with the most pronounced levels occurring near grain boundaries. 

Interestingly, the thinnest annealing twins, prevalent in the as-annealed condition, were seen to be 

unstable during fatigue loading. One example of a twin disappearing is highlighted in Figure 1. 

Figure 2 shows a twin partially disappearing after 100 cycles. As can be seen, the twin has fractured 

via secondary twin formation mechanisms. Ongoing efforts are currently investigating the 

detwinning mechanisms and their potential influence on damage localization as well as 

determining when the GND density saturates. 

2. Grain boundary morphological evolution of high purity Al 

In order to investigate grain boundary morphology changes during cyclic loading, fatigued high 

purity Al samples were embrittled and fractured using liquid Ga, exposing the grain boundary 

Figure 1. EBSD-based analysis of effect of fatigue loading on microstructure in stainless steel 316L at 0 (a-

b), 100 (c-d), and 1,000 (e-f) cycles. a, c, and d show the orientation map, inset shows twins disappearing in 

the boxed region. b, d, and f show the log-based GND density map. Legend goes from 1012 to 1015.5 m-2. 

Figure 2. Detwinning mechanism seen during cyclic loading. a) 

Orientation map showing twin in the annealed sample. b) 

Orientation map from same grain after 100 cycles. Arrows 

indicate secondary twin boundaries formed within the original 

twin. 
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state. This work was motivated by reports in the 

literature that show that higher stress amplitudes 

during cyclic loading increase the likelihood of 

fatigue crack initiation at grain boundaries rather than 

at intragranular defects [2, 3]. We investigated how 

the morphology of boundaries change at different 

stages of low cycle fatigue. We also analyzed the 

associated dislocation structures by TEM to 

investigate any correlation between grain boundary 

ledge formation and dislocation cell structure 

formation. 

Figure 3 shows an overview of the results so far taken 

from a low cycle fatigue tests (fatigue life ~5,000 

cycles), with samples investigated after 1, 100, and 

1,000 cycles. The images show an increase in ledge 

formation at triple junctions and grain faces, with the 

initial state after 1 cycle still relatively pristine. 

Similarly, the images show the development of a 

well-defined dislocation cell structure with increasing 

number of loading cycles. Over the course of the next year, we plan on investigating how the ledge 

formation evolves as a function of loading conditions under both high and low cycle conditions 

and relate the findings to fatigue crack formation in Al samples. 

3. Correlating TEM and EBSD-based dislocation density measurements 

High resolution electron backscatter diffraction (HREBSD), an SEM-based diffraction technique, 

may be used to measure the lattice distortion of a crystalline material and to infer the geometrically 

necessary dislocation (GND) content. However, the extent to which EBSD-based measurements 

accurately represent the GND state of the material is still under debate. One of the key technical 

challenges of this research project is the ability to reliably measure the geometrically necessary 

dislocation (GND) density using high resolution EBSD. To assess the accuracy of our 

measurements, we directly compared EBSD-based GND measurements with TEM measurements 

in 302 stainless steel (Fig. 4). We incorporated recent advances to the GND density calculation 

algorithms developed by Timothy Ruggles at NASA that take into account uneven distributions in 

noise levels to refine the measurements. Dislocation densities of individual slip systems were 

calculated using an energy minimization approach (shown in Fig. 4d-e) [4]. As can be seen in the 

Figure 3. SEM images of grain boundaries and 

TEM images of dislocations after fatigue loading 

after 1 cycle (a-b), 100 cycles( c-d), and 1,000 

cycles (e-f). 
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figure, dislocation systems characterized in the 

TEM can be directly identified in the EBSD-

based GND maps. Especially exciting, we found 

that the Burgers vector and slip plane was also 

correctly identified in the EBSD-based GND 

density maps.  

 

Future Plans 

 Future plans will focus on 1) better 

understanding the interactions of dislocation at 

twin boundaries in fatigued samples via in situ 

TEM deformation, 2) Correlating fatigue crack 

formation sites with microstructure features of 

interest via EBSD at interrupted stages of 

deformation, and 3) understanding the influence 

of loading conditions on grain boundary 

morphology evolution during cyclic loading of 

high purity Al. A key part of this will be in situ 

TEM testing of thin samples extracted from bulk 

samples after they have undergone cyclic loading 

to better understand how deformation structures 

influence dislocation/grain boundary and 

dislocation/twin boundary interactions. 
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Figure 4. Comparison between EBSD and TEM-based 

dislocation characterization. a-b) TEM bright field 

images of two dislocation systems (marked by black 

arrows) near a twin boundary (marked by red arrow). 

c) Log scale GND map of same region, colored arrows 

indicate same locations as are shown in (a-b). Legend 

is 1013 to 1015 m-2. d-e) Log scale GND density 

resolved onto different slip systems showing System 1 

and System 2 with system labeled in each figure. 

Dislocation systems appear as blue. Legend is -513 to 

513 m-2 (sign corresponds to sign of Burgers vector. 
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The goal of WastePD is to develop the science underlying material degradation to allow performance prediction over 

long periods. Such knowledge will also support the design of new materials for nuclear waste forms and containers 

with improved performance. The approaches for design and long-term performance prediction of glass, ceramics and 

metals, are currently empirical, i.e. based on correlations, experience, and intuition. The WastePD has established a 

new framework, called SEDMAT (Science of Environmental Degradation of Materials), for developing theory-based 

predictive models of materials degradation. This approach has been used to unify the modeling of degradation across 

the three materials classes studied by WastePD. SEDMAT 1.x activities have focused on improvements in the state-

of-the-art models. Most of the activities of WastePD have been in SEDMAT 2.x (Figure 1) by developing relevant 

calculable parameters and utilizing them along with machine learning to generate predictive models accounting for 

distinct degradation mechanisms. The nature of this approach allows for continual advances in understanding and 

modeling (hence 2.x). The ultimate goal is SEDMAT 3.x, which will combine multiscale, multiphysics models that 

accurately describe the details of each of the controlling mechanisms and chemical/physical interactions controlling 

the degradation process. 

 

 
Figure 1 The framework of SEDMAT 2.x. 

This poster will describe the development of SEDMAT as well as experimental activities to support the modeling and 

to develop better understanding of the physical phenomena. The Glass Thrust is studying the alteration layer formed 

on a model nuclear waste glass called International Simple Glass (ISG) in corrosive environments using isotope 

exchange experiments, flash freezing and cryo preparation of samples for APT, residual stress assessment, and 

modeling by molecular dynamics and reactive force field methods (Figure 2). The Ceramic Thrust is studying model 

compounds such as iodoapatite, hollandite, perovskite, pyrochlore and wollastonite. The effects of environmental 

parameters such as pH and temperature were investigated. Artificial neural networks (ANNs) were used to predict 

crystal structures suitable for waste storage (Figure 3). Passivation layers were modeled and characterized. The 

Metals Thrust is focusing on high entropy alloys and showed remarkable corrosion resistance for an alloy containing 

many elements expected to provide corrosion resistance and for alloys with few such elements. A new framework for 

pitting corrosion has been developed and validated with artificial 1D pits. Approaches to calculate metal-metal and 

metal-oxide bond strength in complex alloys and oxides, respectively, as well as chloride-metal interactions have been 

developed (Figure 4). The interactions of metals and glass or ceramics during corrosion in contact have been 

investigated, and acceleration of glass and ceramic corrosion with protection of the stainless-steel metal was observed. 
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Figure 2 a) New models of water diffusion in the glass alteration layer (gel). b) The gel structure obtained by MD simulation and 

cryo-APT. c) Reactions at the water-glass interfaces for bulk or porous silica glasses from reactive potential based MD simulations, 

and water diffusion coefficient difference in confined geometry: at the center and close to the wall in cylindrical pores of silica 

from MD simulations. 

 
Figure 3 a) Prediction of iodine release rate as a function of time at different pHs and temperature. b) Prediction of cell parameters 

for ceramic waste forms by machine learning.  

 
Figure 4 a) the oxide layer of WastePD corrosion resistant HEA revealed by APT. b) Marcus plot for HEA type alloys without 

Hubbard-U correction for electronic correlation effects. Assumes a corundum structure for M-O and FCC structure for M-M bond 

strength. c) new pitting theory to define calculable metrics. 
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Elucidating Grain Growth in Thermo-Magnetic Processed Materials by Transfer Learning and 

Reinforcement Learning 

A. Krause, University of Florida (Lead Principal Investigator) 

J. Harley, University of Florida (Principal Investigator) 

M. Tonks, University of Florida (Principal Investigator) 

M. Kesler, Oak Ridge National Laboratory (Principal Investigator) 

The goal of the proposed work is to combine deep, model-based reinforcement learning and transfer 

learning to elucidate one of the most fundamental, yet poorly understood, mechanisms in materials science: 

abnormal grain growth. We hypothesize that abnormal grain growth is the result of highly anisotropic 

grain boundary character networks, where a unique combination of neighboring grain boundaries 

incentivize accelerated growth. We will test this hypothesis with an anisotropic mesoscale grain growth 

model that incorporates the complexity of grain boundary character and energy anisotropy. Rather than rely 

on heuristics to define the grain growth behavior, we will teach the mesoscale grain growth model how to 

simulate grain growth.  This is accomplished by integrating experimental microstructure data with model-

based machine learning strategies. A machine learning approach is necessary for us to capture the high 

combinatorial, highly complex space of grain boundary character in a grain growth model. The developed 

anisotropic mesoscale grain growth model will be a new tool for exploring the microstructural 

features and processing parameters critical to inducing and sustaining or inhibiting abnormal grain 

growth. This project addresses two of DOE’s main topic areas: (1) synthesis science including nucleation, 

growth and restructuring of hierarchical materials and (2) behavior of properties and processes in extreme 

environments, particularly temperature and magnetic fields. This goal will be accomplished by our team’s 

unique expertise, which encompasses grain boundary characterization (Krause), machine learning methods 

(Harley), mesoscale grain growth modeling (Tonks), and thermomagnetic materials processing (Ludtka).   

This project will be divided into three tasks, summarized in Fig. 1, using alumina as a model 

material due to its high anisotropy: 

1. Use machine learning methods to identify the physical descriptors of 3D microstructural data collected 

at different periods of grain growth. The samples will be made with both traditional powder processing 

and a thermo-magnetic process to create a wide array of grain topologies and crystallographic textures.  

2. Apply transfer and reinforcement learning to train the anisotropic mesoscale grain growth model, where 

the machine learning agents will adjust the simulations to reach the physical descriptors previously 

identified for each growth period 

in Task 1.  

3. Validate the developed model by 

conducting a grain growth study 

using a non-destructive 

characterization method and 

directly comparing the results to 

simulations. We will then test our 

hypothesis using the validated 

anisotropic mesoscale grain 

growth model with simulated 

microstructures where we control 

the character anisotropy of 

neighboring grain boundaries.  

 The anisotropic mesoscale 

grain growth model will provide 

mechanistic insight into grain growth 

that would otherwise be inaccessible from experiments and isotropic grain growth models. These insights 

could inspire new processing designs that either promote or avoid these grain boundary character networks 

to control abnormal grain growth. 

 

 
Figure 1: Overview of project tasks planned to test hypothesis. 
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Dynamic, robust, radiation-resistant ceramics: harnessing thermodynamic and kinetic 

driving forces  

Jessica A. Krogstad 

Department of Materials Science and Engineering  

University of Illinois, Urbana-Champaign 

Program Scope 

The overarching objective of this project is to establish a class of structural ceramics with enhanced 

radiation tolerance based on a dynamic microstructure by harnessing the synergistic effects of 

radiation enhanced diffusion, capillarity and thermally induced mass transport on microstructural 

evolution.   Specifically, we aim to quantify changes in mass transport behavior that may influence 

the microstructural evolution of ionic/covalent ceramic materials subjected to irradiation.  

Currently, we are focused on quantifying the interactions between irradiation induced defects and 

microstructural features such as grain boundaries, pores or free surfaces.  This has also given rise 

to an emphasis in understanding how those same defects interact with each other near these 

features, or as a function of irradiation conditions (temperature, flux, ion energy). 

Recent Progress  

  
Figure 1 – Representative Frames at varies times during in-situ ion irradiation of CeOx particles at room 

temperature. Scale bar on each image is 50 nm. The extracted diffusivity data are plotted on the right and 

compared to thermally activated diffusion (black) and literature values of radiation enhanced diffusion at 

higher temperatures (red).  

The increased point defect population arising from irradiation damage may lead to the 

phenomenon of radiation enhanced diffusion (RED). RED may accelerate the rate of phase or 

microstructural evolution of a material subject to irradiation, making it key in understanding, 

predicting and designing radiation tolerant microstructures.  However, quantifying RED for 

ceramic systems is both onerous and complicated due to the complexity of the crystal, and 

therefore defect, chemistries.  As a result, RED behavior has, to date, only been experimentally 

determined for three ceramic systems [1-3].  By adapting a simple two body sintering model, we 

have leveraged in situ observations of nanoparticles subject to ion irradiation to extract RED 

coefficients quite efficiently.  For example, Figure 1 depicts a representative series of images 

collected during an in situ irradiation experiment conducted in the I3TEM at Sandia National 
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Laboratories, wherein the agglomerate of ceria (CeO2) nanoparticles densify at room temperature 

with increasing ion damage.  This approach does involve a number of important assumptions about 

the dominant diffusion mode, but by adjusting the initial particle size or temperature we may be 

able to probe the transition between sink limited and recombination limited regimes of RED. 

As we establish a quantitative baseline for RED behavior in our ceramic systems of interest (CeO2 

and YSZ), we aim to use this insight to better understand the evolution of presintered ceramic 

bodies.  Numerous reports have demonstrated the nanocrystalline ceramics have improved 

radiation tolerance (fewer residual defects) but they suffer from irradiation assisted grain growth, 

which not only reduces the sink density of the grain boundaries but also may lead to increased 

residual stress and microcracking, e.g. [4-5].  Pores may also serve as efficient defect sinks while 

providing a unique combination of compliance and grain boundary pinning centers. However, the 

exact interactions between the pores, radiation induced defects and the overall microstructural 

evolution are not well understood.  For example, Figure 2 includes bright field images from two 

nearly identical scandia-stabilized zirconia nanocrystalline ceramics, which were densified via 

SPS then annealed to introduce a fine, well dispersed array of nanopores.  In (a) and (b) the 

annealing step resulted in an average grain size of 30-34nm, while the sample in (c) was annealed 

until the average grain size was approximately 120nm.  Both specimens were then irradiated ex 

situ under the same beam at room temperature. The finer grain size ceramic experienced no 

apparent grain growth during irradiation, while the larger grain—yet still nanograined—ceramic 

experienced measurable grain growth and densification during irradiation. Observations of fully 

dense nanocrystalline ceramics across a similar range of grain sizes all showed grain growth, 

suggesting that the pores and the distribution thereof play an important role in defect 

accommodation. 

 

Figure 2 – Bright field TEM images of a nanocrystalline Sc-doped zirconia (8.4mol%Sc2O3-ZrO2) densified via 

SPS, then heat treated to introduce a fine dispersion of pores and tailor the grain size and irradiated with 2.8MeV Au 

to a fluence of 11015 ions/cm2.  (a) Within 1µm of the top surface of the irradiated pellet of ScZ with an average 

grain size of 32.91.3nm post irradiation. (b) More than 4µm (below the max damage layer) into the depth of the 

same irradiated ScZ pellet where the grain size is approximately 34.31.1nm. (c) Overview of a FIB lamella from a 

pellet of the same composition but with a starting grain size of approximately 120nm.  Modest growth to an average 

grain size of 132nm and reduction in porosity is observed in the irradiated region. 
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The initial microstructure (grain size, porosity, chemical heterogeneities, etc) are all expected to 

contribute to the radiation tolerance of a ceramic—the irradiation conditions may also have a 

significant influence on the type, mobility and distribution of the defects.  The 2.8MeV Au ions 

used in the previously described experiments generate point defects through ballistic interactions 

or nuclear stopping behavior.  These point defects interact with each other and microstructural 

features—contributing to the RED effects and the microstructural evolution behavior.   Higher 

energy ions shifts the nature of ion interactions towards electronic stopping behavior and therefore 

the nature, population and behavior of the generated defects.  As such, we have undertaken a series 

of ex situ irradiation experiments using a 45MeV Au ion beam on both polycrystalline 3YSZ and 

single crystal 10YSZ.  Under these conditions, point defects are generated and are apparently 

mobile enough to arrange themselves into an ordered array as evident from the superlattice 

reflections apparent in SADP shown in Figure 3(b).  The same superlattice reflections are absent 

deeper into the ceramic pellet.  These specific superlattice reflections are characteristic of C-type 

oxides, e.g. Y2O3.  Raman spectroscopy has confirmed the increased defect population, but has not 

yet been quantified, while XPS indicates unexpected changes in the oxidation state of the 

zirconium cations.  We do not yet understand how the defects have sufficient mobility to organize, 

yet do not coalesce/annihilate.  However, such defect ordering may lead to unique functionality if 

the defect structure is sufficiently stable.   

 

Figure 3 – 3YSZ irradiated with 45MeV Au to a fluence of 11015 ions/cm2. (a) Bright field image collected near 

the surface of the irradiated pellet.  (b) Selected area diffraction pattern (SADP) collected from the dark grain in (a) 

oriented to the [100] zone axis.  An array of superlattice reflections are apparent between the fundamental 

reflections.  (c) Bright field image collected approximately 2µm below the surface of the irradiated pellet. (d) SADP 

in the same zone axis and no forbidden reflections are found between the fundamental reflections. 

Future Plans 

These results have established several interesting, and in some cases unanticipated lines of 

investigation which require additional experiments and analysis to establish mechanistic 

understanding of the observed phenomenon.  Specifically, we plan to undertake a systematic 

investigation of the relationship between nanoparticle size/temperature and RED to both 

understand the limitations of this approach while still extracting critical insight on the transition 

between the different RED regimes.  We have yet to make the direct connection between the RED 

studies and the microstructural evolution of presintered ceramics.  However, we anticipate that 

additional characterization of the irradiated nanocrystalline/nanoporous ceramics, specifically 
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with respect to the chemical heterogeneity before, during and after irradiation, will clarify critical 

differences between free surfaces and embedded interfaces and how they influence RED and 

therefore microstructural evolution.  Continued collaboration with researchers at Los Alamos 

National Laboratory and Argonne National Laboratory will provide an opportunity to explore the 

relationship between porosity and microstructural evolution under irradiation in a different ceramic 

system, specific in amorphous and crystalline pyrochlores.  Finally, we aim to continue pursuing 

the effect of large thermal gradients on the mobility and transport of irradiation induced defects.      
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Mechanical Properties of Metals at the Micrometer Scale in Different Environments 

 

Seok-Woo Lee, University of Connecticut 

 

Program Scope 

Mechanical properties of metals at the micrometer scale are different from those of bulk metals 

because the plasticity is controlled by the intermittent operation of individual dislocation sources 

instead of the continuous and collective evolution of dislocation structures. Also, dislocation 

multiplication is limited at the micrometer scale because dislocations are easily annihilated at the 

free surface. Temperature usually significantly affects mechanical properties of metals, but its 

influence on the metal plasticity at the micrometer scale is not well understood. Ductile-to-brittle 

transition (DBT) is often observed in body-centered-cubic (BCC) metals. At a low temperature, 

the low mobility of screw dislocation cannot accommodate the imposed strain rate, leading to DBT. 

Because source-controlled plasticity at the micrometer scale works differently from bulk-scale 

plasticity, DBT is also expected to occur differently at the micrometer scale. Sample dimension, 

dislocation cross-slip, and dislocation mobility are the important factors in DBT processes in BCC 

metals. Many fundamental questions regarding these processes still remain open, and our proposed 

research seeks to provide answers. This project will use in-situ cryogenic micromechanical testing 

system, line dislocation dynamics simulations, and atomistic simulations to unveil fundamental 

mechanisms of source-controlled plasticity at a low temperature and their consequence on DBT.  

 

 

Recent Progress 

Over the last one year, we have made the significant progress in understanding source-controlled 

plasticity in BCC metals at a low temperature. In experimental side, we performed micro-tensile 

test on [0 0 1] niobium micropillar with 2 μm in thickness at 298, 100, and 56 K, and confirmed 

the presence of DBT. Also, we conducted the atomistic simulation on BCC nanopillar with a single 

screw dislocation and confirmed that a cross-slip is strongly suppressed at a low temperature.  

 

(a) Ductile-to-Brittle Transition Driven by Dislocation Starvation 

In-situ cryogenic micromechanical testing revealed that [0 0 1] niobium micropillar becomes 

significantly brittle at a low temperature (100 and 56 K), compared to room temperature (298 K) 

(Figure 1). Fractography clearly shows the brittle fracture surface for samples tested at a low 

temperature but the ductile fracture surface for samples tested at room temperature. Room 

temperature sample shows the presence of a large number of fine curvy slip bands, while low 

temperature samples shows straight slip bands, some of which have the large slip steps. 

Transmission electron microscopy showed that low temperature samples contain almost no 

dislocation after fracture. At the “same” strain, room temperature samples contain an extremely 

high dislocation density, suggesting that dislocation multiplication occurs actively at room 

temperature. At a low temperature, dislocation cross-slip does not seem to occur due to the 

insufficient thermal energy. As a result, a dislocation could keep a simple shape, be annihilated at 

the free surface, and have a low chance to develop a complex network structure. Once all mobile 

dislocations are annihilated at the free surface, a sample is not able to accommodate the imposed 

plastic strain rate, and brittle fracture occurs. At bulk scale, DBT occurs due to the low mobility 
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of screw dislocation, but at the micrometer scale, DBT could occur due to the lack of mobile 

dislocations. We term this process ‘Ductile-to-brittle transition driven by dislocation starvation’. 

 

 
Figure 1. Engineering stress-strain curves at 298, 100 and 56K (left); Scanning electron microscope images of 

fractured samples (middle); Bright-field transmission electron microscope images. Note that two TEM images are 

obtained at the same total strain (~6%). 

 

 

(b) Temperature-dependent behavior of a single screw dislocation in BCC nanopillars 

Atomistic simulations were done on [0 0 1] niobium (Nb) and molybdenum (Mo) nanopillar that 

contains a single screw dislocation. Simulation results show that cross-slip is suppressed at a low 

temperature, resulting in the smooth motion of dislocation. Above a critical temperature of cross-

slip (Nb: 200K and Mo: 500K), localized cross-slips occur vigorous on the screw dislocation 

(Figure 2). These results suggest that the dynamic evolution of complex dislocation structure could 

be shown above a critical temperature of cross-slip, leading to significant dislocation 

multiplication. This result agrees with our experimental observation in (a).  

 

 
Figure 2. Simulation set-up (left); Dynamic evolution of screw dislocation structure due to the localized cross-slip 

event (Nb, T=250 K), 
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In this computational study, we also obtained the critical stress for self-multiplication as a function 

of temperature. This was motivated by Weinberger and Cai’s work that calculated the critical stress 

for self-multiplication as a function of sample dimension for Mo [1]. Here, we identified the three 

distinct regimes of critical stress for self-multiplication with temperature. We found that the 

dynamics of cross-slipped segments plays an important role in determination of these three regimes. 

 

 

Future Plans 

We plan to introduce the different amount of dislocations by pre-straining a bulk Nb crystal (10% 

and 20%). Because dislocation starvation induces brittle fracture, the presence of more mobile 

dislocations at the initial condition would allow the more plastic strain before fracture. Too many 

dislocations may induce the brittle fracture due to dislocation locking. So, we expect that there is 

an optimum dislocation density to bring out the highest ductility at a given low temperature and at 

a given micrometer-scale dimension.  

 

We also plan to investigate a BCC metal with different Peierls stress. Dislocation mobility is still 

an important factor to control the DBT process as well as dislocation cross-slip. To compare with 

Nb data (low Peierls stress), BCC tungsten (W) or Mo (high Peierl stress) will be investigated. The 

influence of Peierls stress on DBT at the micrometer scale will be understood.  

 

We will also develop a line dislocation dynamics simulation of bcc crystals and investigate the 

role of dislocation mobility and cross-slip in evolution of dislocation structures at a low 

temperature. The goal is to identify how dislocation density decreases or increases with a different 

combination of dislocation mobility and cross-slip probability. This work will allow us to gain a 

fundamental understanding of dislocation plasticity of bcc metals at the micrometer scale and at a 

low temperature.  
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Multi-scale Modeling of Shear Banding in Metallic Glasses 

 

PI: Lin Li The University of Alabama 

 

Program Scope 

 Metallic glasses (MGs) possess amorphous structures with inherent heterogeneity at the 

nanoscale, which has profound impacts on glass dynamics and mechanical properties. The goal 

of this research is to develop a fundamental understanding of the heterogeneity in monolithic 

MGs, and the correlation of such heterogeneity with MG deformation, specifically focusing on 

the shear banding process, using integrated multi-scale simulations and developing a multi-scale 

model. Over the past two years, we explore the dynamic heterogeneity of the elementary 

deformation processes using atomistic simulations, focusing on the shear transformation 

characteristics and the structural evolution at the atomic scale in response to external stimuli. In 

addition, we experimentally validate the nanoscale heterogeneity and its connection with atomic 

packing configurations in MGs using atomic force microscopy (AFM). These nanoscale features 

will inform a developed mesoscale shear transformation zone (STZ) dynamics model, simulating 

the organization of STZs into shear-band patterns and linking with MG mechanical properties 

measured at large scales. The outcome could allow for a materials-by-design approach for 

developing MGs with enhanced mechanical performance (e.g., ductility and fracture toughness) 

via controlling and deploying the inherent MG heterogeneity. 

Recent Progress  

 The evolution of atomic configuration in an elementary thermally-activated 

deformation process. The understanding of structural 

evolution in response to external forces in amorphous 

materials remains incomplete due to the complexity of their 

structure. As such, various complex phenomena in 

amorphous materials have been interpreted using the 

concept of the potential energy landscape (PEL) [1-2]. In 

this work, the evolution of atomic configuration in an 

elementary thermally-activated deformation process is 

investigated in a Cu64Zr36 model metallic glass system 

with different cooling histories spanning five orders of 

magnitude. We probe the reconfiguration of the short-

range order clusters [3] at key states, i.e., initial, saddle 

and final on the PEL, as shown in Fig. 1.  Very 

interestingly, a universal short-ranged order state is found 

Figure 1 Schematic PEL for an MG and 

representative atomic reconfiguration at the 

initial, saddle and final states during the 

elementary process on PEL. 
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for the central atoms at the saddle states (ref to Fig. 2), which is invariant with respect cooling 

history, and more importantly, analogous to a special form of melts, referred as configurationally 

molten state (CMS), with the effective temperature hundreds of degrees above the glass 

transition temperature Tg. The local melting at the saddle states renders the atomic structures at 

the final states only weakly dependent on the initial states, implying the decoupling of the 

activation and relaxation stages of the elementary process. The localized CMS model at the 

saddle states sheds light on the physics of elementary processes in the PEL, the resultant 

decoupling of the elementary process could greatly simplify the dynamics of glass inherent 

structure evolution, and may apply to postulates of the glass rejuvenation route via 

thermomechanical protocols. This work is in collaboration with Dr. Jun Ding, Professor Rob 

Ritchie at Lawrence Berkley National Laboratory (LBNL) and Prof. Egami at Oak Ridge 

National Lab (ORNL). 

 

 

 

Transformation characteristics of the elementary deformation process. The 

mechanical deformation of MGs is postulated to originate from an elementary process called 

shear transformation zones (STZs). 

However, the precise identification 

of the STZ remains elusive, 

different experiments and 

simulations show a large variety of 

STZ sizes, from few atoms to 

several hundred. Here we develop 

a novel method to identify the STZ 

by a machine learning outlier 

detection algorithm. We employ 

the Activation-Relaxation Technique 

(ARTn) [4] to simulate thermal 

activation in amorphous solids, 

creating necessary raw atomistic 

Figure 2 The distribution of three groups of characteristic coordination polyhedra, including icosahedral, 

icosahedral-like, and liquid-like types, around the central triggered atoms of MG configurations quenched from 

various cooling rates, at the (a) initial, (b) saddle and (c) final state, respectively, upon thermal excitation. 

 

Figure 3 The automation process of the LinearRANSAC machine 

learning algorithm identifies the outlier atoms of each individual 

event. (a) –(c) represent three representative independent events in 

a model Cu64Zr36 MG cooled by 1011 K/s. 
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Figure 4 AFM results of Cu50Zr50 vs. Cu46Zr46Al8 MGs (a)-(b) the 

height image with root-mean-square (RMS) roughness less than 1 nm, 

confirmed by (c) height profile. (d)-(e) the phase shift images, reflecting 

the variation of nanoscale viscoelastic heterogeneity. (f) The calculated 

autocorrelation function of  phase shifts, quantifying the variation of 

spatial heterogeneity. 

simulation events data to identify the critical atoms that have gone through a shear 

transformation. The STZs of each critical event can be detected by a linear based outlier 

detection algorithm as demonstrated in Fig 3. In this algorithm, a residual threshold parameter 

needs to be first determined by a double slope stopping convergence criteria while conducting 

the parameter sweep of the number of local atoms with respect to the residual threshold. We use 

this method to successfully identify STZ in a Cu64Zr36 metallic glass system with three cooling 

rates. The average number of atoms in the identified STZs is less than 10 atoms, consistent with 

the physics-based studies by Fan et al [5]. The average values of the various transformation 

quantities in the identified STZs match the widely-used characteristic values of an STZ during 

the thermally-activated process. Moreover, this method is robust to a wide range of training data 

of Activation-Relaxation techniques (ART) simulations so that it can be applied to different 

systems of amorphous solids. This method has been implemented in our open-source software 

ART_data_analyzer. 

Nanoscale mechanical heterogeneity in MGs. Motivated by the impact of the nanoscale 

feature on the modulating MG flow [6], we study the chemical effect on tuning the nanoscale 

mechanical heterogeneity of a representative Cu-Zr-Al metallic glass (MG) system using a 

combined experimental and modeling approach. The amplitude-modulation dynamic atomic 

force microscopy (AM-AFM) is employed to measure the local mechanical response, revealing a 

reduction of nanoscale spatial 

heterogeneity in the local 

viscoelastic response after 

introducing Al into the 

Cu50Zr50 MG, as shown in Fig 

4. With the assistance of 

atomistic simulations (i.e., 

molecular dynamics), the 

change of such nanoscale 

heterogeneity is related to the 

variation of local atomic 

structures upon Al alloying. 

The addition of Al increases 

the population of the short-range 

ordered icosahedral clusters, 

enhancing their connection to 

form a uniform network and thus 

reducing the structural 

heterogeneity at the nanoscale. 

In contrast, the Cu50Zr50 MG 

exhibits less icosahedral clusters, which tend to aggregate and disperse in space, resulting in a 

larger correlation length of the icosahedral order. This insight provides a fundamental 

understanding of the role of the nanoscale heterogeneity on the remarkable performance 

difference in the uniform monolithic MGs. This discovery could further facilitate tailoring the 

MG properties with selective modulation of chemical composition.  
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Future Plans 

 In the coming year, we will focus on experimental validation of the model prediction on 

nanoscale heterogeneity tuning the deformation behaviors of MGs. Specifically, atomic force 

microscopy will be used to characterize the evolution of nanoscale inelastic heterogeneity in the 

MG thin films successfully fabricated via different sputtering conditions and chemical 

compositions. The mechanical responses will be measured using nanoindentation, focusing on 

shear banding, intermittent dynamics, and slip avalanches. The experimental results will be used 

to calibrate the multi-scale model and validate the model prediction on the critical spatial 

correlation condition that controls shear banding and ductility of MGs. In addition, we are 

collaborating with LBNL where the four-dimensional scanning transmission electron microscopy 

is used for the type, size, distribution, and volume fraction of atomic ordering at nano-scale, 

unveiling the structural mechanisms of nanoscale heterogeneity in MGs. 
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Low Temperature Cyclic Deformation Behavior of Ultrafine-grained Pure Magnesium 

 

Qizhen Li, Washington State University 

 

Program Scope 

 Grain refinement of magnesium (Mg) is an appealing processing technique to overcome 

the material’s relatively low ductility caused by the material’s HCP structure and limited slip 

systems [1-3]. This project aims at exploring the cyclic mechanical properties of ultrafine-

grained pure Mg at low temperatures and uncovering the corresponding fundamental fatigue 

deformation mechanisms. The research aims will be accomplished through fatigue testing and 

microstructure characterization of the specimens. The research results will reveal the detailed 

activities of dislocations, twins, and grain boundaries in the specimens at the studied 

temperatures and cyclic loading conditions and will be able to provide new insight on the low 

temperature fatigue deformation mechanisms. The underlying understanding of the mechanisms 

will greatly contribute to the research community and allow the broader practical applications of 

this type of material. 

 Recent Progress  

Two different microstructures were obtained to represent ultrafine grained samples 

(MgFG) with average grain size of 

~10 m and coarse grained 

samples (MgCG) with average 

grain size of ~ 40 m. Both types 

of samples were mechanically 

tested under 25oC, 0oC, -30oC, 

and -60oC through static tensile 

testing and fatigue testing. Static 

tensile testing results were used to 

obtain the ultimate tensile 

strength (UTS) for both types of 

samples as shown in Figure 1. 

UTS increases with the decrease 

of temperature for coarse grained 

samples, while it first decreases 

then increases for ultrafine 

grained samples. For each testing 

Figure 1. Ultimate tensile strengths for ultrafine grained 

samples and coarse grained samples under the testing 

temperatures of 25oC, 0oC, -30oC, and -60oC. 
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temperature, UTS for ultrafine grained samples is higher than that for coarse grained samples. At 

room temperature, UTS for MgFG is about 20% larger than that for MgCG. With the decrease of 

testing temperature, the difference in UTS for MgFG and MgCG first becomes smaller and then 

slightly increases.  

The UTS data served as a base for the selection of stress ranges used for fatigue testing. 

For the testing temperatures of 25oC and 0oC, fatigue testing was performed for a range of stress 

ranges until a runout occurs. For the testing temperatures of -30oC and -60oC, fatigue testing was 

conducted under the stress conditions of 
σmax

σUTS
 = 0.8 and 0.9 for both types of samples (Note: max 

is maximum stress). The following Figure 2 provides a summary of the fatigue testing results. In 

Figure 2, solid lines with filled symbols are used to represent the results for ultrafine grained 

samples, while dashed lines with open symbols are for coarse grained samples. In addition, the 

same line color 

and symbol color 

are used for each 

testing 

temperature. The 

results show that 

MgFG samples 

have longer 

fatigue lives than 

MgCG samples for 

each testing 

temperature. 

Fatigue lives for 

MgFG samples 

decreases when 

the testing 

temperature 

decreases from 

25oC to 0oC. 

Fractured surfaces of the tested samples were observed under scanning electron 

microscope (SEM). Figure 3 presents some SEM images of fractured surfaces of MgFG samples 

tested at 25oC (i.e. Figure 3(a) and (b)) and 0oC (i.e. Figure 3(c)) respectively and that of MgCG 

samples tested at 25oC (i.e. Figure 3(d)). In Figure 3(a), the top edge is right below one side 

surface of the sample. The low magnification image shows both a pretty flat region close to the 

top and a rough region towards the sample inside. The flat region corresponds to the zone for 

fatigue crack initiation and stable propagation, while the rough region corresponds to the zone 

for unstable crack propagation and final rupture. The SEM observation showed that the MgFG 

Figure 2. Fatigue life for MgFG and MgCG samples at different stress 

ranges for the testing temperatures of 25oC, 0oC, -30oC, and -60oC.  
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sample tested at 25oC possessed the larger flat region than the MgCG sample tested at 25oC, while 

the MgFG sample tested at 0oC possessed a slightly smaller flat region than the MgCG sample 

tested at 25oC. High magnification images for these samples show that the flat zone is composed 

of fatigue striations. The formation of striations was due to the twinning-detwinning process 

during fatigue testing. The images also shows that each grain had multiple parallel twins. Cracks 

were transgranular or intergranular, and they were along grain boundaries or twin boundaries.  

Figure 3(b-d) also shows that the striation spacing for the MgFG sample tested at 25oC is similar 

to that for the MgFG sample tested at 0oC, while the striation spacing for the MgCG sample tested 

at 25oC is much larger than those for the MgFG samples tested at 25oC and 0oC. This indicates 

that the striation spacing is correlated to the samples’ grain sizes and the samples with larger 

grain sizes would have coarser striations.  

 

 

 

 

Future Plans 

-   Continuing to perform fatigue testing under different stress ranges at -30oC and -60oC for 

magnesium with coarse grains until a runout occurs.  

Figure 3. SEM micrographs of fractured sample surfaces after fatigue testing at max/UTS = 0.6. (a) Low 

magnification image of MgFG sample tested at room temperature, (b) high magnification image of MgFG sample 

tested at room temperature, (c) high magnification image of MgFG sample tested at 0oC, and (d) high 

magnification image of MgCG sample tested at room temperature.  
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-   Continuing to perform fatigue testing under different stress ranges at -30oC and -60oC for 

magnesium with ultrafine grains until a runout occurs. 

- Continuing to observe fracture surfaces of the tested samples through SEM. 

- Observing deformation mechanisms and twins/dislocations of the tested samples through 

EBSD. 

- Investigating deformation mechanisms and twins/dislocations of the tested samples 

through TEM. 

- Analyzing the results for paper publication in national and international journals and 

disseminating research results in national and international conferences. 

 References 

[1] M.T. Perez-Prado, J.A. del Valle, O.A. Ruano, Grain refinement of MG-Al-Zn alloys via 

accumulative roll bonding, Scripta Materialia 51, 2004, pp. 1093 

[2]  Y. Yoshida, K. Arai, S. Itoh, S. Kamado, Y. Kojima, Realization of high strength and 

high ductility for AZ61 magnesium alloy by severe warm working, Science and 

Technology of Advanced Materials 6, 2005, pp. 185 

[3]  W.M. Gan, M.Y. Zheng, H. Chang, X.J.Wang, X.G. Qiao, K.Wu, B. Schwebke, H.G. 

Brokmeier, Microstructure and tensile property of the ECAPed pure magnesium, Journal 

of Alloys and Compounds 470, 2009, pp. 256 

Publications 

1. Q. Li, X. Jiao, Recrystallization mechanism and activation energies of ultrafine grained 

magnesium during annealing processing, Materialia, 2019, 100188 

2. D. Hou, Y. Zhu, Q. Li, T. Liu, H. Wen, The effect of {10-12} twinning on the 

deformation behavior of AZ31 magnesium alloy, Materials Science and Engineering A 

746 (2019) 314-321 

3. Q. Li, X. Jiao, Exploration of Equal Channel Angular Pressing Routes for Efficiently 

Achieving Microstructure Refinement in Magnesium, Materials Science and Engineering 

A 733 (2018) 179-189 

4. D. Hou, Q. Li, H. Wen, Study of reversible motion of 10-12 tensile twin boundaries in a 

magnesium alloy during strain path changes, Materials Letters 231 (2018) 84-86 

5. X. Li, J. Zhang, D. Hou, Q. Li, Compressive deformation and fracture behaviors of AZ31 

magnesium alloys with equiaxed grains or bimodal grains, Materials Science and 

Engineering: A 729 (2018) 466-476 

132



6. Invited talk, Q. Li, Recrystallization activation energies in ultrafine grained magnesium 

during annealing, the Collaborative Conference on Materials Research (CCMR) 2019, 

Gyeonggi Goyang/Seoul, Korea, June 3-7, 2019 

7. Invited talk, Q. Li, Evolution of Heterogeneous Microstructure of Equal Channel Angular 

Pressed Magnesium, 2019 TMS Annual Meeting & Exhibition, March 10-14, 2019, San 

Antonio, Texas 

8. Q. Li, etc., Fracture behavior of magnesium at low temperatures under cyclic loading 

conditions, under preparation 

9. Q. Li, etc., Effect of temperature on twinning and dislocation in magnesium under fatigue 

loading, under preparation 

 

133



Title: Influence of 3D heterophase interface structure on deformation physics 

 

N.A. Mara, University of Minnesota, Twin Cities (Principal Investigator) 

I.J. Beyerlein, University of California, Santa Barbara, (Co-Principal Investigator) 

 

 

Abstract:  Detailed work into the defect-interface interactions enabling the enhanced mechanical 

behavior of two-phase or multiphase materials have only begun to investigate the rich parameter 

space of heterophase interface character, morphology, and chemistry. To date, heterophase 

interfaces are generally regarded as two dimensional (2D), and chemically and structurally 

abrupt. Yet for decades, studies have pointed to the enormous influence that the properties of the 

interface in the out-of-plane dimension can have on strength and mechanical behavior. 

 

In this proposal, we aim to understand defect-interface interactions by pioneering basic research 

on 3D interfaces. 3D interfaces are heterophase interfaces that extend out of plane into the two 

crystals on either side and are chemically, crystallographically, and/or topologically divergent, in 

up to three dimensions, from both crystals they join. Such interfaces influence not only the unit 

processes of single dislocations that can be understood at the atomic scale, but also mechanical 

behavior at the scales of a few to tens of dislocations and the resulting bulk behavior. Very rarely 

are interfaces found in nature perfectly 2D over distances more than a nanometer or two. The 

goal of this program is to systematically develop an understanding on how 3D interfaces can 

affect mechanical response. The types of 3D interfaces studied will encompass those containing 

chemical gradients and/or boundary curvature (of relevance to particle-strengthened materials, 

irradiated materials, lamellar composites, and more). 

 

For 3D interface effects, the scientific issues that need to be addressed concern attaining a 

multiscale understanding of defect physics from the unit process encompassing the alterations in 

the dislocation core as it reacts with an interface to the collective process of impinging 

dislocation arrays that transform the interface structure to collective processes of multiple slip 

interactions. Each process is expected to be profoundly altered by varying the chemical 

composition and structure of the 3D interface. In this program, we will converge the program’s 

synthesis, measurement, and modeling efforts to elucidate basic, controllable structural variables 

of the 3D interface that affect structural material performance. The materials containing 

interfaces will be synthesized via physical vapor deposition, a process by which the composition 

and/or structure may be systematically varied in the out-of-plane direction. Microstructural 

characterization will consist of a suite of techniques that addresses structure at the atomic level 

(TEM, Atom Probe), as well as mesoscales (X-ray, neutron reflectometry). Mechanical behavior 

will be investigated at length scales ranging from atomic-level dislocation-interface interactions 

(in-situ TEM) to micro scales (in-situ SEM and ex-situ nanomechanical testing). A combination 

of atomic-scale simulation and mesoscale phase field modeling will be employed to simulate 

dislocation interactions with the 3D interfaces we synthesize. The calculations together will aim 

to uncover fundamental mechanistic details underlying the dislocation reactions, to extract the 
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energies and critical stresses associated with them, and to relate them to the morphology and 

chemistry of the 3D interfaces. 

 

This project was started in 2019 
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Taming Martensitic Transformations by Defect Engineering 

 

Principal Investigators:  Profs. Michael J. Mills, Peter M. Anderson, and Yunzhi Wang.  

The Ohio State University, Department of Materials Science and Engineering 

Program Scope 

Shape memory alloys (SMAs) are an important class of materials whose functionality and performance are 

controlled by martensitic transformations (MT). This special type of phase transformation generates a 

change in crystal structure in response to external fields such as temperature and stress so that sensing and 

actuation can be realized simultaneously. However, the autocatalytic nature of MTs often produces a large 

hysteresis in stress–strain (SS) response. Two consequences for SMA actuators are low efficiency (less 

than 1%) and difficulty in precise position control of position or load. Obviously this SS behavior is 

completely opposite to the hysteresis-free and linear super-elastic properties desired for many advanced 

applications and serves as a key motivation in this program. The primary goal of this program is to seek 

new design strategies to regulate the autocatalytic MTs and render them smooth and continuous.  The 

approach is to use defect engineering and nanotemplating to tame MTs both spatially and temporally.  A 

key hypothesis is that MTs can be tamed by introducing stress and/or composition modulations at the 

nanoscale. These features must have a broad distribution of potency (or strength) for nucleating martensite 

and confining the spatial extent of its growth, so that the MTs take places continuously over a large 

temperature or stress range.  

Experimental testing and characterization, theoretical analysis, and computer simulations will be used at 

multiple-scales to study the potency of various extended defects that induce distortions and concentration 

non-uniformities. Experiments will focus on NiTi and NiTiHf SMAs and provide: (1) detailed, multiscale 

characterization following large deformation; (2) constant-load thermal cycling and static annealing to 

validate competing hypotheses regarding austenite grain reorientation; (3) irradiation of TEM thin foils 

with Ni, Ti, and Hf ions using remarkable capabilities at CINT/Sandia that enable in situ characterization 

of defects and tensile testing; and (4) irradiation and thermal heat treatment of TEM thin foils to 

create/enhance nanoscale compositional modulations, followed by in situ tensile testing. Informed by the 

experimentally-characterized defect structures, the theoretical modeling and computer simulation efforts 

will focus on: (1) Theoretical analysis of defect generation during B2-B19’ and B2-B19 MT cycling in NiTi 

and NiTiHf, respectively; (2) Phase field simulations of microstructural evolution, stress-strain, and volume 

fraction-temperature curves in SMA systems with defect “nanotemplates” – including dense dislocation 

networks, substructures, nanodomains of amorphous phase, Frank-loops, voids, and concentration non-

uniformities; (3) thermo-mechanical simulations of aggregates of crystalline domains that are informed by 

smaller-scale phase field simulations and used to compare to macroscopic thermo-mechanical response; 

and (4) Validation at multiple scales.  

This hypothesis-driven and intimately integrated experimental and computational program will create 

tremendous opportunities to explore uncharted territories of internal defect structure design and to engineer 

smarter microstructures for unprecedented properties of SMAs. 

 

Recent Progress  

Effect of nano-precipitates on martensitic transformations (MTs)  
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Experimental and modeling efforts were conducted to quantify the effect of nano precipitates on 

MTs in two high-temperature SMAs: Ni(Ti,Hf) and (Ni,Au)Ti. We have (1) developed a fundamental 

understanding of the inherent microstructure-property relationships in these SMAs, including the mutual 

interactions among precipitates, MTs and plastic deformation by dislocations, and (2) developed 

computational models that capture these structure-property relationships and provide novel insights into the 

important transformation and plasticity mechanisms that govern their behavior.  

 

Similar to any other stress-carrying defects, the stress fields associated with coherent precipitates affect 

MTs. This was investigated through the calculation of the elastic interaction energy between the H-phase 

precipitates in Ni(Ti,Hf) and a nucleating martensitic particle (either single variant or an internally twinned 

particle, as shown respectively in Figs. 1 (a) and (b)). Due to the symmetry breaking during the B2 to B19’ 

transformation in the NiTiHf alloy, there are twelve correspondence variants of martensite and 24 twinning 

modes among them. The plot shows the most preferred martensite variant and 24 twinning modes and the 

lowest elastic interaction energy is ~ -0.07 J/mm3 (~ -0.58 KJ/mol) for a single-variant particle and ~ -0.04 

J/mm3 (~ -0.3191 KJ/mol) for an internally twinned particle. 

Transformation-Induced Nanoscale Patterning of Defect Structures                                                                           

We employed a coupled experiment-simulation 

approach to study the origin of dislocation patterning in 

50.7 at.% Ni-Ti shape memory alloys.  Earlier work 

subjected microcrystals to uniaxial compression at room 

temperature in order to study the formation of a[0-

10]/(10-1) dislocation loops ~10 nm in size that were 

arrayed in high densities along (-110) planes (Fig. 2). The 

striking arrays and in particular the slip system could not 

be explained by the macroscopic compression, which 

favored a different slip system.  This motivated the 

development of a new approach to study the coupling of 

phase transformations and plasticity at the nm-scale of 

individual martensite laths. The method – called the 

Phase Field-Crystal Plasticity (PF-CP) method – employs 

an explicit, large-deformation finite element solver that 

       (a)           (b)    

Fig. 1.  (a) Elastic interaction energy plot between an H-phase precipitate and a martensite single variant (unit: 
-0.07 J/mm3 or -0.588 KJ/mol); (b) Elastic interaction energy plot between an H-phase precipitate and a 
martensite nucleus (unit: -0.04 J/mm3 or -0.3191 KJ/mol). 

 

Fig. 2. (a) macro band of dislocations generated 
in a 50.7 at%Ni-Ti micron-scale crystal 
subjected to uniaxial compression. Insets show 
(b) dislocation arrays and (c) loops within 
arrays. 
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incorporates the phase field formalism for the B2-B19’ phase transformation, crystal plasticity on slip 

systems in the B2 phase, and anisotropic thermo-elastic deformation. This was achieved by developing a 

custom USER-Material subroutine within the commercial finite element code ABAQUS. 

The results predicted the stress-induced B2-B19’ 

transformation to initiate a band of B19’ martensite 

within the microcrystal under compression, in 

remarkable similarity to the macro band observed in 

experiments (Fig. 3). Upon unloading, the simulations 

predicted linear striations of plastically deformed 

material, indicated by the colored segments in Fig. 3(a), 

that were left in the wake of a macroscopic martensitic 

band. The simulations were used to study the austenite-

martensite interface at the finest (nm) scales, as it 

traveled across the sample at a significant fraction of the 

wave speed of the material. Fig. 3(b) shows the fidelity 

of the simulations, where the discrete zig-zag 

configuration of the martensitic (B19’) state in the 

foreground gives way to the B2 state in the background. 

The color scheme records the profuse amount of 

plasticity associated with large deformation at the B2-

B19’ interface. These first-of-their-kind simulations 

were also used to study transformation-induced plasticity during thermal cycling. The results demonstrate 

that plasticity can shift critical temperatures for transformation, refine the scale of martensite, and even 

generate strain ratcheting during thermal cycling under a bias load.  

 

 

Fig. 4. Cyclic tensile tests on 
50.2at%Ni-Ti as a function of plastic 
pre-strain (εP).  Dramatically different 
behavior is observed in the initial 
cycle, and as a function of additional 
cycles.  The pseudoelastic modulus 
has a minimum value at εP=25, a 
behavior indicative of a “strain glass” 
state for the M transformation. 

 

Effect of Cold Rolling 

The dramatic effect of cold rolling on the mechanical behavior of TiNi SMAs has been recognized for 

several decades, and examples of cyclic tensile tests after different pre-rolling strains are shown in Fig. 4.  

The source of this behavior stems from transformation-induced microstructural patterning. After cold-work, 

the sharp critical stress for normal MT disappears, indicating that the MT occurs over a wide range of stress 

values. Although this behavior is recognized and used in the “training” of SMAs, the mechanism underlying 

such an effect has remained a mystery. For instance, after 25 tensile cycles, a nearly perfectly linear 

pseudoelastic response with ultra-low modulus (34 GPa) is observed with little hysteresis. An hypothesis 

is that these attributes are expected for the “strain glass” state. This behavior is also affected by larger pre-

strain (Fig. 4c), which increases the pseudoelastic modulus.  This hypothesis is supported by recent high 

 

Fig. 3. Phase field-crystal plasticity simulation of 
a micropillar SMA sample under compressive 
loading, showing (a) striations of plasticity 
generated by a stress-induced martensite band 

and (b) a slice (~150 nm  ~150 nm  1~5 nm) 
showing twinned martensite in the foreground 
and austenite in the background, with colors 
indicating plastic deformation along twin 
interfaces between martensite variants. 
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resolution TEM results in which the local atomic 

structure of binary NiTi has been probed following cold 

rolling of 27%, where subsequent cycling dramatically 

reduces the pseudoelastic modulus condition. The 

selected area diffraction (SAD) pattern in Fig. 5 exhibits 

strong B2 reflections from the austenite and additional 

diffuse reflections. The fast Fourier transforms from 

several regions of a high resolution TEM image indicate 

variability from one region to the next, with intensities 

consistent with a B2 crystal changing to a pattern 

consistent with B19’ martensite. Thus, in the 27% cold-

rolled condition, these results indicate directly that 

retained martensite is present and it is confined to very 

localized, nanoscale regions. 

Future Plans 

We will pursue four thrust areas for controlling and 

modeling the behavior of SMA systems that 

undergo reversible MTs. A graphical overview of 

the work is shown in Fig. 6. Binary NiTi and 

ternary NiTi-20Hf will be investigated. These alloy 

systems are selected for their different M crystal 

structures (monoclinic B19’ for NiTi and 

orthorhombic B19 for NiTi-20Hf) and the 

proposed thrusts will for the first time explore 

differences in the response to extensive pre-deformation, annealing, and radiation effects. The 

activities will focus on SMAs having an initial austenitic structure although alloys with initial 

martensitic states will also be studied. Building upon the experimental and modeling techniques 

developed under the prior BES program, we will explore entirely new defect strain 

field/composition modulation routes to tame the B2-B19’ and B2-B19 transformations. We will 

also study grain refinement and reorientation in austenite through transformation cycling and 

engineering special polycrystalline microstructures with primarily special  boundaries. 

 

 

 

Fig. 6.  Overview of the proposed effort 
showing the thrusts (3.1-3.4), key 
processing activities at OSU and CINT, 
alloy systems, and characterization and 
simulation techniques. 

 

 

 

Fig. 5. SAD and HRTEM data along a <110>B2 zone 
axis for a 50.8Ni-Ti sample cold-rolled to 27%.  
Additional diffuse reflections can be attributed to 
a nanoscale, single variants of B19’ residual 
martensite. 
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Plasticity of High-Strength Multiphase Metallic Composites 

Amit Misra1 (PI), Jian Wang2 (co-PI), Jyoti Mazumder1 (co-PI), 

1University of Michigan, Ann Arbor; 2University of Nebraska, Lincoln. 

Program Scope 

The goal of this research program is to elucidate the role of the microstructural scale, 

morphology and interphase boundary structure and crystallography in enabling plastic co-

deformability in high-strength metallic composites containing disparate phases.  

The proposed work aims to fill the gaps in knowledge in the fundamental understanding of 

plastic flow in metallic composites with soft/hard phases:  

- Is plastic co-deformability favored as the interphase boundary spacing is reduced to nanoscale? 

- Does the morphology (e.g., continuous vs degenerate lamellae or rods) of the hard phase 

influence plastic co-deformability? 

- Can plastic co-deformability be achieved in composites with cubic/non-cubic phases? 

- What is the role of the defect structure and crystallography of the interphase boundary in 

promoting plastic co-deformability? 

Laser processed Al-Al2Cu, Al-Al2Cu-Si and Al-Si based eutectics are being used as 

model systems of metal-hard phase composites with a range of sizes, morphologies and interface 

crystallography. Nanoindentation, micro-compression, rolling, and in situ nanoindentation in 

scanning electron microscope (SEM) and transmission electron microscope (TEM) as well as 

high-resolution TEM characterization of defects are used to elucidate the mechanisms of 

nucleation and propagation of slip across interphase boundaries. The experimental research is 

conducted at University of Michigan with Prof. Mazumder leading the laser processing task and 

Prof. Misra leading the characterization task, while Prof. Wang at Nebraska leads the atomistic, 

meso-scale and crystal plasticity modeling task. Defect and interface-level properties obtained 

from atomistic modeling are used as input in the meso-scale model to compute strain hardening 

and local stress-strain response in a unit bi-crystal that are incorporated into the crystal plasticity 

finite element method to compute the macroscopic stress-strain response and compare with 

experimental measurements. The research will develop fundamental understanding of the 

microstructural design to enable ultra-strong metallic alloys (e.g., Al alloys with > 1 GPa 

strength levels) that exhibit significant plastic deformability at room temperature. 

Recent Progress  

The work in the last 2 years focused on testing the following hypotheses: 

Hypothesis (i). Size: Reducing size may promote plastic co-deformability.  

Hypothesis (ii). Interphase boundary crystallography and defect structure: Interfaces that act as 

efficient dislocation sources, either through easy slip transmission from soft to hard phase or 
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sites for glide dislocation nucleation by virtue of the defect structure, are more likely to promote 

plastic co-deformation. 

Hypothesis (iii). Microstructural morphology: A bi-modal microstructure of a fine and relatively 

coarser composite may promote plastic co-deformability at high flow strengths. 

Experimental and modeling results from the binary systems (Al-Al2Cu) were used to test the first 

two hypotheses while ternary system  (Al-Al2Cu-Si) was used for the third hypothesis, and key 

findings are summarized below. 

 

Effects of size and interface structures 

 The interlamellar spacing (l) of Al-32.7 wt. %Cu eutectic alloy was refined to 30 nm using 

laser processing. A quantitative relationship was establish to correlate the interlamellar spacing 

with distance from solid-liquid interface and laser processing parameters such as power, spot 

size and scan speed.  

 Compression tests on cylinders with height-to-diameter ratio of 2 and a range of diameters 

varying from 4 to 15 m were conducted. As shown in Fig 1, the as-cast microstructures, with 

inter-lamellar spacing in the range of 500-700 m, exhibited brittle behavior at low strengths. 

However, the laser refined eutectic microstructures of Al-Al2Cu exhibited high strength and 

significant plasticity distributed uniformly across the sample, particularly at the finest inter-

lamellar spacing of approximately 20 nm.  

 

 

 

 

 

 

Fig. 1 (a) Stress-strain curves, in compression, of Al-Al
2
Cu lamellar eutectics showing increasing strength and 

plasticity in the laser-processed microstructures compared to low strength and limited deformability in the coarse as-

cast microstructure. SEM images of compressed samples show cracking in as-cast (b) and uniform deformation in 

nano-scale laser-processed eutectic (c). 

 

 The orientation relationship between α-Al and θ-Al2Cu phases in laser processed Al-Al2Cu was 

measured from Kikuchi patterns obtained using electron backscattered diffraction (EBSD) and 

transmission-EBSD techniques. The characteristic orientation relationship (OR), 

{211}Al2Cu||{111}Al and <120>Al2Cu||<110>Al, was observed independent of interlamellar 

spacing. This OR has two variants where, besides the two parallel planes, the variant I exhibits 

(001)Al2Cu||{001}Al and the variant II exhibits (001)Al2Cu||{111}Al. Variant I prevails over 

15 m 

(c) 

4 m 

crack 

(b) 
(a) 

As-cast 

Laser processed 
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variant II in laser-processed  α-Al and θ-Al2Cu nano-laminates, and atomistic modeling 

indicates that this is due to the low energy interfaces associated with variant I, i.e., 

{211}Al2Cu||{111}Al or (001)Al2Cu||{001}Al. 

 Compared to deformation behaviors of microscale Al-Al2Cu lamellar eutectics that exhibit 

brittle fracture of the intermetallic 

Al2Cu phase, two unexpected 

deformation mechanisms – (i) localized 

shear on {011}Al2Cu planes, and (ii) 

faulted structure on {121}Al2Cu planes - 

were observed, for the first time, in the 

nanoscale θ-Al2Cu layers through 

transmission electron microscopy. 

According to geometric analysis of slip 

systems across Al-Al2Cu interface, the 

unexpected plasticity mechanisms were 

ascribed to slip continuity in Al-Al2Cu 

eutectics associated with the orientation 

relationship and interface habit planes 

between α-Al and θ-Al2Cu layers. The 

difference in shear mechanisms on the 

two planes, dislocation motion on 

{121}Al2Cu produces a planar fault but 

shear on {011}Al2Cu does not produce 

any fault, is attributed to low energy 

faulted structures associated with shear 

on {011}Al2Cu and {121}Al2Cu planes, as 

computed by first-principles DFT. 

First-principles DFT reveals that the 

faulted structure on {121}Al2Cu planes is 

associated with shearing (121)Al2Cu plane by a vector of -1/6[311]Al2Cu. These findings reveal 

that crystallographic orientation relationships between metallic (soft) and intermetallic (hard) 

phases in nanoscale composite structures may lead to unusual deformation mechanisms and 

promote plastic co-deformation. 

 Taking nanoscale lamellar Al-Al2Cu eutectic alloy as a model system, a mesoscale crystal 

plasticity (CP) model based on the confined layer slip (CLS) dislocation mechanism (referred 

to as CLS-CP) was developed to understand the buckling behavior under compression. In the 

CLS-CP model, buckling in Al2Cu lamellae is constrained by the elastic-plastic deformation of 

Al lamellae. To capture the essential features of confined layer slip mechanism, plastic 

deformation in each lamella is the same through the layer thickness. The variation of elastic 

deformation through the layer thickness is captured through dividing each Al lamella into three 

20 nm 100 nm 

Fig. 2 (a) TEM image of multiple shear faults on (121)
Al2Cu

 

plane, (b) TEM image of multiple localized shears on (011)
Al2Cu

 

plane. Both deformation modes do not occur in monolithic 

Al
2
Cu.  (c) High-resolution Z-contrast image of a shear fault on 

(121)
Al2Cu

 plane, viewed along [101]
Al2Cu

, in deformed 

nanoscale laser-processed Al-Al
2
Cu eutectic. The dark yellow 

dots denote Cu atoms and yellow dashed line indicates the 

shear plane. Simulated TEM image of DFT-computed relaxed 

fault structures of (121)
Al2Cu

 plane, inserted in (c), indicates 

good match between experiment and density-functional-theory 

predictions and reveals a 1/6<311> shear. 
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or more elements that have the same plastic deformation through the thickness. The CLS-CP 

model is able to predict mechanical properties of nano-scale lamellar soft/hard materials. The 

CLS-CP calculations reveal that critical compressive strain for buckling increases as layer 

thickness decreases, which agree with micro-pillar compression tests (Fig. 3). 
 

 

 

Fig. 3. CLS-CP model captures 

constant plasticity and 

heterogeneous elasticity through 

layer thickness, and predicts that 

critical compression strain 

corresponding to buckling 

increases as layer thickness 

decreases. 

 

 

Effects of microstructure morphology 

 In an Al81Cu13Si6 ternary eutectic alloy, the extent of departure from equilibrium solidification 

(quantified by cooling rate) during laser processing determined the solidification 

microstructure, which was either a (i) ternary eutectic, or (ii) binary (Al-Al2Cu)/ternary (Al-

Al2Cu-Si) bimodal eutectic, or (iii) dual-binary (Al-Al2Cu)/Al-Si eutectic. This indicates that 

the laser processing can be used not just to refine but also control the morphology of the 

multiphase microstructures. Laser processing enables control of volume fraction and 

morphology and size of constituent phases that is not possible under equilibrium conditions so 

that microstructural states that give rise to unusual mechanical behavior can be accessed. The 

flow strength of bimodal eutectics can be changed by a factor of two as a result of differing 

fine eutectic volume fractions within the laser trace, and the highest strength is accompanied 

with enhanced plastic deformability. The mechanisms that enable continuity of plasticity 

across heterogeneous length-scales are being investigated. 

Future Plans 

New microstructure morphologies have been discovered in laser re-melted hypereutectic 

Al-Si alloys that will be used to test the hypothesis on microstructure morphology. Specifically, 

two kinds of microstructure will be explored. (i) Fully eutectic with interconnected nano-fibers 

of Si (≈ 50 nm diameter) that are internally nano-twinned thereby creating a hierarchy of 

defect length scales in a composite of disparate soft (Al) and hard (Si) phases: length scale 

associated with nanotwins in Si fibers and diameter, spacing and spatial arrangement of Si fibers 

in Al matrix. (ii) Primary Al dendrites containing a fine dispersion of Si precipitates embedded in 

a matrix of Al-Si eutectic as described in (i). 
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Fundamental Investigation of Grain Boundary Dislocation Mechanisms 

 in Ultrafine Grained Metallic Films  

Principal Investigators: Olivier Pierron1, Josh Kacher2 and Ting Zhu1,2  
1 Woodruff School of Mechanical Engineering  

2 School of Materials Science & Engineering 

Georgia Institute of Technology, Atlanta, GA 30332 

Program Scope 

The overarching goal of this proposal is to acquire a fundamental understanding of dislocation 

mechanisms and grain boundary (GB) – dislocation interactions active in ultrafine grained (ufg) 

metallic films, and the extent to which they dictate plastic flow kinetics. The central hypothesis of 

the proposed research is that dislocation activity in ufg metallic films is mainly governed by GB 

characters and film‐thickness‐to‐grain‐size ratio (t/d). Our approach to study this hypothesis 

consists of a synergistic integration of in situ transmission electron microscopy (TEM) 

deformation experiments, microelectromechanical system (MEMS) based nanomechanical 

testing, and transition state theory based atomistic modeling, in order to provide a direct linkage 

between dislocation processes and their deformation kinetics. The objectives of the work are to: 

1. Simultaneously identify the governing deformation mechanisms, obtain key details (such as 

character of the GBs where dislocation processes are observed), and measure the associated 

true activation volume V * in ultrafine grained Au and Al thin films with different textures and 

t/d ratios, using a novel quantitative in situ TEM, MEMS-based nanomechanical testing 

technique. 

2. Systematically investigate how the activation of the observed dislocation mechanisms vary 

as a function of GB characters and t/d ratios using the novel atomistic free‐end nudged elastic 

band (NEB) method that overcomes the timescale limitation of molecular dynamics 

simulation. 

3. Elucidate the role of GB characters, grain size, and film thickness in dislocation processes 

in ufg films using this integrated approach. 

Recent Progress 

1. Quantitative in situ TEM testing of <111> textured, 100-nm-thick Au polycrystalline 

specimens 

Figure 1a shows a representative stress-strain curve from a monotonic test to failure of a 100-nm-

thick Au specimen (see Figures 1c-f for SEM image and previous TKD characterization) tested 

with our newly acquired electrical biasing TEM holder operating our MEMS testers [1-3] inside a 

Tecnai F30 TEM (see Figure 1b). Both capacitive sensors are calibrated during the in situ TEM 

test. The curve does not start at origin: the specimen is pre-stressed due to the shrinking of the 

epoxy glue that is used to attach the large ends of the specimen to the MEMS device (see Figure 

1d). This pre-stress can be measured by comparing the displacement in the load capacitive sensor 

before and after fracture of the specimen. The plastic strain to failure is approximately 4%. This 

technique can be used to perform in situ TEM stress and plastic strain measurements with good 

accuracy and precision.   
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Figure 1. (a) Stress-

strain curve of a 100-

nm-thick Au specimen, 

measured with our (b) 

in situ TEM setup at GT 

(c) and (d) Au specimen 

before and after 

clamping onto MEMS 

device. (e) and (f) grain 

size distribution and 

TKD map of Au 

specimen. 

Figure 2 shows a repeated stress relaxation test to measure true activation volume, using the new 

setup at Georgia Tech. These measurements are preferably performed at the onset of plastic 

deformation, i.e. prior to reaching the ultimate tensile strength, so that necking and the resulting 

non-uniform stress distribution along the specimen’s gauge section has not occurred. The inherent 

stability of the MEMS device and the good precision in stress measurement (±2 MPa) coming 

from the low noise associated with capacitive sensing (<0.1 fF) enables good logarithmic fits of 

each stress relaxation segment (from which apparent activation volume, Va, can be calculated). 

The true activation volume, V *, can be calculated using [4]: 

𝑉∗ = √3𝑘𝑇
ln(�̇�𝑖2 �̇�𝑓1⁄ )

∆𝜎12
 

where ∆𝜎12 is the stress increase during reloading between relaxations 1 and 2, �̇�𝑖2 is the stress 

decrease rate at the beginning of the second stress relaxation segment, and �̇�𝑓1 is the stress decrease 

rate at the end of the first stress relaxation segment. From the three relaxation segments shown in 

Figure 2, V * was measured to be 4 and 5 b3, while Va was in the 25-30 b3 for each segment. 

Physically, V * is proportional to the number of atoms involved in the thermally activated process 
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responsible for the dislocation overcoming a local barrier, and as such is considered a signature of 

that specific mechanism.  

 

In situ TEM observations 

during or shortly after the 

activation volume 

measurements have mainly 

revealed trans-granular 

dislocation activities 

occurring in a few grains, 

with either grain boundary 

sources or internal sources. 

Figure 3 shows a typical 

example of a slip band along 

which dislocations travel (see 

red arrows). The dislocations 

nucleate at the bottom grain 

boundary (see large blue 

arrow in Fig 3).  Previous in situ TEM observations of the same Au specimens had also revealed 

intergranular dislocation activities, especially in the presence of cracks (at larger applied strains) 

[3, 5]. 

 

 

 
Figure 2. (a) Left: stress-strain curve for a multiple stress relaxation test, and right: corresponding 

stress vs time for the three successive relaxation segments. (b) stress vs time during each relaxation 

segment, with logarithmic fit, from which Va and V* can be obtained. 

 

 
Figure 3. Snapshot 

from a TEM movie 

highlighting 

dislocations moving 

along a slip band (red 

arrows). The 

dislocations nucleate 

at the bottom curved 

grain boundary (blue 

arrow). 

(a) 

(b) 
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2. Atomistic modeling of grain boundary (GB)-mediated dislocation processes in 

polycrystalline Au films 

Molecular dynamics (MD) simulations have been performed to investigate GB-mediated 

dislocation processes in a polycrystalline Au film under in-plane tension. MD results show that 

the dislocation nucleation from film surface and GB is the dominant plastic deformation mode 

during the initial yielding response. Further load increase results in dislocation interactions within 

grains, dislocation transmission across GBs, and GB migration. These MD results are generally 

consistent with our in situ TEM observations.   

Figure 4 shows the representative MD results of GB-mediated dislocation processes. A 

polycrystalline Au film is constructed with a dominant <111> texture, similar to experimental 

samples (Fig. 4a). At the room temperature (300K) and under in-plane tension, the dominant 

dislocation slip systems in MD are illustrated in Figs. 4a & b. Figures 4c-f show several 

representative MD snapshots. It is seen that both high-angle GBs (HAGBs) and low-angle GBs 

(LAGBs) are present in the initial structure after sample relaxation by simulated annealing (Fig. 

4c). As the applied load increases, the leading partial dislocations first nucleate from side surfaces 

of the film as well as from GBs; and these partials glide on the inclined {111} slip plane (as 

illustrated in Figs. 4a & b), dragging a long stacking fault ribbon behind (Fig. 4d). With increasing 

load, the trailing partials also nucleate from GBs, such that the leading and trailing partials move 

together as full dislocations (Fig. 4d). Glide of both leading partials and full dislocations is usually 

obstructed by GBs. Occasionally, the obstructed dislocation transmits across the GB; LAGBs can 

also migrate (Fig. 4e). These dislocation processes continue during the entire loading process (Fig. 

4f).  

Figure 4. MD simulation result of GB-mediated dislocation processes in a polycrystalline Au film under 

tension. (a) Schematic of the film with a <111> texture and an average grain size of ~25 nm. (b) The 

dominant slip system of {111}<110> is indicated by the Thompson tetrahedron. (c-f) MD snapshots 

showing GB-mediated dislocation processes. For the clarity of visualization, atoms in the perfect lattice 

are removed; atoms on the surface and GB are colored in green; and atoms in the stacking fault in red.  
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Future Plans 

Future plans include characterizing the nature of GBs where dislocation nucleation is observed, by 

performing TKD measurements on specimens prior to in situ TEM testing, in order to have maps 

similar to that shown in Fig. 1(f) to track location of dislocation activities during in situ TEM 

testing. The details of the GBs will serve as input for atomistic simulations. MD simulations along 

the line shown in Fig. 4 will be performed to compare with the detailed TEM characterization of 

GB-mediated dislocation processes. This will enable us to identify the candidate dislocation 

processes that are strength/rate controlling. Then atomistic reaction pathway simulations will be 

performed with the nudged elastic band method, so as to compute the activation energies and 

activation volumes associated with these unit processes. The results will be compared with our in 

situ stress relaxation measurements, in order to determine the GB-mediated dislocation processes 

that are strength/rate controlling. 
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Nanomechanics: Friction and Elasticity in Nano-Objects 
 

Elisa Riedo, NYU Tandon School of Engineering 

 

Program Scope 

The quest for materials with exceptional mechanical properties is the focus of major efforts 
since the beginning of civilization and sintering materials with a stiffness and hardness equal or 
superior to those of diamond is an ongoing challenge. In particular, for both scientific and 
technological reasons, the transformation of graphite into diamond remains one of the most 
fascinating and studied solid-to-solid phase transitions in materials science. Recently, several 
investigations revealed new and interesting phenomena related to phase changing 2D materials, 
highlighting the transformation of multi-layer graphene into a diamond-like structure. In particular, 
the PI and theoretical collaborators reported that under localized pressure, an atomically-thin 
graphene film grown on SiC(0001) behaves as a diamond-hard coating, exhibiting mechanical 
responses to nano-indentation superior to those of a diamond substrate.  

The vision of this DoE research program is to investigate novel mechanical properties and 
phenomena in 2D materials with the overarching goal of defining a new basic understanding of 
mechanical behavior in nano and quantum systems. Here, we propose a research program aimed 
at developing a new basic understanding of the mechanical properties of 2D materials at the 
interface with solid substrates, with a focus on pressure induced phase-changing 2D materials, and 
2D material-substrate interfaces.  

Recent Progress  

 Very recently, atomic force microscopy experiments [1] developed in the PI’s lab have 
shown that at room temperature, nanoindentation of an epitaxial graphene film supported and 
grown on SiC(0001) can induce, at pressures of about 1 GPa, the formation of a new diamond-
like phase with a stiffness much larger than the SiC substrate (Fig. 1), and displaying no 
residual indent (holes) upon large loads indentations with a diamond indenter. Further Å-
Indentation experiments performed with a diamond tip and comparing the stiffness of a film of 
CVD diamond and sapphire with 1L epi-graphene + BfL showed that the stiffness of 1L+BfL 
epitaxial-graphene is larger than that one of diamond and sapphire (Fig. 1).  
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To obtain the results described above here about the graphene-diamene phase transformation (and 
develop the here proposed research plan), the PI’s group needed an indentation method to achieve 
sub-Å indentation depths in an atomically thin film supported by a rigid substrate, i.e. to measure 
the indentation stiffness of an epitaxial graphene film supported by a SiC substrate. This 
methodology, named Å-indentation [2], is a further development of modulated nanoindentation 
(MoNI), a method previously developed by the PI [3, 4]. While several AFM methods exist to 
obtain high-resolution imaging and mechanical measurements, they are mostly limited to soft 
materials and measurements of stiffness values below 100 GPa. On the other hand, a method 
allowing nanoscale imaging in-situ with nanoindentation for supported ultra-thin films having an 
elastic modulus of up to 1 TPa remain a challenge. During conventional nanoindentation 
measurements, the indentation depths are usually larger than 1 nm, which hinders the ability to 
study ultra-thin films (< 1, 10 nm) and 2D materials on rigid substrates, such as Si or SiC. Now, 
by using diamond tips, extremely small amplitude oscillations (<< 1 Å) at high frequency, 
stiff cantilevers, and by acquiring the indentation curves in the unloading regime within 10s, 
the PI’s group has shown how modulated Å-indentation enables non-destructive 
measurements of the contact stiffness and indentation modulus of ultra-thin (down to < 1 
nm) ultra-stiff (up to 1 TPa) films, including CVD diamond films (~ 1 TPa stiffness), 
nanofilaments of ultra-stiff Q-Carbon (Fig. 3) [5], as well as the transverse modulus of 2D 

Fig. 1. Top panels, schematic illustration (a) and TEM images (b) of epitaxial graphene grown on SiC by Si 
sublimation at high temperatures. Bottom panels, experimental force vs. indentation curves of 1L+buffer layer 
graphene on SiC(0001), showing that that the stiffness of 1L+ BfL on SiC (red curves) is much larger than that one 
of the uncoated SiC substrate (black curve) (c), and larger than CVD diamond, bare buffer layer on SiC, and 
sapphire (d). (e) DFT simulation of the phase transformation process of 2-L graphene into ultra-hard diamene (grey-
atoms are C-atoms and yellow-atoms are Si-atoms) [1]. 
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materials [2] (Fig. 2 and 3). The analysis demonstrated that in presence of a good laboratory noise 
floor, the signal to noise ratio of ÅI implemented with an atomic force microscope and stiff 
cantilevers (diamond coated tips, 80 N/m) is such that a dynamic range of 80 dB –– achievable 
with commercial Lock-in amplifiers –– is sufficient to observe superior indentation curves having 
indentation depths as small as 0.3 Å, and resolution in indentation < 0.05 Å, and in normal 
load < 0.5 nN. 

 
 
An important step in the PI’s previous research was the ability to identify the number of layers in 
the continuous films of epitaxial graphene on SiC, since the films contain a mixture of number of 
layer. Unfortunately, topographical images alone cannot identify the number of layers because of 
the complex morphology of the underneath SiC substrate. Furthermore, it was crucial to be able 
to perform ÅI measurements in precise locations on the epitaxial graphene films with well 
know layers number. Therefore, the PI employed a fast and robust machine learning method, 
namely, a spectral clustering technique [6, 7], to identify the number of layers in the different 
domains of a continuous epitaxial graphene film, and their spatial distribution. In particular, by 
means of atomic force microscopy the PI and collaborators were able to correlate the number of 
layers in epitaxial graphene on SiC and exfoliated graphene on SiO2 with the frictional properties, 
indentation elasticity, and formation of ultra-stiff diamene layers (see Fig. 4) [7]. Through this 

Fig. 2. (a) Experimental ÅI 
curves for ZnO (black solid 
line), sapphire (gray solid line), 
and CVD diamond (red solid 
line). The shaded areas 
correspond to one standard 
deviation from the mean. (b) 
Normalized distributions of 
indentation moduli for ZnO 
(115 ± 14 GPa), Sapphire (387 
± 81 GPa), CVD diamond 
(1005 ± 188 GPa) and SiO2 (56 
± 11 GPa). Data are obtained by 
aggregate data for 15-30 
experiments each.  

Figure 3. ÅI indentation of Q-carbon 
filaments. (a) AFM topography of Q-carbon 
filaments formed in amorphous carbon 
films. (b) AFM topography of a filament 
cross-section; markers indicate positions 
across the filament where indentation 
measurements are conducted. (c) ÅI curves 
measured on a Q-carbon filament and aC 
film. Blue and red lines are measurements 
performed on the Q-carbon filament and the 
surrounding aC film, respectively. Numbers 
refer to positions identified in (b). 
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analysis, the PI and her group univocally demonstrated [7] that the formation of ultra-stiff diamene 
is obtained only in 1-layer plus buffer layer epitaxial graphene on SiC and that either the buffer 
layer alone, or thicker epitaxial graphene (2-layer plus buffer or more), as well as exfoliated 
graphene films on SiO2 for any number of layers do not exhibit the formation of this ultra-
stiff phase in this range of pressures (up to 10 GPa).    
 
Future Plans 

The future research plan is focused at developing the basic knowledge and experimental tools for 
understanding pressure and strain induced phase transitions in 2D materials. In particular, we plan 
to investigate how structure, stacking, substrate interaction, defects, and number of layers impact 
the mechanical properties of phase changing 2D materials, and the phase transitions’ diagrams. 
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Fig. 4. Machine Learining 
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few-layer epitaxial graphene. 
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experiments are conducted. (b) 
Experimental indentation curves 
obtained in the positions 
indicated in (a) for the 1-layer 
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(green), and BfL (red) domains 
identified in the scan (a).  
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Damage-Tolerant in Structural Materials 

Robert O. Ritchie, Mark Asta and Andrew M. Minor 

Lawrence Berkeley National Laboratory 

 

Program Scope 

The attainment of strength and toughness is a vital requirement for structural materials, although 

these properties are often mutually exclusive. Indeed, designing strong and tough materials has 

traditionally been a compromise between hardness vs. ductility. Here we examine strategies to 

solve this “conflict” in metallic alloys by focusing on the interplay between mechanisms that 

contribute to toughness, i.e., plasticity and crack-tip shielding, noting that these phenomena 

originate at very different length-scales. Our objective is to seek a fundamental understanding, at 

atomistic to macroscopic length-scales, of the scientific origins of damage-tolerance, specifically 

in multi-element metallic alloys. Our focus is currently on single-phase high-entropy alloys and 

metallic glasses, which can display exceptional damage tolerance, due to novel mechanisms that 

arise from their disordered structures. For metallic glasses, we have focused, on the existence of 

short and medium range ordering within the amorphous state, using numerical simulation and most 

recently state-of-the-art transmission electron microscopy, to discern its role in triggering shear-

band formation, which we believe represents the fundamental origin of plasticity and toughness in 

these alloys. With respect to the damage-tolerance in face-centered cubic CrCoNi-based high-

entropy alloys, we have coupled fracture mechanics measurements with in situ SEM and TEM 

testing to discern the synergy of dislocation and twinning mechanisms responsible for their 

properties. We are now also focusing on the role of short-range order in the CrCoNi-based alloys 

as well in body-centered cubic refractory high-entropy alloys which are intended for ultrahigh-

temperature applications but are often plagued by severe brittleness. Our ultimate aim is to uncover 

the relationships between atomic-scale phenomena and the macroscopic mechanical behavior.   

Recent Progress  

Our current objectives are focused on the role of local chemical ordering in influencing the 

mechanical properties of bulk-metallic glasses (BMGs) and high-entropy alloys (HEAs).  

Bulk-metallic glasses: An unlikely example of defeating the “strength vs. toughness conflict”1 is 

BMGs. Being amorphous, BMGs display high strengths that can exceed ~1-2 GPa; they deform 

via shear bands, which can cause brittleness as a single shear band can lead to tensile failures at 

vanishingly small strains. However, multiple shear-band formation provides the basis for plasticity 

in these glassy alloys, and hence provides a means to developing toughness.2 It is thus the key to 

making BMGs into structural materials, instead of simply “academic curiosities”.  Accordingly, 

we have sought the atomistic origins of such multiple shear banding in BMGs, initially using 

molecular dynamics (MD) simulations.  On the premise that the glassy state in BMGs is not purely 

amorphous but can contain local short- to medium-range order (SRO/MRO) in the form of motifs 

of atoms with local icosahedral symmetry, certain motifs with less dense packing and less five-

fold symmetry, termed geometrically unstable motifs or GUMs, may trigger the onset of shear 

banding due to their instability.3,4 Indeed, the MD simulations show that clusters of GUMs initiate 

shear localization in BMGs; the further propagation of such shear bands is demonstrated to be 

accompanied by the breakdown of full icosahedral clusters as a structural signature. 
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Although the MD modeling is 

compelling,3-6 e.g., via simulations in 

Cu46Zr46Al8 indicating that shear 

bands formed in the vicinity of a notch 

are coincident with the spatial 

distribution of local icosahedral order 

(Fig. 1),7 experimental verification, 

that such local regions of GUMS can 

trigger shear banding to provide the 

fundamental essence of damage-

tolerance in BMGs, is still lacking.  

As there has yet to be a direct 

observation of the initiation and 

propagation of individual defects in 

BMGs during deformation at the 

nanoscale, we have used in situ TEM 

nanobeam electron diffraction, with 

ultra-fast  electron  detectors,  coupled  

with large-scale MD simulations (Fig. 1), to directly observe changes to the local atomic 

SRO/MRO during shear band formation in Cu46Zr46Al8.
7  With a FIBed 80-90-nm thick sample 

containing a hole, pulled in tension in the TEAM 1 TEM, we observed a spatially resolved 

reduction in SRO/MRO prior to shear banding due to increased strain, which agrees with the MD 

simulations in Fig. 1, where a similar reduction in local order caused by shear transformation zone 

activation is seen.7 We believe that this represents the first direct experimental evidence of the 

involvement of local ordering and plasticity in amorphous solids, an observation that serves as a 

direct link between the atomistic MD simulation and bulk mechanical properties in BMGs.   

High Entropy Alloys: HEAs are a class of metallic alloys with multiple elements in nominally 

equal molar ratios that crystallize as concentrated solid solutions.  Working on single-phase fcc 

CrCoNi-based alloys, in association with ORNL,8-12  we found exceptional damage tolerance, with 

strengths >1 GPa and KJIc toughness >200 MPam, properties which improve at low temperatures 

and approach the best on record. In situ straining 

experiments in an aberration-corrected TEM revealed a 

synergy of nanoscale deformation mechanisms,10-12 

resulting from their high lattice friction, yet low stacking 

fault energies (SFEs). In the stronger CrCoNi, a 

hierarchical twin network was formed with strength 

generated by dislocation arrest at twin and grain 

boundaries yet ductility created by rapid partial dislocation 

motion along boundaries.11 Further in situ mechanistic 

studies, using cryo-TEM, revealed massive cross-slip at 

93K, and a suite of plasticity mechanisms including the 

glide of partials/full dislocations, twinning, and multiple 

slip activated by dislocation/grain-boundary interactions 

(Fig. 2).12 In such multi-principal element HEAs, SRO is 

to be expected, yet to date there is little evidence of this. 

We  performed  first-principles   DFT-based Monte  Carlo 

 

Fig. 1.  Theoretical simulations7 to discern the relationship 

between local icosahedral order and shear-band formation.  Five 

frames of MD-simulated Cu46Zr46Al8 at strains of 4, 5, 6, 7 and 

8% respectively, under uniaxial tension. Color maps of (a-e) local 

Mises shear strain and (f-j) spatial distribution of local icosahedral 

order in coarse-graining scale, for such five frames. 

 

 
Fig. 2. Dislocation behavior in HEAs at 93 

K. (a) Partials moving on twin boundaries 

in CrFeCoNiPd. (b) TEM images of cross-

slip in CrMnFeCoNi. (c-d) Extensive cross-

slip in CrFeCoNiPd and CrCoNi with 

individual cross-slip events marked by blue 

and orange arrows. (e) Interaction between 

different slip systems in CrFeCoNiPd.12 
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simulations on equimolar CrCoNi with several hundred atoms13 and predicted that SRO would 

have a marked influence on SFEs and the relative energies of the fcc and hcp phases which governs 

TRIP and TWIP effects, parameters that are known to markedly affect the strength and 

deformation of CrCoNi-based HEAs. However, the role of SRO in HEAs remains an open issue 

because it has yet to be convincingly confirmed experimentally. In view of the fundamental 

importance of this issue, and its potential explanation of the truly exceptional mechanical 

properties of these alloys, this topic represents a major thrust of our proposed research for the next 

three years. It further presents the fascinating notion of being able to tune atomic order to achieve 

enhanced macroscale mechanical properties in these alloys. 

Future Plans 

As noted above, our primary objective is to use experiment, simulation and theory to identify the 

scientific principles underlying the attainment of damage tolerance in multiple-element alloys, 

with emphasis on the role of atomistic SRO in influencing their mechanical performance.  

Metallic Glasses: Our hypotheses for generating damage-tolerance in metallic glasses has been to 

induce ductility through multiple shear banding; in light of this, atomistic simulations3,4,14 suggest 

that such shear bands are induced by more loosely packed regions of SFO displaying lower degrees 

of icosahedral symmetry (GUMS). Indeed, our DFT and large-scale MD simulations have 

indicated that in various CuxZry glasses, 82% of the atoms undergoing shear transformations are 

actually GUMs; indeed, the instability of GUMS can specifically trigger shear transformations.  

As there is little experimental evidence for this hypothesis, our 

intent is to provide such evidence, not only by quantifying the SRO 

for essentially macroscopic samples, but also to perform 

experiments in the TEM that explicitly link shear-band formation, 

and hence the origin of plasticity in BMGs, directly to regions of 

unstable short-range order (GUMs). Our goal is to establish 

quantitative structure-property relationships between GUMs and 

mechanical behavior, which can lead to an understanding of the 

fundamental origins of damage-tolerance in metallic glasses. To 

enable such direct experimental validation of the existence and role 

of structural SRO/MRO. To characterize these states in BMGs, we 

will induce GUMs locally through radiation in a He-ion microscope, 

and on loading the sample in the TEM will then  employ a 4D-STEM 

technique7,15 coupled with fast direct electron detectors (1,600 

frames/sec) with an EELS spectrometer (Fig. 3) to generate a series 

of  2D diffraction  patterns at each  position,  in  order to  relate  the  

creation of a shear band to a local region of GUMs.  We hope by these experiments to provide a 

fundamental description of the origin of the exceptional mechanical properties shown by certain 

metallic glasses and further present a means to enhance their damage-tolerance through the tuning 

of local atomic order. 

High-Entropy Alloys:  Our main effort though will be focused on the topic of HEAs, specifically 

on two classes of alloys: the fcc CrCoNi-based alloys, which we have shown to have exceptional 

damage-tolerance at cryogenic temperatures,8-12, and the far-less studied bcc refractory high-

entropy alloys (RHEAs), which are intended for high-temperature use.16,17 Our approach will be 

to continue to seek the fundamental, multiple-scale, origins of the damage-tolerance in these alloys 

 
Fig. 3. Schematic illustration of 

the new energy-filtered 4D-STEM 

technique with an electron energy 

loss spectrometer to be used to 

characterize short- to medium-

range order in BMGs. 
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by: (i) conducting nonlinear-elastic fracture mechanics and R-curve methodologies to evaluate 

their fracture toughness as a function of temperature, (ii) characterizing the salient deformation 

mechanisms and fracture modes using in situ TEM and SEM experiments, (iii) continuing our 

Monte Carlo/MD simulations on CrCoNi alloys, and starting such simulations on RHEAs, to 

examine the role of local chemical SRO, specifically pertaining to its role in affecting dislocation 

mobility, which would radically influence mechanical behavior, and the interstitial formation 

energies, which would influence irradiation damage resistance, and (iv) using advanced TEM 

techniques to find direct experimental evidence of local chemical ordering or larger-scale 

clustering in these multiple principal element alloys, and to confirm our theoretical simulations in 

discerning how such local order affects mechanical behavior. 

With respect to experimental determination of the role of 

SRO in CrCoNi alloys, we are using TEM imaging, with an 

in-column energy filter to remove inelastically scattered 

electrons, because ideally chemical SRO should exhibit a 

superlattice-like diffraction contrast. We have commenced 

these studies in CrCoNi; our preliminary results are shown 

Fig. 4 where indications of superlattice streaking are 

apparent in the annealed structures. We believe that this is 

an indication that the degree of SRO is increasing with 

annealing temperature and time, which corroborates our 

DFT-based Monte Carlo predictions.13 Such experimental 

studies to verify the existence of SRO in HEAs together with 

identification  of its effects on mechanical properties will  be  

central feature of our research in this program over the next two years, from the perspective of 

discerning the fundamental atomistic origins that govern the mechanical properties, specifically 

the strength, tensile ductility and fracture toughness, of advanced multiple-element metallic alloys. 
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Project Scope 

The goal of this project is to observe microplasticity events in 3-D using a combination of high 

energy X-ray techniques, including Bragg Coherent Diffractive Imaging (BCDI), High Energy Diffractive 

Imaging (HEDM), and Dark-Field X-ray Microscopy. These methods will allow us to investigate 

phenomena such as dislocation runback, the loss of elastic moduli during loading, intergranular 

deformation flow, and the effect of heterogeneous stress fields within grains on critical resolved shear 

stress (CRSS). If successful, our efforts will play a crucial role in linking nanoscale defect dynamics with 

mesoscale responses. 

 

Technical Progress 

In the past year, we contributed to two beam runs at the Advanced Photon Source (APS) to further 

the efforts proposed. The current thrust of the project is on Bragg Coherent Diffraction Imaging (BCDI), 

as this method is currently more readily available to us than Dark Field Microscopy. In BCDI, a single 

Bragg peak rocked over a small angular interval can be reconstructed to give atomic displacement fields at 

the nano scale in an individual grain, making it able image individual defects in 3-D [1]. An example of a 

reconstructed grain can be seen in Figure 1, with ‘phase’ corresponding to atomic displacement. We have 

begun pursuing High Energy BCDI at the 1-ID beamline at APS, with substantial involvement by Jun Park 

(1-ID staff). 1-ID uses X-rays in the range of 40-100 keV, with 52 keV for the current BCDI experiments, 

which gives it the unique capability among BCDI capable beamlines of imaging grains in bulk metals, 

rather than thin films. Additionally, this beamline has accumulated extensive experience with High Energy 

Diffraction Microscopy (HEDM), which allows us to 

quickly locate specific grains of interest within our 

sample.  

This Spring, we wanted to determine whether 

High Energy BCDI at 1-ID was capable of imaging 

more complex defects, so we ran HEDM and BCDI on 

a depleted UO2 sample, hoping to capture irradiation 

damage. The results of these runs have yet to be 

determined as both the HEDM (near-field and far-field) 

and BCDI datasets are still being reconstructed. As 

mentioned previously, the experimental setup at 1-ID 

allows us to collect several peaks from the same grain. 

This is significant because BCDI measurements from a 

single peak only provide a displacement field projected 

along the scattering vector direction for the Bragg peak. 

To reconstruct a fully resolved strain field, peaks from 

Fig. 1. Example reconstruction from a scan over a 

single Bragg peak of a gold grain colored by the 

value of the phase. 
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three non-colinear directions are needed [2]. Reconstructing the full strain tensor makes BCDI a truly three-

dimensional characterization tool and will be invaluable in our future studies of plasticity events on the 

mesoscale. At our beam time at 1-ID in April 2019, we measured a nanocrystalline Au sample (in addition 

to the UO2). Thanks to being able to reconstruct at least the larger grains via far field HEDM we were able 

to find a pair of grains in twin relationship to each other. We measured 7 Bragg peaks from the parent grain 

and 5 peaks from the twin—an embarrassment of riches in terms of data, given that only 3 peaks are needed 

for a fully resolved strain field. With this data, we are attempting a simultaneous reconstruction of all 7 

peaks in the parent and another for all peaks in the twin. We hypothesize that a simultaneous reconstruction, 

rather than independent reconstructions for each peak, will improve strain field convergence, giving us a 

more accurate reconstruction and paving the way for future experiments which will allow us to image 

defects more precisely in 3-D. The twin relationship also means that there is almost certainly a flat twin 

boundary between the two grains (or twin boundaries between multiple lamellar grains) which provides 

useful shape information for checking the reconstructions. 
 

Future Work 

We will continue to develop the 

aforementioned simultaneous reconstruction code to 

resolve full the full elastic strain tensor in the grain. 

This involves a close collaboration with Siddharth 

Maddali and Stephan Hruszkewycz (staff at ANL). 

Additionally, the challenges involved in 

reconstructing Bragg peaks from differently 

oriented planes will be relevant in our attempts to 

observe the interactions between neighboring grains 

in future experimental runs. 

We will continue to reconstruct the BCDI 

and near-field HEDM data from the UO2 sample. 

Although these grains are well below the spatial 

resolution of the technique, we hope to be able to 

provide a map of orientations and center-of-mass 

positions similar to what is normally obtained from 

far-field HEDM. These data will be examined to 

probe the ability to translate the hundred nanometer 

grains across the one-micron beam and to determine 

vertical positions from intensity curves. At the same 

time, this will test beam stability and mechanical 

motions. Note that, as discussed above, the far-field 

measurement can be used to determine orientations 

that are present, but the position resolution is too coarse by roughly two orders of magnitude.  

We have begun preparations for another beam run at 1-ID in Fall 2019 to image grains under 

compression. We have made an Al-6061 compression sample with several trenches cut into it that are 

approximately 300 nm deep. Pt will be deposited into the channels and annealed, so that the grains will 

grow to the size of the channel width. The goal will be to compress the platinum by pushing on the top of 

the sample, as shown in Figure 2. We hypothesize that by indexing the peaks beforehand, we can pick out 

two neighboring grains and watch them interact during compression; this capability is a major goal of the 

project, would be a first in the field (as of now), and would help develop a more detailed understanding of 

how dislocations interact with grain boundaries. By pushing on the aluminum, instead of directly on the 

Fig. 2. Planned compression sample for future experiment at 1-

ID. Pt will be deposited into channels about 300 nm wide in a 

column of aluminum alloy. 
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platinum, we aim to control the deformation in the platinum with sufficient precision that we can induce 

controlled motion of dislocations (in the platinum).  The aluminum, which is low-Z and therefore a weak 

scatterer compared to the Pt, acts in effect as a strain carrier for the material of interest.  
 In the broader scope of the program, we will collaborate with beam staff at the APS to develop and 

test the dark field imaging capability. This is a complementary technique to BCDI that uses compound 

refractive lenses (CRL) to project a diffracted beam onto a detector to image the defect structure in the 

material. 

 

Relevance to MGI 

Our work will further the dependability of predictive models by providing insight into plastic events 

on the mesoscale. Current continuum-level models are unable to predict plastic behavior at the grain scale 

and below, and this project will help to close this gap in our understanding by providing important 

information about stress heterogeneity within grains due to defects and its impact on macroscopic 

properties. 

 

Broader Impact 

 Development of advanced imaging techniques serves to expand the scope of problems that user 

facilities such as the Advanced Photon Source can tackle. Although this effort is focused on imaging 

dislocations and their motion, there are other defect structures that may be accessible through one or both 

of the techniques described here. 

 

Accelerating Materials Discovery and Development 

 By exploring the effects of phenomena such as dislocation dynamics in 3D, our work will 

illuminate blind spots in current predictive models and help future scientists to more accurately determine 

material properties from material structure. 

 

Open Access and Data Sharing 

 In conformance with our Data Management Plan, once each data set has been analyzed and a paper 

published, the data will be made available on a publicly accessible website such as CMU’s kilthub system. 
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Doping Metallic Grain Boundaries to Control Atomic Structure and Damage Tolerance 
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Program Scope 

Grain boundaries and other interfaces often act as nucleation sites for cracks and voids that lead to 

failure during plastic deformation of metallic materials.  While it is known that interface character 

and structural state can greatly influence this damage nucleation process, the current level of 

understanding and control over such details is relatively limited.  The objective of this research is 

to obtain fundamental knowledge about our ability to control grain boundary structure by locally 

and selectively adding other elements, with the idea of inducing planned grain boundary “phases” 

or complexions [1].  The effect of these complexions on both mechanical and radiation damage 

mechanisms is a major focus of this project, with the goal of improving the field’s understanding 

of damage nucleation at interfaces and identifying materials design strategies for extremely tough 

and radiation-tolerant materials.  This research uses a combination of computational, experimental, 

and characterization techniques to isolate and understand the importance of atomic-level grain 

boundary structure and interfacial chemistry.   

 

Recent Progress  

The project has been ongoing for four years, but this extended abstract touches on progress from 

the last two years only.  We have broken down our recent progress into three distinct areas: (1) 

fundamental materials design for utilization of complexions, (2) the effect of complexions on 

important properties, and (3) the extension of the complexion concept to line defects.  All three 

research areas contain complementary computational and experimental tasks.   

 

Fundamental Materials Design 

Our early work on complexions and mechanical behavior showed that disordered complexions, or 

amorphous intergranular films (AIFs), could serve as toughening features which improve both the 

ductility and strength of nanocrystalline Cu-Zr [2].  These structures allow for efficient dislocation 

absorption that delays crack nucleation and propagation at internal interfaces, with thicker films 

giving a more pronounced effect.  First, we wanted to be able to find other binary metallic alloys 

which could sustain AIFs along their grain boundaries, leading us to develop simple materials 

selection rules that emphasized dopant segregation to grain boundaries and the creation of 

energetically favorable conditions for an amorphous phase.  We found that the transition from 

ordered to disordered grain boundary complexions in polycrystalline binary metallic alloy can be 

controlled by an informed selection of enthalpy of segregation (ΔHseg) and enthalpy of mixing 

(ΔHmix).  These rules were applied to all binary transition metal alloys, with our predictions 

confirmed in multiple Ni-rich alloys (Ni-Zr and Ni-W).   

 

We next explored whether the addition of compositional complexity in the grain boundary region 

would be beneficial.  For bulk metallic glasses, one generally needs three or more atomic elements 
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to be mixed together.  First, we used atomistic modeling to test this theory.  While our Monte 

Carlo/molecular dynamics simulations are limited by the limited availability of interatomic 

potentials for ternary alloys, we were able to study complementary co-segregation in a few model 

ternary systems and find that, with the right ratio of the different dopants at the grain boundaries, 

a ternary alloy can sustain a thicker AIF (Fig. 1(a)).  We then turned to experiments to compare 

binary Cu-Zr with ternary Cu-Zr-Hf samples.  All samples had the grain sizes, global 

compositions, and atomic size mismatches between solvent and solute atoms, making a very clean 

comparison with only the level of chemical complexity varying.  Fig. 1(b) shows high resolution 

transmission electron microscopy (TEM) images of AIFs in these alloys, with compiled thickness 

data from >50 boundary films presented in Fig. 1(c).  Even with the exact same total amount of 

dopant, the Cu-Zr-Hf specimen has notably thicker AIFs within the microstructure, especially for 

the thickest films in the distribution.  While it is not required to form amorphous complexions, it 

is beneficial for the boundaries to be chemically complex.  The choice of a better alloy means that 

one can either (1) sustain thicker amorphous complexions and therefore access improved 

properties or (2) create AIFs at lower processing temperatures. 

 
Figure 1.  (a) Atomistic models of complexion formation in ternary alloys show that the correct dopant ratio can induce 

thicker films than binary mixtures.  (b) High resolution TEM of AIFs can be used to collect (c) thickness distributions 

which confirm that ternary alloys are able to have thicker films since the boundary is more chemically complex. 

Complexions and Important Properties 

Our early work showed that ductility could be improved by the addition of AIFs to a 

microstructure, so we have moved to understand their effect on more complex properties such as 

fatigue failure and radiation damage.  A Ph.D. student in my group was selected for an Office of 

Science Graduate Student Research (SCGSR) fellowship, which allowed her to spend 6 months at 

Sandia National Laboratories hosted by Dr. Brad Boyce and Dr. Khalid Hattar, who are both 

participants in the current MBRE program.  First, we studied the fatigue failure process using in 

situ TEM experiments where sputtered thin films were heated on a chip and then either slowly 

cooled (ordered boundaries) or rapidly quenched (AIFs) to alter the complexion state, followed by 

fatigue deformation.  We were specifically interested in understanding the dominant mechanisms 

associated with crack initiation and propagation in the two types of samples.  The sample with 

ordered boundaries experienced grain growth near the crck and unsteady, accelerating crack 

growth.  Alternatively, the sample with AIFs had a stable grain structure and experienced steady 

crack growth rates.  In addition, the sample with AIFs had plastic events which were distributed 
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further away from the crack (Fig. 2(a) and (b)), which is much more beneficial than the localized 

failure experiences in the ordered grain boundary sample. 

 
Figure 2.  (a, b) Specimens with AIFs experience more distributed plasticity during fatigue as compared to samples 

with only ordered boundaries.  (c) AIFs also lead to improved radiation resistance, as probed by in situ ion irradiation. 

We were also able to explore the effect of complexion type on the radiation tolerance of 

nanocrystalline Cu-Zr.  A combination of in situ TEM and ex situ Au ion irradiation were used to 

induce damage into ball milled materials.  As a whole, we found that the sample with AIFs had 

much lower stored defect densities, with the data from the in situ testing shown in Fig. 2(c).  This 

improved radiation tolerance was connected to the existence of (1) thicker grain boundaries and 

(2) additional free volume.  Interesting corollaries associated with the stability of these amorphous 

complexions under radiation at elevated temperatures were found. 

 

Extension of Complexion Concept to Dislocations 

Grain boundary segregation generally occurs because interfaces have different local structure and 

stress state as compared to the crystal.  Dislocations share these features, leading to the question 

of whether complexions can be stabilized at line defects as well.  A very recent paper from the 

group of Prof. Dierk Raabe [3] motivated our work.  These authors suggested that a local phase 

transition was found near dislocation in Fe-Mn alloys, arranged as arrays of nanoparticles.  We 

have been using our atomistic modeling tools to (1) understand the details of this complexion 

transition with improved resolution and (2) explore whether it can be extended to dislocations in 

different face centered cubic (FCC) alloys.  We first modeled segregation and possible 

complexions transitions along dislocations dipoles in Fe-Ni, as the phase diagram is very similar 

to Fe-Mn and a reliable interatomic potential is available.  Fig. 3(a) shows a dislocation in pure 

and doped Fe, demonstrating segregation and the nucleation of a chemically ordered complexion.  

We found that the L10 phase reported by Raabe and coworkers is actually joined by a metastable 

B2 phase, which would be impossible to identify using the chosen experimental techniques.   

 

We have recently extended our study of linear complexions to FCC materials.  Since all 

dislocations dissociate into mixed character partial dislocations separated by a stacking fault, there 

is a much more reliable template for these transformation to occur.  We have found at last three 

new types of linear complexions in FCC alloys, depending on the alloy system that is chosen.  For 

example, a layered, 2D phase can form along the stacking fault, as shown in Fig. 3(b).  We have 
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also made linear complexion diagrams (Fig. 3(c)) that show the local compositions that are needed 

for a complexion transition at a given temperature, which can guide future experimental validation 

efforts.  In addition, our models show us that stacking fault width is very clearly affected by 

complexion nucleation in all FCC alloys studied so far, giving us a clear target when pursuing 

future characterization efforts with high resolution TEM.   

 
Figure 3.  (a) We have discovered new complexions near dislocations that consist of metastable phases.  (b) Multiple 

new complexion types were found in FCC alloys, such as a 2D layered complexion at the stacking fault that resembles 

one plane taken from the Cu5Zr intermetallic phase.  (c) Linear complexion phase diagrams will guide future study. 

Future Plans 

Our future work will focus on additional materials discovery, the kinetic aspects of complexion 

transitions, and the effect of damage on complexion integrity.  We plan to develop a greater 

understanding of how chemical composition at the grain boundary leads to complexions of 

different types and thicknesses.  Specifically, we believe that anisotropic segregation to different 

boundaries is responsible for the variety of AIF thicknesses within a given sample.  We are also 

probing the effect of controlled cooling rates on the complexion thickness distribution.  Although 

we tried to rapidly quench our original samples, a new sample geometry where heat is extracted 

through a liquid nitrogen cooled sink gives a complexion distribution that is roughly twice as thick 

as our preliminary samples, demonstrating that this is an exciting avenue for new work.  Finally, 

there is an open question about how the mechanical damage from incoming dislocations or the 

radiation damage associated with local cascades and incoming point defects can affect the stability 

of a complexion.  In theory, there must be some limit where the complexion undergoes a transition 

back to the room temperature state, likely “pushed” by these dynamic processes. 
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Role of Heterogeneous Segregation on Shear Localization Mechanisms in Nanocrystalline 

Alloys 
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Department of Mechanical Engineering, The University of Vermont, Burlington VT (USA) 

 

Program Scope 

Over the past decade, considerable research effort has been focused on the role of solute 

segregation in stabilizing nanoscale interfaces to harden metals at near-ideal Hall-Petch strength limits, 

through extreme grain refinement (d ≤ 50 nm) [1]. Inevitably, grain boundary (GB) segregation is also 

associated with a significant deterioration of tensile ductility in nanocrystalline (nc) alloys that 

generally exhibit poor uniform plastic elongations below 2% [2]. The segregation-induced ductile-to-

brittle transition is well-understood in terms of two dominant deformation mechanisms at interfaces: 

GB embrittlement accelerating intergranular cracking, and glass-like shear localization leading to 

catastrophic shear banding. 

The proposed research aims to deploy state-of-the-art atomistic simulations and experimental 

studies to fundamentally understand plasticity and shear localization mechanisms in binary 

nanocrystalline Ag-Ni alloys that have not been well studied so far (other metallic alloys will also be 

studied as a comparison). Ag-Ni alloys are of interest because recent theoretical models [3] have 

predicted that GB segregation behavior in nc Ag alloys containing small Ni contents (≤ 2 at%) is 

intrinsically heterogeneous. Heterogeneous segregation is a unique behavior where solute atoms 

cluster along some GB regions, whereas other GB regions are left solute free. Therefore, it is 

hypothesized that new shear localization and ductility enhancement mechanisms induced by 

heterogeneous GB segregation could be controlled by the segregated solute content. 

Recent Progress 

Recent theory and simulations speculate that the potential of segregating elements to either 

weaken or strengthen individual GBs governs the type of embrittlement mechanism in nc alloys [4]. 

Notably, in the case of a GB embrittling element, a recent study in Au-segregated nanocrystalline Pt 

metals has observed that 10 at% Au promotes brittle-like behavior and fast cracking [5]. Surprisingly, 

however, this study revealed that a smaller 5 at% content makes possible for the alloy to recover some 

ductility at same grain size, due to crack arrest at triple junctions induced by heterogeneous GB 

segregation. Yet our basic understanding of this phenomenon remains limited, because common nc 

alloys studied in the literature, such as Ni-W and Cu-Zr alloys, exhibit homogeneous segregation, with 

solute atoms distributing uniformly along interfaces at all concentrations. 

By contrast, in alloys containing GB strengthening elements (e.g. nc Ag-Cu alloys), the loss of 

toughness and ductility is associated with shear localization mechanisms. Our past work using 

atomistic simulations showed that the segregation behavior of nanocrystalline-nanotwinned Ag-Cu 

alloys is of the homogeneous type [6]. Our preliminary results suggest that these materials fail by shear 

localization-induced embrittlement after segregation. Our main hypothesis is that heterogeneous 

segregation should fundamentally alter the above shear localization mechanisms leading to 

embrittlement with GB strengthening elements. 
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We have performed hybrid Monte-Carlo and molecular-dynamics simulations to study the 

strengthening effects of homogeneous segregation and heterogeneous segregation on nc Ag alloys 

doped with either Cu or Ni solutes, respectively, as shown in Figure 1. Our atomistic simulation results 

presented in Figure 2 show that Cu-doped samples with homogeneous segregation tend to deform 

through strain localization induced by high GB volume fraction, saturating the strengthening effect at 

high solute compositions. However, Ni-doped samples with heterogeneous segregation tend to 

suppress strain localization by forming solute-

rich clusters, Figure 1d, leading to a consistent 

and sustained strengthening effect when 

increasing the solute concentration.  The finding 

that heterogeneous segregation suppresses strain 

localization could provide an efficient way to 

design tough nanostructured materials through 

GB segregation engineering from different alloy 

systems with such segregation behavior. 

 

Figure 1.  Equilibrium configurations of (a) pure Ag, (b) 

Cu homogeneous segregation, and (c) Ni heterogeneous 

segregation.  The atoms are colored according to CNA, 

with face-centered cubic (FCC) atoms colored green, 

hexagonal close-packed (HCP) atoms red, and other 

atoms white.  The solute atoms are highlighted with dark 

blue.  (d) shows the distribution of Ni-rich clusters inside 

the simulation box, with atoms colored according to the 

Y coordinates. 

 

 

 

 

Figure 2.  Reduced atomic shear strain map on X-Z plane for (a) Cu and (b) Ni segregated samples at a tensile strain 

of 10%.  Increasing Cu composition tends to deteriorate the strain localization but increasing Ni composition tends to 

suppress it. 
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Future Plans 

Studying the effects of homogeneous versus heterogeneous segregation behaviors on shear 

localization mechanisms is challenging, both experimentally and theoretically, because (1) these 

mechanisms extend over multiple deformation scales from single GB structural units to shear banding 

across the polycrystal, and (2) nc binary alloys with GB strengthening elements exhibiting 

heterogeneous segregation remain new. Therefore, our plans for this research are: 

(1) Atomic-scale Quantification of Shear Localization: To use large-scale atomistic simulations to 

numerically quantify the contribution of each type of GBs (segregated or non-segregated) in 

nanocrystalline Ag-Ni metals, to understand how heterogenous segregation affects shear 

localization mechanisms. These simulations will enable us to pin point the origin of shear 

localization at GB level and simulate hypothetical materials that could not be achieved 

experimentally; e.g., Ni-doped Ag metals with homogeneous segregation, as a comparison. 

(2) Microscale Quantification of Shear Localization: To quantify shear localization at microscopic 

scale using in-situ SEM/EDS/EBSD tensile tests using newly available experimental equipment at 

the PI’s institution. For that purpose, we will use materials fabricated at Lawrence Livermore 

National Laboratory (Dr. Morris Wang) using a new high-power impulse sputtering deposition 

system. Results with this instrument have never been reported before, but the high power should 

enable us to achieve better microstructure control at smaller grain size (possibly twin size), to 

match atomistic models more closely. 

(3) Grain-boundary Segregation Analysis: To understand how interface structure, chemical 

composition and thermal relaxation influence heterogeneous GB segregation behavior in Ni-Ag 

alloy bicrystals and polycrystals using hybrid Monte-Carlo/molecular-dynamics simulations, with 

particular focus on quantifying the Ni cluster fraction, shape and distribution. Since this numerical 

approach matches only quasi-equilibrium conditions, however, we intend to collaborate with Dr. 

Daniel Schreiber at Pacific Northwest National Laboratory to conduct 3D atom probe tomography 

(3D-APT) experiments on sputter-deposited Ni-Ag metals. 
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Crack Tip Mechanisms Driving Environmental Degradation 
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Rosso 
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Program Scope 

Environmental degradation and associated nano-to-macroscale cracking are fundamental materials 

science issues impacting a wide range of current and future energy systems. It is the goal of this 

research program to reveal the fundamental processes that underlie these interlinked and complex 

phenomena. To do so, we leverage a cutting-edge suite of in-situ and ex-situ microscopy 

techniques, multiscale mechanistic modeling, and macroscale mechanical testing under controlled 

environments to produce a comprehensive picture on the roles of environment, alloying additions, 

surfaces, interfaces, and microstructural defects on the resulting behavior. 

Our overarching hypothesis is that common mechanisms operating at the atomic scale underpin 

the stress corrosion cracking (SCC) response at the macroscale. Key among these are selective 

oxidation, vacancy injection, and accelerated interfacial diffusion. These basic processes extend 

from high-temperature (>600°C) gaseous to moderate-temperature (<360°C) aqueous 

environments, with surface and interfacial reactions and transport dominating with decreasing 

temperature. Our research activities are generalized into three synergistic areas: 

i) Environmental Degradation and Crack-Tip Behavior: Quantitative crack-growth testing as a 

function of material and environmental conditions [1,2] is combined with ex-situ, high-resolution 

characterization of oxidation fronts and crack tips [3,4] via analytical transmission electron 

microscopy (ATEM) and atom probe tomography (APT) to establish direct correlations. 

ii) In-situ and Operando Oxidation: In-situ and operando TEM, performed in a specially designed 

environmental (E)TEM, complements ex-situ techniques with real-time atomic-scale observations 

of unique, dynamic processes operating during oxidation or corrosion, including vacancy 

generation and accumulation, as a function of environment [5,6]. 

iii) Multiscale Modeling: State-of-the-art hybrid functional DFT calculations of the energetics of 

oxide and interface formation, ab initio molecular dynamics (AIMD) simulations of bulk matrix 

and interfacial atomic transport processes, formation and mobilities of vacancies and interstitials, 

and metal/oxygen/vacancy interactions [7,8]. Ab initio thermodynamics techniques are used to 

incorporate the role of environment and temperature dependence. Molecular computations bridge 

into the mesoscale via a novel classical density functional theory (cDFT) approach [9] that, in turn, 

connects directly with experimental observations.  
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Recent Progress  

Significant progress has been made 

towards determining the impact of 

secondary phases inclusions (e.g. 

intergranular carbides or borides) on 

corrosion behavior [3.9] and to 

establish the fundamental differences 

during oxidation in dry, gaseous versus 

“wet” environments (water vapor or 

high-pressure liquid water) [4,5]. 

It is well established that water 

enhances the oxidation rate of many 

materials [10], but the atomic-level 

detail of this altered response has not 

been directly determined. Ex-situ 

testing and microscopy (Fig 1) reveals 

striking differences in the oxidation behavior 

of Ni-5Cr under nominally identical oxidizing 

potentials (Ni/NiO stability) for high-

temperature, hydrogenated water and a dry, 

gaseous Rhines Pack [4]. Selective oxidation 

of Cr dominates in both cases, but the 

morphology of the resulting oxide is 

fundamentally and pragmatically opposite. In 

the case of water, preferential intergranular 

oxide penetration results in a massively 

altered grain boundary chemistry (Cr 

depletion) and (potentially) localized 

embrittlement along the oxide/metal interface 

[1]. Conversely, dry oxidation promotes the 

formation of a thin, passive Cr2O3 film 

directly above the grain boundary that 

prevents further intergranular attack. This 

morphological dichotomy demonstrates that, 

despite nominally identical oxidation potentials, water promotes the formation of less protective 

oxides, and that local passivation is possible at surprisingly low Cr concentrations due to enhanced 

Cr transport along grain boundaries. 

In-situ and operando ETEM provides a way to directly monitor the oxidation of a similar Ni-10Cr 

alloy under controlled environments (Fig. 2). Here NiO formation is followed at the atomic scale, 

Fig. 2: Operando ETEM reveals atomic processes 

of Ni-10Cr oxidation in (left) pure O2 and (right) 

water vapor. (bottom) DFT calculations show that 

water dissociation and proton ingress uniquely 

stabilize vacancies in NiO, resulting in enhanced 

ion transport and accelerated oxidation [5]. 

Fig. 1: STEM EDS reveals divergent behavior during oxidation 

of Ni-5Cr under (left) dry gas and (right) aqueous conditions. 

Penetrative intergranular attack is found in water, while a thin 

Cr2O3 layer locally protects the grain boundary in dry gas. [4] 
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in real time, during dry (pure O2) or wet (water vapor) oxidation [5]. Comparison of the high-

resolution TEM images reveals the unique formation of vacancy clusters in the water vapor 

environment. Complementary DFT calculations demonstrate that interstitial protons, introduced 

by the dissociation of water molecules, can stabilize both Ni and O vacancies in the oxide, and 

promote their condensation into the vacancy clusters that are visualized in ETEM. Such a 

mechanism has been speculated previously, but these operando ETEM studies have provided the 

first real-time, atomic-scale visualization of the phenomena. 

Intergranular secondary phases are also known to influence the SCC response of Ni-base alloys in 

high temperature, hydrogenated water. Alloy 600 (Ni-16Cr-9Fe) tested in a nominally carbide-

free, solution annealed condition exhibits greater susceptibility to SCC than the same material in 

a thermally treated (carbide containing) condition [9]. To better understand the role of these 

secondary phases on oxidation, we compared 3D APT measurements of intergranular carbide 

oxidation with mesoscale calculations of the metal/metal and metal/carbide interfacial oxide 

formation (Fig. 3). These calculations incorporate first-principles calculations of atomic transport 

rates in the alloy matrix, along metallic grain boundaries and surfaces [11], and through various 

oxide defects [7,8]. Both experimental and computational results come to a surprising conclusion: 

oxide formation is most favorable slightly away from the Cr-rich carbide. In the APT data, a 

nanoscopic Ni-rich layer separates the Cr2O3 shell from the Cr carbide core. This closely mimics 

the calculation predictions, where Cr favors sitting a few nanometers from the carbide surface. 

Further observations, particularly to consider where cracks propagate through this unexpected 

Fig. 3: Combined experimental and mesoscale modeling of intergranular attack in Ni-16Cr-9Fe with a 

Cr carbide precipitate. (left) 3D APT reconstruction of oxidation enveloping a Cr carbide and (right) 

corresponding mesoscale cDFT calculations. Both results show that oxide growth is more favorable 

when spatially separated from the carbide. Experimentally, this results in a nanoscopic metallic Ni layer 

separating the Cr2O3 shell from the Cr carbide core. [9] 
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nanostructure, are planned to understand the 

impact of these features on the corresponding 

SCC behavior. 

Future Plans 

Selective oxidation, defect formation, vacancy 

injection and atomistic transport, especially 

along interfaces, continue to be primary areas 

of interest. Recent progress comparing 

oxidation under water-bearing and dry 

environments have revealed some unexpected 

phenomena, including the local passivation of 

grain boundaries at relatively low Cr 

concentrations in Ni-5Cr. Steam exposures may 

bridge the observations between dry Rhines 

Pack studies and behavior in liquid water. 

Steam at elevated temperatures (420–480°C) is oftentimes used for accelerated testing conditions 

mimicking pressurized water, but preliminary observations of steam exposure of Ni-5Cr (Fig 4) 

suggest that steam more closely mimics dry gaseous oxidation than aqueous corrosion at the grain 

boundary. Additional studies, including SCC testing in steam versus water versus dry gas, will be 

performed to extend our understanding of the impact of stress on these localized passivation 

phenomena. In-situ and operando ETEM studies will also be extended to include controlled 

H2/H2O ratios, with partner AIMD simulations of environment-dependent transport kinetics, to 

probe and understand selective oxidation processes of more reactive species with the ultimate goal 

of studying dynamic grain boundary phenomena. Select studies are also planned to leverage the 

isotopic sensitivity of APT to understand dominant transport pathways during oxidation. For 

example, 18O tracers can highlight active diffusion pathways through nominally passive or porous 

oxide microstructures to indicate the relative importance of interfacial, bulk and surface diffusion. 

These observations will provide direct feedback to modeling activities to refine our focus on the 

most critical phenomena. 
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Program Scope 

Fracture toughness quantifies a material’s ability to resist catastrophic failure in the presence of a 

crack. Understanding the fracture toughness of glassy materials, which lack long-range crystalline 

order and are characterized by intrinsically disordered non-equilibrium structures, is a pressing 

problem in general and particularly for metallic glasses. The wide range of fracture toughness of 

metallic glasses with their seemingly similar atomic structure has been puzzling the metallic glass 

community for the last 15 years. Several challenges have prevented a deeper understanding of 

fracture toughness in the past. i) the lack of a theoretical understanding of the intrinsically 

disordered, non-equilibrium glassy states of matter, ii) techniques to generate well-reproduced, 

well-defined glassy states, and iii) accurate and reproducible fracture toughness samples and 

measurements. During the previous funding period, we addressed ii) and iii) and were able to gain 

some theoretical understanding of aspects of i). Specifically, we developed an alternative method 

to measure fracture toughness in BMGs, based on thermoplastic forming of BMGs [1, 2]. This 

fabrication method drastically reduces most of the previously identified extrinsic contributions. As 

a consequence, highest repeatability and relative accuracy in fracture toughness measurements of 

BMGs has been achieved. When quantifying critical test sample geometries, we revealed a flaw 

tolerance behavior in metallic glasses, where below a certain flaw size the BMGs’ response is 

indistinguishable [2]. Utilizing developed method and gained knowledge about sample size and 

flaw tolerance, we were able to tackle major open questions of fracture toughness of BMGs. We 

quantified the processing dependence [3], measured in the fictive temperature dependence of 

fracture toughness [4], and revealed a mechanical glass transition [5], which separates rate 

dependent ductile from brittle behavior in metallic glasses. Besides the fictive temperature, the 

chemical composition of a BMG can be expected to have the largest influence on its fracture 

toughness. Proposed research will build on our research during the previous funding periods. We 

will measure fracture toughness for a large number of alloys representing the material class of 

BMGs. For selected BMGs, we will determine shear and cavitation strength, quality factor, elastic 

constants, fragility, atomic structure through high-energy synchrotron x-ray experiments, and 

response to mechanical/thermal cycling. A central quantity, are low barrier events, which we 

characterize through quality factor measurements. The availability of this large set of 

complementary data will be used to develop a mechanistic understanding of fracture toughness in 

metallic glasses.  
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Recent Progress  

Effect of Processing on the Fracture Toughness of Metallic Glasses, Critical Fictictive 

Temperature, and Mechanical Glass Transition 

When glasses are cooled with different rates, they assume different structures. Those structures, 

which correspond to states in the potential energy landscape, can be correlated with a fictive 

temperature, Tf. Together with the glasses’ chemistry, Tf of a glass defines its structure and 

properties.  

Contrary to the understanding of 

the research community of how 

fracture toughness should depend 

on the structure of the glass, we 

found during the previous funding 

period an abrupt, toughening 

transition as a function of the 

fictive temperature (Tf) (Fig. 1). 

The previous understanding 

assumed a continuous change of 

Kq with either cooling rate or 

fictive temperature of the glass For 

the ordinary temperature, which 

has been previously associated 

with a ductile-to-brittle transition, 

we found that it plays a minimal 

role. We interpret the observed 

transition to result from a 

competition between the Tf-

dependent plastic relaxation-rate 

and an applied strain-rate. This would result in a similar toughening transition as a function of 

strain-rate, which we also observed experimentally [5]. The observed mechanical toughening 

transition bears strong similarities to the ordinary glass transition and explains previously reported 

large scatter in fracture toughness data and ductile-to-brittle transitions. Our results have also 

significant practical implications. They offer a well-defined procedure to realize the practically 

maximal fracture toughness of metallic glasses defined by their composition and by the strain-rate 

in a specific application. Such realization can be achieved by carefully controlling Tf through 

annealing protocols. As a consequence, the observed KQ(Tf) defines a critical cooling rate (setting 

𝜏plastic) to achieve ductile behavior, distinct from the critical cooling rate for glass formation.  

 

Figure 1: Dramatic transition as a function of fictive temperature, 

Tf in Kq for metallic glasses. (a) The notch fracture toughness KQ, 

normalized by its minimal value KQ,min, as a function of Tf, 

normalized by the glass temperature Tg, for Zr44Ti11Ni10Cu10Be25 

(black squares), Pd43Cu27Ni10P20 (red circles), and 

Pt57.5Cu14.7Ni5.3P22.5 (blue triangles). The error bars represent one 

standard deviation of five samples per data point. The dashed lines 

serve as a guide to the eye. (b) KQ for Zr44Ti11Ni10Cu10Be25 as a 

function of Tf (measured at room temperature, black symbols – 

bottom axis) and T (red symbols – top axis, measured at T) with Tf 

=683K > 𝑇f
DB  (red circles) and Tf =583K < 𝑇f

DB (red triangles). 

The dashed lines represent polynomial fits of the data.  
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Composition Dependence of Fracture Toughness in Metallic Glasses 

The other main aspect defining 

fracture toughness in metallic 

glasses (besided Tf) is the 

BMGs composition. We did 

first experiments on the 

compositional dependence of 

fracture toughness in BMGs. 

For this we considered 13 

BMGs from 12 BMG system 

(Fig. 2). We measured fracture 

toughness, elastic constants, 

and yield strength. To also 

compare BMGs within one 

alloy system, we considered 

Zrx(Al0.25Ni0.25Cu0.5)100-x with x 

= 65, 60, 55, 50 and 

Pdx(NiCu2)(80-x)/3P20 with x = 

62, 56, 50, 44, 38, 32 (Fig. 2 

bottom).  

Our preliminary conclusion is 

that the fracture toughness 

varies dramatically within the 

materials class of BMGs and such 

variations are not correlated 

with elastic constants (G/B) 

and that the fracture toughness 

varies significantly within one BMG forming alloy system and such variations are correlated with 

elastic constants (G/B). 

These preliminary findings have raised several critical questions which we proposed to address in 

this proposal through proposed research tasks. For example, what causes the non-monotonic 

behavior of Kq(c)? Also for both alloy systems dKq/dc is large and suggest that within only small 

composition regions very ductile and very brittle glasses are present. 

Future Plans 

Correlation of Low Barrier Events Causing Anelasticity/Plasticity with Fracture Toughness: 

This task is motivated and aims to answer the following questions: 

 Are low barrier events essential for the fracture toughness in metallic glasses? 

 Do the low barrier events control Tf
DB by setting time scale of plastic relaxation? 

Figure 2: Top: Fracture toughness as a function of yield strength for 

a 13 BMGs from 12 different alloy systems. Bottom: Fracture 

toughness and elastic constants for Zrx(Al0.25Ni0.25Cu0.5)100-x with x = 

65, 60, 55, 50 and Pdx(NiCu2)(80-x)/3P20 with x = 62, 56, 44, 38, 32. 
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 Until recently it was though that metallic glasses are perfectly elastic with an elastic strain limit 

of ~2% [6]. Recently however, more and more experimental and theoretical evidence has revealed 

that essentially for any strain in the previously reported “elastic strain limit” anelastic and plastic 

events occur. Even though it is reasonable to assume that these events can be associated with  free 

volume [7], shear transformation zones [8], soft spots,  flexibility volume, core-shells and flow 

units they provide new insights into metallic glasses. In contrast to the above listed concepts, such 

“low barrier events” can be quantified in terms of size, quantity, and energetics [9]. They can be 

considered as low barrier events as within the potential energy landscape, they exhibit a low 

activation barrier for -relaxation. In order to investigate the influence of the low barrier events 

on fracture toughness we propose to characterize their influence on the quality factor, Q-factor.  

As the Q-factor measures the dissipation of energy within a system, we can directly correlate it 

with the low barrier events.  We have developed and build a system to drastically reduce external 

effects on energy dissipation such as clamping and viscoelastic losses which enables us to measure 

internal dissipation mechanism created by the low barrier events. We will consider three BMG 

forming compositions, Pd-Ni-Cu-P, Zr-Ti-Ni-Be, and Ni-Pd-B-Si in various conditions. All 

glasses will be considered in their ductile state, TF > 𝑇𝐹
𝐷𝐵 and brittle state, TF < 𝑇𝐹

𝐷𝐵 . For the same 

BMGs and conditions where we determine Q-factor, fracture toughness will be measured.  
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Discovery and Design of Stable Nanocrystalline Alloys: The Grain Boundary Segregation 

Genome 

 

Principal Investigator: Christopher A. Schuh, Department of Materials Science and 

Engineering, Massachusetts Institute of Technology 

 

Program Scope 

Nanocrystalline alloys exhibit superior properties compared to coarse-grained alloys, including mechanical, 

optical and magnetic properties unattainable at larger grain sizes. However, most nanostructured materials 

are unstable due to their large volume fraction of excess-energy-bearing grain boundaries; they are prone 

to accelerated grain growth even at low temperatures, quickly compromising their advanced properties. 

Recent work has shown that nanocrystalline alloys can be designed to be stable by intentional grain 

boundary segregation: by using alloying elements that will segregate to the boundaries and lower the grain 

boundary energy, the driving force for grain growth can be attenuated or even eliminated. However, the 

complexity of screening alloys and designing a successful one on this basis is much higher than in 

conventional alloy design because of the multitude of grain boundary environments and the effects of 

solutes upon their energies.  

The main thermodynamic data necessary for predicting stability in nanocrystalline alloys is the segregation 

strength of the alloying element, quantified by the segregation energy. At present, the state of the art in 

estimating segregation energy is a semi-empirical estimate—a guess—at a single ‘average’ value for a 

given system over all grain boundaries. The field has relied upon on intuition and iterative experiments to 

evaluate such guesses’ viability in reality.  The challenge addressed in this project is to map and understand 

the full spectral dependency of segregation energy on grain boundary structure, temperature and solute-

solute interactions at the boundary. With ~1010 different types of grain boundaries each having up to 

hundreds of separable segregation sites, added to the combinatorics of chemical composition for binary or 

ternary transition metal alloys, the problem involves a search space that is on the order of >1015 alloy 

configurations.  More alarming yet is that most of this space is inaccessible to the most accurate 

computations, because density functional theory (DFT) modeling can only simulate a handful of highly 

symmetric boundaries, and the generalization of those results to the broader problem has yet to be 

confronted systematically. This project is developing a data science/machine-learning (DS/ML) framework 

to explore the high-dimensional structural and compositional design space for nanocrystalline alloys to 

dramatically accelerate their design and development. 

Future Work 

We will leverage high-throughput atomistic simulations matched with advanced data science methods, to 

tackle this search space most efficiently.  We aim to connect (a) the full complexity of a nanocrystalline 

alloy with solute segregation on the grain boundaries, to (b) spectral representations of the full suite of grain 

boundary segregation states for a general alloy, which (c) may be rapidly calibrated for any arbitrary alloy 

on the basis of a few low-overhead computations.  The path from (a) to (c) is to be connected in detail using 

DS/ML methods that are trained across alloys, structures, and even across different types of modeling. 

Unlike many ML methods aimed at atomistic problems, we do not aim to learn interatomic potentials 

relevant to GB environments, but rather to train ML models to directly infer thermodynamic segregation 

energy spectra from a few limited simulations, bypassing the need for potentials. 

In the coming first project year, we will first elucidate and study the spectrum of grain boundary segregation 

sites in polycrystals, and identify statistical conditions for a stable representative spectrum.  We will proceed 

to develop the criterion that connects the spectrum to thermodynamic stability in nanocrystalline alloys, 

and begin a high-throughput computational search of many possible binary alloys. 
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Microparticle Supersonic Impact: A Testbed for the Exploration of Metals under Extreme 

Conditions   

Principal Investigators: Christopher A. Schuh1 and Keith A. Nelson2 

Massachusetts Institute of Technology, (1) Department of Materials Science and Engineering and 

(2) Department of Chemistry 

 

Program Scope 

Understanding material behavior under high velocity impact is the key to addressing a variety of 

fundamental phenomena including impact-induced plasticity, adhesion or cold welding, phase 

transformations, erosion and ballistic penetration. In this area, researchers have repeatedly observed 

“critical velocities”, thresholds above which supersonic particles transition their mode of interaction with 

the substrate. For example, there is a critical velocity at which they may adhere to the substrate instead of 

rebounding, and another where the adhesion gives way to erosion.  

We are advancing an in-house-designed setup to accelerate single micron-sized metallic particles, to track 

them, and to observe the entire deformation/adhesion/erosion process in real time as they impact a 

substrate (1). In our setup, a laser excitation pulse is focused onto a launching pad assembly from which 

single metallic particles are ejected. Particles are accelerated to supersonic speeds, controllable (from 100 

m/s to ~2 km/s) by adjusting the laser excitation pulse energy. The particle impacts a metallic target whose 

deformation is captured by a high frame rate camera that records up to 16 images with a time resolution 

as short as 3 ns. The time resolution is enough to capture the deformation event at such extreme impact, 

which typically takes place over a 50 ns time window. The setup uniquely enables us to study metals 

response to a wide range of impact velocity, pressure and deformation rate. Figure 1a shows snapshots 

taken for 45-micron Al particles impacting an Al target with a velocity of 600 m/s (i) and 800 m/s (ii). At 

Figure 1. a) Multi-frame sequences with 5 ns exposure time and variable inter-frame time showing single Al particle impacts on Al targets. The inter-

frame time relative to the previous frame is shown at the top the frames. (i) Impact at 600 m/s showing particle rebound. (ii) Impact at 800 m/s showing 

particle adhesion. Material ejection is indicated by white arrows. b) The deformation, temperature and strain distribution in Al particle as a result of impact 

at 800 m/s velocity, featuring extreme thermo-mechanical conditions induced at the contact region during a short amount of time (~50 ns). c) Surface 

deformation at different supersonic impact regimes: (i) rebound (SEM); (ii) adhesion (SEM); and (iii) erosion (schematic). 
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the lower impact velocity, the particle rebounds with clear flattening and permanent deformation. At the 

higher impact velocity, there is significantly more deformation accompanied by very fast lateral material 

ejection at the periphery of the particle, formation of an interfacial jet, and material ejection. The particle 

does not rebound, but instead adheres to the substrate. We model such impacts using, e.g., finite element 

simulations, which reveal strain rates up to 109 /s, hundreds of percent of plastic strain, temperature rises 

of hundreds of degrees, all in tens of nanoseconds. These are truly extreme conditions, which we can now 

study in real-time and through direct observation of the particle deformation.  

Recent Results 

Over the past two project years, through our real-time observations, we have now mapped out three 

behavioral regimes as the impact velocity rises during metal-on-metal impact. Figures 2a-c show exemplar 

snapshots capturing tin microparticles impacting tin substrates. As impact velocity increases the impacting 

microparticle first bounces off as shown in Fig. 2a, then adhesively bonds to the substrate as shown in Fig. 

2b, and eventually produces a material splash involving ejected fragments of material. Covering a wide 

range of impact velocity from 0.1 to 1.1 km/s, Fig. 2e shows how the rebound velocity normalized with 

the impact velocity (coefficient of restitution) varies with the impact velocity. Transition velocities can be 

precisely determined using such a plot. We observe an apparent linear decrease in vi/vr for the impact 

Figure 2.(a-c) Multi–frame sequences 

with 5 ns exposure times showing (a) 

9-µm-, (b) 9-µm-, and (c) 10-µm-tin 

particles arriving from the top of the 

field of view and impacting tin 

substrates at (b) 336, (c) 374, (e) 1067 

m/s, velocities, spanning from the 

rebound regime to the bonding and the 

erosion regimes. (d) Scanning electron  

micrographs of the impact areas after 

tin particles impacted the tin substrate 

at 184, (b) 374, 580, and 1108 m/s 

velocities, showing rebound, bonding, 

partial melt, and full melt. 

Corresponding in-situ observations 

confirm material loss in the last two 

cases. (e) Coefficient of restitution of 

the rebounding tin particles and 

fragments. (f) Melt-driven erosion 

map: Impact velocity at which melt-

driven erosion is triggered for 

different combinations of 

particle/substrate materials. Particle 

material is populated on the y-axis. 

Material of interest in which erosion 

occurs (primarily substrate in the 

present context) is located on the x-

axis. 
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velocity range of 100-350 m/s, which is the regime where the particle bounces. The sharp decrease in this 

ratio to zero values at ~350 m/s identifies the transition from rebound to bonding. We also observe a 

second transition at around 450 m/s, to a third regime of behavior where material is ejected, in the form 

of splash and fragments with non-zero vi/vr values. As splash and fragmentation lead to material loss, we 

refer to this regime as the erosion regime; this is the first time this regime has been explicitly mapped out 

at high velocities.   

Post-mortem observations of the impact sites confirm these three behavioral regimes identified in-situ. In 

the rebound regime, an indentation such as shown in the first image in panel d is left behind on the 

substrate. Particles exceeding the critical bonding velocity, such as the one in the second image, adhere to 

the substrate without substantial material loss. The third and the last ones show residue behind where 

erosion sets on. At 580 m/s the residue exhibits two different morphologies, one indicated by black arrows 

that appears formed by solid plasticity, and a second indicated by white arrows that is rounded and smooth 

and suggestive of melting and resolidification. At 1108 m/s we exclusively see splashes in-situ, and the 

impact site appears to be a completely melted and resolidified crater, as shown in Fig. 2d. 

Adhesion transition 

The first transition in this sequence, from bouncing to adhesion, is related to the ability of the particle to 

cold-weld upon impact.  We have analyzed this situation as being akin to a micro-scale explosion weld, 

and the critical feature of the transition is the formation of a jet such as seen in Fig. 1a for aluminum-on-

aluminum impact.  We have reported direct observations of such jets in both aluminum and in gold (2). 

This jet is not related to melting or any phase transition, but is rather an observation of spall: the reflected 

pressure wave after the initial impact event leads to spall (solid state rupture), which takes on a jet shape 

for a convergent geometry such as at the particle-substrate edge.  The spall process and its related jet 

formation are critical to cold welding, because they involve large strains that clean the surface of oxide 

and flatten nanoscale asperities, permitting clean metallic contact.  We have analyzed the results of 

experiments on a significant number of metals in the past year, including: Al, Ti, Ni, Zn, Sn, Au, Ag (2, 

3).  In every case, we are able to quantitatively correlate the measured adhesion transition velocity with 

expectations based on a spall mechanism. 

Erosion transition 

The second transition that occurs at higher velocities and involves large splashes and significant material 

loss is related to fundamentally different physics, namely, that of the melting phase transformation.  

Combining our postmortem and in-situ observations reveals that significant material loss and melting 

emerge concurrently at the transition velocity between the bonding and the erosion regimes. In other 

words, erosion appears to be melt-driven, and this is mechanistically unforeseen based on prior work on 

erosion, which has usually attributed erosion to either a cutting action (4) or a combined forging-extrusion 

action of the eroding particles (5).  

At the onset of melt-driven erosion we balance the input kinetic energy dissipated with the energy required 

to heat and melt an affected volume of material, to make a prediction of what conditions will lead to 

impact melting.  Our analysis leads to a view that two critical thermal parameters are important, namely, 

𝑒𝑡ℎ = (𝜌𝑘𝐶𝑝)
1
2⁄ , called the thermal effusivity, which combines thermal conductivity k, specific heat Cp 
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and density , and 𝐼𝑚𝑒𝑙𝑡 = 𝑇𝑚 − 𝑇0 +
𝐻𝑓

𝐶𝑝
 a melting index that describes the amount of temperature 

rise/heat absorption needed to raise the temperature from ambient T0 to melting Tm.  Figure 2f shows a 

map constructed based on these parameters, using density as the y-axis to locate the particle material, and 

the product of effusivity and the melting index on the x-axis to locate the substrate material. Thus, for a 

given particle (vertical line) and substrate (horizontal line) there is an intersection position that is 

associated with a critical erosion velocity. The range of erosion velocities that we predict to occur is 

represented by a series of contours in the present map. Superimposing the in-situ measurement of erosion 

velocity for tin particles impacting a tin substrate onto the map with a black diamond, and three more 

cases based on limited impact tests with open diamonds, a reasonable agreement between the predictions 

of the map and the experimental measurements is noted. What is more, eth×Imelt is introduced as a material 

index to rank substrate materials performance against erosive impacts. This result was the subject of a 

major publication in the past project year (6). 

Future Plans 

With a basic understanding of the controlling physics of the adhesion transition (spall) and the erosion 

transition (melting), we are proceeding to evaluate more complex situations and their effects on those 

mechanisms.  For example, we have recently completed a series of works systematically varying particle 

size, and mapping the adhesion transition.  We are developing a theoretical interpretation of those results 

presently.  We have also conducted experiments that involve finer-resolution microscopy in-situ, to 

explore in more detail the process of jet formation and conditions needed to evolve a jet.  This includes 

some exploration of non-normal incidence impacts.  Finally, we have begun to explore impacts with 

mismatched materials systems.  In the case of metal-on-ceramic impact, we find that adhesion is controlled 

by the ability of the metal to penetrate surface roughness on the ceramic (7), and our work looking at 

ceramic on metal impacts is still in progress. 

References 

1.  M. Hassani-Gangaraj, D. Veysset, K. A. K. A. Nelson, C. A. C. A. Schuh, In-situ observations of 

single micro-particle impact bonding. Scr. Mater. 145, 9–13 (2018). 

2.  M. Hassani-Gangaraj, D. Veysset, K. A. Nelson, C. A. Schuh, Impact-bonding with aluminum, 

silver, and gold microparticles: Toward understanding the role of native oxide layer. Appl. Surf. 

Sci. (2019), doi:10.1016/j.apsusc.2019.01.111. 

3.  M. Hassani-Gangaraj, D. Veysset, V. K. Champagne, K. A. Nelson, C. A. Schuh, Adiabatic shear 

instability is not necessary for adhesion in cold spray. Acta Mater. 158 (2018), 

doi:10.1016/j.actamat.2018.07.065. 

4.  I. Finnie, Erosion of surfaces by solid particles. Wear. 3, 87–103 (1960). 

5.  R. Bellman, A. Levy, Erosion mechanism in ductile metals. Wear. 70, 1–27 (1981). 

6.  M. Hassani-Gangaraj, D. Veysset, K. A. K. A. Nelson, C. A. C. A. Schuh, Nat. Commun., in 

press, doi:10.1038/s41467-018-07509-y. 

7.  S. I. Imbriglio, M. Hassani-Gangaraj, D. Veysset, M. Aghasibeig, R. Gauvin, K. A. Nelson, C. A. 

Schuh, R. R. Chromik, Adhesion strength of titanium particles to alumina substrates: A combined 

cold spray and LIPIT study. Surf. Coatings Technol. (2019), doi:10.1016/j.surfcoat.2019.01.071. 

 

189



Radiation Response of Low Dimensional Carbon Systems 

 

Lin Shao, Di Chen, S.V. Verkhoturov 

Texas A&M University, College Station, TX 77845 

 

Program Scope 

The project is aimed at understanding the fundamentals of radiation response of low 

dimensional carbon systems and irradiation-induced mechanical property changes, with focus on 

the unique phenomena arising from their geometry, boundary, and quantum size effects. In 

comparison with their bulk counterparts (graphite), radiation responses of low dimensional carbon 

systems are substantially different. The differences exist at almost each stage of defect 

development, namely, displacement creation, damage cascade and thermal spike formation, defect 

recombination, defect clustering, and structural reconstruction.  Many traditional concepts in ion-

solid interaction theory are not applicable at the nanoscale level or require substantial modification 

to fit their observed response. In our previous project “Radiation response of low dimensional 

carbon systems”, we systematically studied various aspects of radiation damage development in 

graphene and carbon nanotubes (CNTs). The project was renewed in 2018. The new project shifts 

the irradiation source from using “traditional” single ions to using cluster ions, and includes the 

following parallel tasks: (1) Cluster ion irradiation of a stack of well-separated graphene layers for 

controllable nanopore formation which images cascade damage volume changes as a function of 

penetration depth; (2) Cluster ion irradiation of a stack of bilayer graphene to form controllable 

nanopores which have “welded” edges and unique electronic properties; (3) Swift ion irradiation 

of graphite for controllable growth of  CNTs; (4) Ion irradiation of stressed graphene to control 

defect clustering; and (5) Ion irradiation of twisted bilayer graphene to study effects of periodic 

corrugations on defect clustering, a technique that may pave new ways to form periodic vacancy 

clusters.   

 

Recent Progress  
 

C60 ion source  Different from low energy bombardment which creates a large damage 

cascade by a single atom, high energy cluster ion bombardment is unique due to its capability to 

create highly localized and significantly overlapping individual damage cascades arising from 

nonlinear sputtering and stopping. Local melting and shock wave creation may occur.  For this 

project, the ion source is a custom-built device which contains a C60 cluster effusion source. The 

source includes an oven containing C60 powder. Upon heating to ~400°C, C60 clusters are 

evaporated and then diffuse through a hollow tube to enter the ionization chamber. The chamber 

includes a Ta plate which emits electrons upon heating. The emitted electrons are accelerated to 

>100 eV to allow energetic interactions with C60, causing formation of positively charged C60. The 

ionized C60 clusters are then accelerated through a bias >10 kV, and focused and steered via a 

series of lens. The C60 source is used for impact on the front side of the bulk target at an incidence 

angle of 25° from normal. Secondary ions are emitted and detected in the reflection direction. The 
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detection device includes a linear time-of-flight, 

(ToF), mass spectrometer, and an electron emission 

microscope, EEM.  The EEM was used to detect 

secondary electrons for the ToF start signal.  

Surface coated graphene to reduce substrate 

sputtering under ion/cluster bombardment 

 

 Modeling: By using molecular dynamics (MD) 

simulations, we have found that a surface graphene 

layer (one monolayer) can effectively reduce 

sputtering caused by ion/cluster bombardment. Due 

to strong C-C bonding of the graphene layer, the 

coating layer can slow down atom movement 

toward the surface and thereby reduce sputtering of 

substrate atoms lying beneath the graphene layer. Figure 2 shows MD simulations of Ge sputtering 

by 10 keV C60.  Fig. 2A is for uncoated Ge and Fig. 2B is for graphene-coated Ge (with a single 

layer of graphene on its surface). The effect of graphene coating is obvious. At a time of 10 ps 

after starting the bombardment, significant Ge sputtering (Fig. 2 A-1) and energy deposition (Fig. 

2 A-2) occurs, leading to formation of a crater about 10 nm in dimeter (Fig. 2 A-3). In comparison, 

the number of sputtered atoms is greatly reduced if Ge is coated with a one atom thick graphene 

layer (Fig. B-1 and B-2). The damage cascade creates a nanopore on the graphene surface (Fig. 

B3).  

 
Our MD simulations suggest two interesting physical mechanisms: One is that the surface-

coated graphene layer serves as a protection layer to stop sputtering, particularly at low 

bombarding energies at which displacements are relatively low in energy.  The other mechanism 

is that, due to the superior thermal conductivity of graphene, near surface damage cascades have 

better thermal dissipation, leading to accelerated quenching and reduced sputtering/evaporation in 

the time period corresponding to formation of local melting zones. The above effects occur only 

at relatively low C60 bombardment energies, since graphene can only slow down and block 

sputtering of low energy Ge atoms.  At higher C60 energies, the sputtered atoms are too energetic 

to be blocked by graphene. The sputtering yields, with or without graphene coating, are largely 

different at low energies, but the difference disappears at higher energies.   

Fig. 1.  Schematic picture of C60 ion 

source.  

 

Fig. 2   MD simulations of 

sputtering by one 10 keV C60 

cluster for (A1-3) Ge without 

graphene and (B1-3) Ge with one 

atom-thick graphene layer.  (1) 

Atom displacements, (A-2) kinetic 

energy distributions (using 

different colors), and (A-3) top 

view of the surface morphology.   
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 Experiments:  We have studied sputtering of both Ge and PMMA with or without 1L (one 

layer) graphene coating, upon bombardment by C60 cluster ions. In order to differentiate C atoms 

sputtered from the substrate (PMMA) and those from the top graphene layer, our 1L graphene is 

made from 13C, instead of 12C. The capability of event-by-event bombardment-detection allows 

the selection of specific impacts. For C60 bombarding graphene coated Ge, we are able to identify 

(1) impacts on bare Ge, when the emitted ions are Ge atomic ions and Ge cluster ions, and (2) 

impacts on surface of graphene, when the emitted atoms include 13C. Our studies show that the 

sputtering yields of 1G graphene 

coated Ge is about half of that from 

uncoated region. Experimental 

observations are in good agreements 

with modeling results. The sputtering 

suppression effect is even more 

significant for PMMA. Figure 3 

compares the mass spectra of 

bombarded PMMA covered and 

uncovered by 1L graphene. For 

graphene covered PMMA, for 

instance, for fragments at m = 55, and 

85 amu, which correspond to  C2H3CO- 

and C4H5O2
- in the mass spectrum of 

PMMA (blue, bottom),  the yields are 

25 times less for the PMMA covered 

by graphene (top, red). 

Using damage cascades as pinning 

sites to immobilize graphene 

rotation in a two-layer system  Recently it was found that two layers of graphene can 

have electronic properties tunable from insulator to superconductor characteristics [1,2]. These 

findings have stimulated intensive research interests and open the door for graphene applications 

for various types of devices. The key parameter is to precisely control the graphene misalignment 

angle. However, it was also reported in numerous subsequent studies that precise control of 

misalignment angles is very challenging. When one graphene layer is released to bond with another 

graphene layer under a specific misalignment angle, the inter-layer interactions attend to realign 

both layers when they are close to each other. Hence, the misalignment control is completely lost. 

Figure 4 shows our MD simulations of this re-alignment process, in which the top graphene is 

slowly moving towards the bottom one. The misalignment creates a periodic pattern as viewed 

from the top. With decreasing distance, the periodic pattern disappears. In this project, we have 

invented a novel method to pin graphene layers and stop their automatic rotation when positioned 

close to each other. C60 clusters are used to bombard graphene layers, which create damage zones 

in each layer.  When two irradiated layers are moving close to each other, defects from irradiation 

damaged zones prefer to interact with each other, hence acting as pinning sites to immobilize 

further graphene rotation. Figure 5 shows a top and also side view of periodic pattern evolution 

while moving two irradiated graphene close to each other. Both layers are irradiated by three C60 

clusters prior to the movement. When two layers touch to become a two-layer system, there is no 

change in the periodic patterns, which demonstrates the feasibility of the technique. We are 

currently in the stage of experimental demonstration.  

Fig. 3.  Mass spectrum of PMMA coated and  

uncoated with 1G graphene, bombarded with 50 keV 

C60. 
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Future Plans 

 

 The first year has been focused primarily on developing the C60 ion source. We are now at the 

stage to harvest results using this unique capability. We will continue C60 ion bombardment on 

graphene-coated vs. non-coated substrates to study the role of a surface graphene layer on the 

sputtering mechanism. The study will extend to energy dependence, to confirm the observations 

from MD simulations. Using cluster ion bombardment to pin two-layer graphene layers is 

technologically important and its experimental demonstration will be our next focus. We will soon 

start cluster ion bombardments on well-separated graphene layers for nanopore formation arising 

from damage cascade explosion. In this exciting task, cluster ions will become dissociated and 

explode with increasing penetration depth, thereby producing nanopores with sizes first increasing 

and then decreasing, due to the nature of cluster ion-solid interactions.  
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Fig. 4   MD simulations of the top view and side view of two graphene layers moving closer 

to each other as a function of time.  The periodic patterns disappear when two layers touch.  

 

Fig. 5    MD simulations of two irradiated graphene layers moving closer to each other.  Prior 

to movement, the two layers were bombarded with three 50 keV C60 clusters which are 

energetic enough to penetrate through both layers and leave three damage cascade regions on 

each layer. These damage layers serve as pinning sites to preclude graphene rotation. 
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Toughening mechanisms in ceramic nanocomposites with one and two dimensional 

reinforcements 

Brian W. Sheldon, Huajian Gao, Nitin Padture, Brown University, Providence, RI 

Jun Lou, Rice University, Houston, Texas 

 

Program Scope 

Although ceramic materials have inherent advantages for applications at high temperatures and 

in chemically aggressive surroundings, their poor mechanical properties (relative to metals) often 

prevent implementation in these types of harsh environments.  Thus, the research community has 

long focused on methods for improving these properties, particularly the fracture toughness. 

Numerous studies have reported evidence of substantial fracture toughness improvements in 

ceramic nanocomposites reinforced with carbon nanotubes (CNTs), graphene, and reduced 

graphene oxide (r-GO).  However, an understanding of the mechanisms that lead to increased 

toughness in these types of materials is lacking.  In comparison with conventional ceramic 

composites, reducing the reinforcement dimensions by roughly two orders of magnitude leads to 

important new questions – in particular, the extent to which existing continuum mechanics laws 

are applicable.  Because the scale over which fracture and decohesion occur are comparable to the 

reinforcement dimensions (e.g., nanotube diameter or number of graphene layers), phenomena at 

atomic or near-atomic length scales must now be carefully addressed.  Exploring the ways in which 

these inherently smaller size scales will impact toughening mechanisms is the central motivation 

of the work being pursued in this project.   

In this research, several different processing methods are being employed to carefully control 

defects and other structural features.  These well controlled materials are then being used to enable 

systematic experiments. Investigations of toughening mechanisms employ in situ mechanical 

testing capabilities that have been developed at both Brown and Rice Universities.  This approach 

allows us to observe and monitor fracture mechanisms in ways that go well beyond prior studies.  

The experimental investigations are also closely integrated with multiscale modeling efforts.  

Through this combination of careful processing, in situ testing, and modeling, we expect to greatly 

expand the existing understanding of nanoscale toughening in ceramic nanocomposites. 

 

Recent Progress 

Toughening Mechanisms in CNT Reinforced Ceramics 

Ion implantation has been used to modify internal structures, close collaboration with Izabela 

Szlufarska at the University of Wisconsin (her contributions are supported by a separate DOE-

BES award).  SiC specimens with and without MWCNT reinforcements were prepared by spark 

plasma sintering, and then ion-implanted with either protons (p+) or C2+ ions.  The implantation 

depths here are on the order of several microns, and thus large scale fracture tests are not 

appropriate for investigating the relevant effects.  Thus, microcantilevers prepared with FIB 

milling were employed to investigate fracture.  Figure 1 compares the measured bridging 

toughness contributions with reported ∆𝐾𝐼𝐶
𝑏𝑟  values for ceramics reinforced with randomly 

oriented MWCNTs.  Almost all of the reports are in the range ∆𝐾𝐼𝐶
𝑏𝑟 ≅  1.5 - 2.5 MPa.m1/2. In 

comparison, the implanted values for the high carbon materials are more than two times larger.  
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The much higher toughness 

improvements for the carbon 

implanted materials are striking.  

The bridging toughness increase 

here (4 - 5 MPa.m1/2) is more than 

twice as large as other reliable 

values for similar MWCNT 

reinforced ceramics that have been 

reported in the literature.  Raman 

spectroscopy on materials with and 

without implantation also reveals 

important information about 

changes in the carbon structure.  

The ratio between the D and G 

peak intensities can be related to 

the defect density in the material, 

and this comparison shows that the 

ion implantation introduces large 

numbers of defects.  The shift of the G-band to higher wavenumbers is associated with the stress 

state of the CNTs.  Residual stress during the fabrication process occurs because of the CTE 

difference between SiC and the CNTs.  This is calculated to be 0.5 GPa.  The ion-implanted 

composites show much higher residual stresses, up to 5.3 GPa for the higher carbon dosage, which 

indicates that implantation-induced swelling produces large compressive stresses CNTs.  This is 

one likely cause of the increased toughness. Detailed TEM also shows partial amorphization of 

the MWCNTs. The combined effects of modifying the reinforcing material’s structure and stress 

state lead to substantial increases in energy dissipation that can be interpreted in terms of changes 

at the SiC/MWCNT interfaces. However, the interfacial properties here appear to be determined 

by more than just the atomic scale boundary between the two phases, with toughness 

improvements that are also due to the changes that occur inside of the MWCNTs. More broadly, 

this work also shows that controlling defects in MWCNTs can substantially improve mechanical 

properties compared to what is possible with high quality, low defect density nanotubes.  

Mechanical Behavior of rGO Reinforced Ceramics  

Nanocomposites of reduced graphene oxide (rGO) and Al2O3 were investigated in terms of the 

following: (a) process Al2O3/rGO nanocomposites with tailored microstructures; (b) evaluate the 

toughness of these materials; and (c) understand fundamental relationship between the 

microstructure of these nanocomposites and their fracture toughness. 

The toughness measurements were conducted using the surface crack in flexure (SCF) method. 

These results are summarized in Figure 2. The Al2O3/5vol% rGO mixed in ethanol with cross-

section orientation (E5-cros) has the greatest toughening effect among all samples investigated to 

date. It has a fracture toughness of 7.25 MPa·m1/2, which is a substantial 190% increase compared 

to the unreinforced Al2O3 matrix (2.50 MPa·m1/2).  The variations seen in these results indicate 

that toughening is highly directional for these nanocomposite materials. With the cross-sectional  

Figure 1. Toughness improvements due to bridging, ∆𝐾𝐼𝑐
𝑏𝑟.  Ion 

implantation results are compared to reported ∆𝐾𝐼𝑐
𝑏𝑟  for other 

ceramics reinforced with randomly oriented MWCNTs.  
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orientation, as the crack propagates it encounters numerous rGO platelets on the surface which 

prevent the crack from growing.While with the in-plane orientation the crack encounters rGO 

platelets on the edges, which are the weakest points on rGO layers due to high defect concentration.  

It is also noteworthy that effective bridging is largely due to the thicker rGO platelets, rather than 

the thin rGO platelets.  

The materials described here provide us with a valuable system for analyzing toughening 

mechanisms in a ceramic nanocomposite with 2D reinforcements.  In particular, the dense 

alumina/rGO composites with different exfoliation levels prepared by SPS show that both platelet 

orientation and platelet thickness have a large impact on toughening mechanisms.  These effects 

were not anticipated, and they are currently under further investigation.   

Fracture and Interfacial Properties In Individual Reinforcements 

 A detailed understanding of nanocomposite fracture requires knowledge of the reinforcement 

properties, including the interfaces which are critically important in dictating the overall composite 

performance. Careful experiments and modeling to obtain this information are a central component 

of this program.  A major focus over the past year has been study of the shear strength of the 

interface between h-BN nanosheets (a 2D reinforcement) and a polymer derived ceramic (PDC) 

matrix. The in-situ mechanical test was carried out in SEM using the Agilent nanoindentation 

system to quantify the shear strain and shear stress of BN/PDC nanocomposites interface and 

monitor the pull-out process simultaneously. Interfacial strength can be calculated from these 

measurements. In addition to the shear at the interface, the elongation of the suspended BN also 

contributes to the raw displacement. This introduces difficulties in the interpretation of the 

measured mechanical response. In this regard, seven Pt fiducial markers were deposited on the 

surface of the BN nanosheet in the FIB system, and the real shear displacement between the BN 

nanosheet and PDC matrix was determined by image correlation methods.  As shown in Figure 

3a, the marker 0 served as the reference, since it was not on the movable sample regime at all. 

Figure 2:  Properties of Al2O3 reinforced with 5 vol% rGO 

with different processing (ethanol versus water) and different 

platelet orientations (cross-section versus in-plane). 

6.0 MPa m1/2 

400 GPa 

16 GPa 
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The shear deformation took place at the BN/PDC interface underneath the markers 1 to 5, and 

the suspended BN with the markers 6 and 7 only experienced elastic elongation. The schematic in 

Figure 3d shows where all the fiducial markers were deposited. Figure 3b shows the sample under 

loading and the real displacement of each marker. Figure 3c shows the image of the sample right 

before it was completely pulled out. The real displacement of each marker is plotted in Figure 3e. 

As the marker gets closer to the right interface boundary, the displacement gradually increases. At 

the suspended BN region, the displacement increases linearly.  Quantitative interpretation of these 

measurements is based on a finite element model of the experimental configuration.   

Future Plans 

Research efforts for the next year are designed to create an integrated understanding of 

toughening mechanisms in ceramic composites with nanoscale reinforcements.  Key activities are: 

 Mechanical behavior will be investigated with the unique set of in situ methods that have been 

developed at Brown and Rice.  This work includes ongoing modeling efforts, that allow us to 

better interpret and guide the experimental efforts. 

 Carefully controlled modifications of reinforcement properties will address the extent to 

which interface properties can be decoupled from internal defects.   

 Initial evidence indicates that 2-D reinforcements can provide more effective toughening than 

CNTs. This has opened up a set of questions about nanoscale toughening that we will address 

with a combination of well-controlled materials, systematic in situ experiments, and detailed 

modeling.  More than 50% of our efforts in the next year will be related to 2-D materials. 

Figure 3. True strain measurement in pull-out tests. (a-c) SEM images of the BN/PDC sample with fiducial 

markers before the test, under loading and before failure, respectively. (d) Schematic of the BN/PDC sample with 

fiducial markers. (e) The true displacement of each marker. 
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Dynamic Fracture in Dealloying Induced Stress Corrosion Cracking 

  

PI: Karl Sieradzki, Fulton School of Engineering, Arizona State University, Tempe, 

Arizona 85287-6106  

 

Program Scope 

 

When metallic alloys are exposed to a corrosive environment that selectively dissolves one or 

more of the alloy components, porous nanoscale morphologies spontaneously form that can 

adversely affect the mechanical integrity of critical engineering structures composed of nickel-

base alloys and stainless steels [1]. In order to investigate this phenomenon we use model Ag-Au 

alloys in order to avoid any possible contribution of hydrogen embrittlement to the cracking 

mechanism. If this stress-corrosion process were purely electrochemical, a form of Faraday’s law 

would be able to predict the crack propagation rate. However, researchers have shown that 

Faraday’s law can underestimate the cracking rates by factors of 10 – 1000 [2,3]. Consequently, 

we have hypothesized that there is a pure mechanical component active in this stress-corrosion 

process [4]. The picture that emerges is the following. A thin dealloyed nanoporous layer  

(~ hundreds of nanometers in thickness) forms at the tip of an advancing crack within which a 

high-speed micro-crack is nucleated that is subsequently injected for a short distance into the un-

corroded parent phase alloy prior to coming to arrest by plastic processes. This process is 

discontinuous: a nanoporous layer forms by dealloying corrosion, then the crack propagates 

exposing more parent-phase to the electrolyte which in-turn corrodes and the cycle repeats [5]. 

The scope of our program has three primary components.  

 

Sequential ligament tearing and crack injection in dealloying induced stress-corrosion cracking 

(DISCC): The main aim of this portion of the research is to examine how the current density and 

the corresponding nanoporous gold (NPG) volume ahead of a crack together with loading 

conditions (e.g., strain rate) affect the nucleation frequency and distance of crack injection events 

in to the un-dealloyed parent phase.  

 

Sample size effects on the ductile-brittle transition in NPG: One possible criterion for brittle 

crack nucleation is connected to attaining a “critical” physical volume of NPG at fixed mean 

ligament diameter, <L>, in front of a propagating stress-corrosion-crack. Based on our previous 

results for this transition we estimate, for example, that the transition volume for <L> ~ 150 nm 

is about 10-11 m3.  We are studying this by examining tensile behavior of 10 m diameter crack-

free monolithic NPG wires.  

 

Room temperature IGSCC of sensitized stainless steel: The room temperature IGSCC of 

sensitized stainless steels was examined in some detail in the late 1970’s and into the 1980’s. 

Since that time most SCC work on stainless steels has focused on cracking that occurs at higher 

temperature (~300 °C), and in electrolyte chemistries typical of that in power generating nuclear 

reactors [6]. Importantly, progress in the development of aprotic ionic liquid (iL) electrolytes 

allows us to separate possible hydrogen effects from the type of stress-corrosion process 

described above [7]. Aberration-corrected STEM is used to characterize GBs in commercial 

purity 304 stainless with C contents ~ 0.07 wt% following sensitization and after GB dissolution 

experiments. Dissolution experiments and SCC experiments are conducted in two general types 
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electrolytes. One is an aqueous electrolyte containing e.g., 0.5M NaS2O3. The other electrolyte is 

an aprotic iL electrolyte, e.g., 1-butyl methylpyrrolidinium-bis-(trifluoromethylsulfonyl)imide 

([BMPyr] [NTf2]).   

 

Recent Progress 

 

Results that we are currently preparing for publication involved dynamic fracture experiments in 

monolithic NPG samples in an experimental realization of the infinite strip geometry [8]. In this 

geometry the sample is loaded at fixed displacement and the stored elastic energy per unit area in 

the sample, W, is given by 𝐸𝑏𝜀2/2(1 − 𝜈2), where all the terms have their usual significance 

and b is the half-width of the strip [9].  While under fixed displacement, a dynamic crack is 

started by dropping a guillotine across the mid-plane edge of the sample [10]. During the fracture 

process the crack is interacting with elastic shear waves reflecting from the vertical boundary of 

the sample, which imparts an inertial term to the crack tip equation of motion. Marder has shown 

that under these conditions [11]: 

 

 
 

Here Γ(𝑣) is the energy dissipated per unit 

area of crack advance, 𝑐𝑙 is the longitudinal 

sound velocity, 𝑐𝑅 is the Rayleigh velocity, 

v is the crack velocity, and �̇� the crack 

acceleration.  Γ(𝑣) can only be determined 

experimentally and for the case of a high-

speed crack moving in an otherwise ductile 

solid, this quantity is not accessible. In our 

application of this equation, the crack exits 

the NPG with some initial velocity 

determined by W (see Fig. 1a,b) and enters 

into the parent phase. Making the 

substitution, �̇� = 𝑣𝑑𝑣/𝑑𝑙, we have solved 

this equation for the crack injection 

distance, as shown in Figure 1c, for various 

physically motivated forms of Γ(𝑣).  
 

Recently, we have become interested in 

addressing the question of how the parent 

phase crystallography affects the formation 

and resulting nanoporous gold 

morphology. In order to address this we 

examine dealloying and the resultant NPG 

structure for two different parent phase 

crystal structures of the same composition. 

Figure 1 | Results of dynamic fracture tests for the 

strip geometry. (a) Sequential images at 4.34 μs per 

frame showing crack propagation over ~ 4 mm of crack 

growth at 200 m/s. (b) Summary of the normalized crack 

velocity (𝑐𝑅 = 400 m/s in NPG) as a function of the 

imposed strain energy, W. (c) Crack injection distance as a 

function of the strain energy W (or parametrically the exit 

velocity of a crack from a NPG layer) in the sample for 

Γ(𝑣) = Γ𝑠(𝑐𝑅/𝑣), where Γ𝑠 corresponds to the energy 

dissipated in the fracture process for a crack traveling at 

the Rayleigh wave velocity (1500 m/s) in the undealloyed 

parent phase. The dashed red line shows an exponential fit 

with the crack injection distance, 𝑙 = 0.22𝑒𝑥𝑝(0.20𝑊). 
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The systems that we chose for this study is ordered Cu3Au that has the L12 crystal structure and 

it’s disordered counterpart, Cu0.75Au0.25 which has a random FCC structure. The reason that we 

believe that there may differences in resultant NPG morphologies is that the crystallographic 

orientation of NPG is determined by the orientation of the un-dealloyed parent phase. This is not 

a surprising given that as the less noble element (say Cu or Ag) is selectively dissolved, Au 

atoms surface diffuse and effectively epitaxially “deposit” on the un-dealloyed parent phase. 

Dealloying of the ordered Cu3Au presents an interesting dilemma in this regard, since this 

process necessarily results in a phase change from the L12 parent phase structure to FCC gold. 

Additionally, the rate of surface diffusion on the ordered and disordered parent-phase 

“substrates” are likely to be different enough to result in differences in the NPG morphologies.  

 

Cu-Au alloy sheets of 75 at.% copper and 25 at.% gold were 

cut, polished with 0.05 µm alumina suspension, and 

encapsulated in quartz ampules that were evacuated and 

backfilled with a mixture of 5% H2 and Argon (by volume). 

The samples to be structurally ordered were heat treated at 

850oC for 72 hours, lowered to 380oC, held for 72 hours, 

and then slowly cooled by lowering the temperature 10oC 

every 24 hours to room temperature. This heat treatment 

protocol takes about 30 days to complete. The samples to 

have a disordered crystal structure were heat treated at 

850oC for 72 hours and water quenched. Electron dispersive 

spectroscopy (EDS) was used to ascertain the compositional 

homogeneity of the samples, prior to and post dealloying. 

X-ray diffraction (XRD) was used to confirm whether or not 

long range ordered and disordered structures were obtained. 

 

 

All of the EDS measurements showed that to within  ±1 at.% the composition of both alloy sets 

prior to and post dealloying was compositionally uniform. Figure 2a shows the linear sweep 

voltammetry (LSV) for these sets of alloys in in 0.5M Na2SO4 + 0.5M H2SO4. The results show 

a difference in critical potentials of 250 mV. In order to insure equal dealloying rates, the ordered 

and disordered samples were dealloyed at a fixed current density of 1 mA/cm2. Following this 

dealloying protocol, EDS showed that in each of the alloys the NPG structures retained ~ 1at.% 

Cu. Figure 2b shows representative chronopotentiometry (CP) for this process. Figure 2c is a 

magnified view of the first 12,000 s of dealloying. These results reveal that dealloying in each of 

the alloys is a two-stage process. The first stage shows a variation in voltage at fixed current 

density and the second stage occurs virtually at constant voltage. In the first stage, the process is 

activation controlled, while the second stage, is controlled by a surface diffusion process. We 

speculate that the ~ 30 mV difference in potential between the ordered and disordered alloy 

observed in the second stage reflects the difference in the activation energies for surface 

diffusion. A brief summary of our morphology results is presented in Figure 3.  

 

 

 

 

Figure 2 | Dealloying of ordered 

and disordered Cu3Au. (a) inset 

shows LSV. (b) CP at 1 mAcm2 

(c) inset shows a magnified view 

of the first 12,000 s of CP. 
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Future Plans 

 

 Sequential ligament tearing and crack 

injection in experiments aimed at defining the 

loading parameters for the frequency of 

current transients and sequential ligament 

tearing in the SCC of single crystal Ag-Au 

alloys. 

 Characterization of GB porosity of 

sensitized 304 stainless steel (in collaboration 

with PNNL) and stress corrosion cracking of 

this material in aqueous and ionic liquid 

electrolytes. 

 Mechanical testing of monolithic NPG with 

the aim of elucidating sample size effects on 

the ductile-brittle transition. 

 Development of a quantitative model of 

dealloying induced SCC. 

 Completion of the work examining NPG 

formed from ordered and disordered Cu-Au 

alloys. 
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Figure 3 | Dealloyed morphology following 2 x 

105 s of dealloying of ordered and disordered 

Cu3Au. (a) EBSD of the ordered alloy prior to 

and (b) after dealloying. (c) EBSD of the 

disordered alloy prior to and (d) after dealloying. 

(e) NPG morphology of the ordered alloy. Scale 

bar 100 m. (f) NPG morphology of the 

disordered alloy. Scale bar 100 m. (g) 

Superimposed ligament diameter distribution of 

the ordered alloy (red) and the disordered alloy 

(green).  
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Role of nanoscale coherent precipitates on the thermo-mechanical response of martensitic materials 

 

Alejandro Strachan (PI), Michael Titus (Co-PI) 

School of Materials Engineering, Purdue University, Indiana USA 

 

Program Scope 

Martensitic phase transitions are first order, diffusionless, solid-to-solid, transformations 

that underlie shape memory, superelasticity, and strengthening in modern steels, impacting a wide 

range of technologies. While shape memory and superelasticity in traditional alloys are well 

understood from a mechanistic point of view,i,ii recent unexpected results by our group and others 

indicate a much richer set of phenomena yet to be characterized and with significant potential to 

result in unprecedented properties. Specifically, martensitic materials with coherent precipitates or 

nanoscale variations in composition have been experimentally shown to exhibit uncharacteristic 

martensite microstructures,iii broad diffraction patterns,iv anomalous softening and continuous 

stress-induced transformation.v From an applied point of view, ultra-high fatigue resistancevi and 

low stiffness with high strengthv,vii have been demonstrated in martensites with coherent second 

phases. With on-going support from BES, PI Strachan and his group used theory and high-fidelity 

atomistic simulations to demonstrate that a tailored coherent second phase can modify the free 

energy landscape that governs the martensitic transformation and achieve notable changes in 

response. Our team demonstrated the ability to control the hysteresis and temperature of the phase 

transitionviii,ix, and the design of metamaterials with ultra-low stiffness.vii We predicted Young’s 

moduli as low as 2GPa, a value typical of soft materials, in full density and strength metallic 

nanomaterials. This remarkable result is possible by the stabilization of a thermodynamically 

unstable state with negative stiffness via interfacial stresses caused by a coherent second phase.  

In summary, coherent second 

phases can have a profound effect on the 

properties and performance of 

martensitic materials and we lack a 

comprehensive, mechanistic 

understanding of the underlying 

processes. This limits our ability to 

rationally design second phases to tailor 

the response of martensitic materials. To 

address this situation, this project will 

develop a mechanistic, predictive 

understanding of the thermal and 

mechanical response of martensitic 

materials with nanoscale coherent 

heterogeneities, see Figure 1. A 

synergistic combination of atomistic 

simulations and experiments will be used to relate the local properties of each phase (in particular, 

their free energy landscape) and the material nanostructure (volume fraction, shape and size of 

second phase precipitates, and defects that may disrupt coherency) to the overall materials 

response. The focus will be on second phases expected to induce phenomena or properties not 

otherwise achievable: second order martensitic transformation in SMAs, ultra-low stiffness, 

increased control of transition temperatures, and fatigue resistance. 

 
Figure 1. Project overview. White lines represent the free 

energy as a function of lattice parameter in the martensitic 

phase and in the coherent precipitates. Their combined 

landscapes (bottom) can exhibit properties not achievable 

otherwise. 
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Recent progress 

This poster summarizes the main results of our team over the last two years, including 

preliminary results from a newly added experimental effort. The poster will be organized along 

three complementary topics. 

 

Modifying the nature of martensitic transformations 

Phase transformations are fascinating from a scientific point of view and critical for human 

development, from the production of early bronzes to today’s phase change materials used in 

nanoelectronics1 and ferroelectrics.2,3,4 Solid-to-solid martensitic transformations in metallic 

alloys underlie shape memory, superelasticity, and strengthening in many high-performance 

steels.5,6 Quite remarkably, while most phase transformations, e.g. ferroelectric or ferromagnetic, 

can be of first order (i.e. involve discontinuous jumps in properties) or second order (continuous), 

martensitic transformations in metallic alloys are nearly universally first order. While specific 

compositions can lead to continuous behavior7, we lack an external field to tune the nature of these 

transformations and achieve criticality as in the vast majority of cases. In this Letter, we 

demonstrate that epitaxial stress originating from the incorporation of a tailored second phase can 

modify the free energy landscape that governs the phase transition in martensitic alloys and change 

its order from first to second. High-fidelity molecular dynamics (MD) simulations show a 

remarkable change in the character of the martensitic transformation in Ni-Al alloys near the 

critical point. We observe continuous transformation, uncharacteristic martensitic microstructures, 

and scaling described by power-law exponents comparable to similar transitions. This work 

provides a theoretical foundation for recent and quite unexpected experimental and computational 

results. 

 

Martensitic transformation and role of interfacial strain in lightweight MgSc alloys 

Low density makes Mg-Sc shape memory alloys attractive for a wide range of applications, 

but the use of these alloys is hindered by a low martensitic transformation temperature (173K). 

We use density functional theory to characterize the energetics associated with the martensitic 

transformation in a Mg-Sc (19.44 at.% Sc) alloy from a disordered body centered cubic (BCC) 

austenite to a disordered orthorhombic martensite. The simulations predict lattice parameters and 

diffraction patterns in good agreement with experiments and the martensite to be 10.5 meV/atom 

lower in energy than austenite at 0 K, consistent with the low martensitic transformation 

temperature. We explore the effect of epitaxial strain on the relative energy between the two phases 

with the objective of increasing the martensitic transformation temperature. Compressive strain 

along [100] and tensile strain along [01̅1] on the closest packed plane (011) stabilize the martensite 

phase with respect to austenite. Bi-axial strain between 5 and 7% increases the zero-temperature 

energy difference between the phases by over 60%. Similar stabilization of the martensite phase 

can be achieved by the addition of pure Mg as a coherent second phase. Superlattices with 50 at. 

% Mg results in an energy difference of 18.1 meV/atom between the two phases at zero 

temperature. These results indicate that coherency strains can be used to increase the martensitic 

transformation and operation temperature of Mg-Sc alloys to room temperature.  

 

Fabrication and characterization of alloys with coherent second phase  

Using thermodynamic databases to guide alloy design, a series of Ni-Al + (Cu,Ti) alloys 

have been fabricated to investigate the role of a coherent second phase embedded within a known 

shape memory alloy matrix. The alloys consist of a B2-(NiAl) matrix with and without nanometer-
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scale L21-(Ni2AlTi) precipitates. To precipitate the L21 phase, we have performed a series of heat 

treatments 1000, 1100, and 1200 °C, followed by water quenching. Preliminary results indicate a 

fine dispersion of coherent L21 precipitates embedded in the B2-(NiAl) matrix. If the precipitates 

exhibit a (100)B2 || (100)L21 - <100>B2 ||<100>L21 orientation relationship, the precipitates are 

expected to enable low-stiffness materials based on strain energy calculations. While the additions 

of Ti and the coherent L21 precipitates are expected to stabilize the austenite phase and decrease 

the Ms temperature, we anticipate that Cu additions will help to stabilize the martensitic phase and 

offset or even raise the Ms temperature. However, no shape memory behavior has yet to be 

observed, even as low as -150 °C. We believe this may be due oxygen uptake during annealing at 

elevated temperatures. Heat treatments are currently being conducted in protective atmospheres to 

prevent oxygen uptake, and micro/nanoindentation will be performed as a function of temperature 

to investigate alterations to elastic modulus. 

 

Future Plans 

Having demonstrated the effect of coherent second phases on martensitic transformation 

in simple geometries, the main focus of the theoretical work will now switch to characterizing the 

effect of microstructure. Specifically, we seek to characterize the effect of defects that affect 

coherency, such as interfacial dislocations, on the effect of the second phase. In addition, new 

alloys with coherent second phases are being developed, and non-conventional processing paths 

are being explored to fabricate nanolaminate materials. 
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Coupled Effects of Radiation and Chemical Environment on Interfaces in SiC 

PI: Izabela Szlufarska  

Department of Materials Science & Engineering, University of Wisconsin – Madison 

Program Scope 

High-temperature ceramics are a promising class of materials for applications in 

advanced nuclear reactor systems. These materials have been studied in the context of various 

high-temperature applications, including jet engines, gas turbines for electrical power and steam 

generation, and thermal coatings for hypersonic vehicles. However, an important distinguishing 

feature of nuclear applications is that the promising properties of these materials (i.e., corrosion 

resistance, mechanical strength) have to be maintained during irradiation. Not surprisingly, lack 

of understanding of corrosion of ceramics under reactor environments has been identified as a 

critical knowledge gap in the design of ceramic composites for nuclear applications. Preferential 

corrosion of interfaces, such as grain boundaries (GBs) and fiber/matrix interphase in 

composites, can lead to a subcritical crack growth and therefore understanding of corrosion is 

also important for design of materials with superior mechanical strength.  

The goal of this project is to develop a scientific basis for design of ceramic materials that 

can withstand the harsh conditions of nuclear reactors, including radiation, high-temperature, and 

corrosive environments. The current focus of this project is on discovering structural and 

chemical changes that takes place at ceramics interfaces during irradiation and on how these 

radiation-induced changes impact environmental degradation. 

 

 Recent Progress  

We have previously shown that there is radiation-induced segregation (RIS) in SiC, 

which is surprising given that it is a line-compound and that segregation of constituent species 

has not been previously reported in ceramics. The limitations of our earlier results were that we 

demonstrated this effect on a small number of samples (one GB for each temperature) and that 

we did not investigate the GB type (which was challenging to determine in our earlier 

experiments). We have now confirmed the presence of RIS effect on a larger number of samples 

and demonstrated that the observed effects are not due to the different GB types investigated at 

each temperature. We have also discovered that RIS does depend on the GB type. Specifically, 

the effect is pronounced on random high-energy GBs (the majority of GBs in SiC) but it is 

absent in small-angle tilt and twin boundaries in this material (Figure 1). A manuscript on this 

topic is being revised. These results are consistent with predictions from our multiscale models 

(also supported by this project) that showed evolution of chemical and structural evolution of 

GBs under irradiation [1, 2]. 
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We have made the following advances toward understanding how radiation-induced 

defects (including those in GBs) and corrosion are coupled to each other: (i) we provided 

fundamental insights into mechanisms of environmental degradation of SiC surfaces in molten 

salts [3], dry oxygen [4], and high-temperature water [5] (major environments relevant for 

applications in nuclear reactors); (ii) we determined how GBs affect environmental degradation 

(focusing for now on dry oxidation); and (iii) we predicted through simulations the impact of 

RIS (discovered and experimentally confirmed in this project) on oxidation. 

As an example of fundamental insight into corrosion mechanisms, I will discuss the case 

of hydrothermal corrosion. Under hydrothermal conditions, protective oxide layer does not form 

-6 -4 -2 0 2 4 6 8

35

40

45

50

55

60

65

C
 c

o
n
c
e
n
tr

a
ti
o
n
 (

%
)

position (nm)

 twin2

-8 -6 -4 -2 0 2 4 6 8

35

40

45

50

55

60

65

C
 c

o
n
c
e

n
tr

a
ti
o

n
 (

%
)

position (nm)

 HAGB_m1

High angle GB 

Twin  

Figure 1 RIS in SiC demonstrated on multiple GBs. Top row shows concentration profiles determined using electron 

energy loss spectroscopy near unirradiated GBs in CVD grown SiC. High energy GBs are consistently depleted in C, 

which is not true of low-angle and twin GBs. Bottom left shows changes in concentration profile as a function of 

irradiation temperature. RIS is found to be a non-monotonic function of temperature. Bottom right: high resolution 

TEM showing interfaces in SiC. 

211



on SiC and it has been postulated that SiC either directly dissolves into the water or it forms an 

oxide that then immediately dissolves. Understanding fundamental mechanisms of dissolution is 

an important first step to determine how these mechanisms depend on the microstructure (e.g., 

the presence of GBs), the coolant chemistry, or radiation-induced defects in the solid. This 

understanding can also provide guidance as to conditions under which an oxide film will form on 

ceramics exposed to water. 

We have broken down the corrosion 

process of ceramics in water into three 

stages: (1) water dissociation on the surface; 

(2) chemical attack of the surface that 

involves breaking of bonds and formation of 

new surface species; (3) transition of surface 

species into an oxide or dissolution of 

surface species into water. So far, we 

succeeded in addressing the first two stages.  

It has been hypothesized that water 

attack on SiC occurs by oxygen from H2O 

molecules breaking Si-C back-bonds and 

being incorporated into the sub-surface region. This kind of mechanism has been previously 

proposed and confirmed on Si. We discovered that in the case of SiC, oxygen attack in pure 

water is energetically unfavorable. Instead attack of water on SiC occurs by hydrogen scission 

reaction in which H from a H2O molecule breaks a Si-C bond, pushing out Si above the surface 

and making Si vulnerable to further chemical reactions with water. We found that multiple 

subsequent scission reactions occur and facilitate formation of Si(OH)3 motifs, which are known 

to be precursors to oxide formation and/or dissolution. Using a combination of reactive force 

fields in classical molecular dynamics (MD) simulations and DFT calculations we discovered 

that H scission reaction is initiated by metastable species (i.e., hydroxyl bridge Si–OH–Si ) 

formed on the surface of SiC during water dissociation. Interestingly, this species have not been 

previously reported and they have been found for the first time in our MD simulations. The 

reason is that these species are not stable in isolation and most (if not all) of the earlier DFT 

calculations of water dissociation on SiC surface were performed for a single H2O molecule. 

Using DFT calculations we confirmed earlier predictions of the three most stable species, i.e., -

H, -OH, and Si-O-Si bridge. The Si-O-Si is most stable and is likely to be the dominant species 

on a corroding SiC surface. It turns out that as the concentration of Si-O-Si bridges increases, a 

new metastable species is stabilized (Si-OH-Si bridge) and it can form even on MD time scales 

in high temperature water. The Si-OH-Si bridge can subsequently transforms to a more stable Si-

O-Si bridge and the released H atom either passivates available surface sites or attacks the Si-C 

back-bond through H scission reaction. H scission reaction is energetically unfavorable from the 

other stable species on a perfect SiC surface. H scission is schematically shown in Fig. 2. 

Figure 2 Top row: Possible products of water 

dissociation on SiC surface. Bottom row: Schematic 

representation of the H scission reaction. 
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To understand the effect of GBs on environmental degradation, we have performed MD 

simulations of oxidation of bicrystals with coherent and incoherent GBs. Briefly, we have found 

that incoherent GBs provide a faster oxidation path than the single crystal whereas coherent GBs 

do not accelerate oxidation [4]. We have also considered the effect of radiation-induced defects 

on oxidation. In single crystal SiC, all point defects were found to accelerate oxidation. 

Interestingly, the situation is different in the case of GB. We discovered that C antisites in 

incoherent GBs (C segregates to GBs due to RIS – see Fig. 1) suppress oxidation rate in 

comparison to stoichiometric GBs. The key to fast oxidation along GBs is the presence of a 

continuous path of highly-reactive Si atoms (Si atoms are preferred by oxygen) and introducing 

C atoms disrupts this fast oxidation pathway [6]. 

Future Plans 

 Fabricate SiC bicrystals to control GB type and determine if GB can be engineered to 

control RIS. 

 Irradiate bicrystals and determine the effects of radiation on GB corrosion. 

 Understand the role of SiC/carbon nanotube (CNT) interfaces on radiation resistance of 

SiC/CNT composites. We have found [7] in collaboration with Prof. Brian Sheldon from 

Brown University (results not shown in this abstract) that radiation-induced defects in 

SiC/CNT composites significantly increase fracture toughness. They key to this exciting 

phenomenon is radiation-induced swelling of CNTs and evolution of the SiC/CNT 

interfaces. We plan to investigate these processes in detail with both simulations and 

experiments and to determine if such composites could have a better resistance to 

radiation-induced amorphization than pure SiC. 

References 

1. H. Jiang and I. Szlufarska, “Small-angle twist grain boundaries as sinks for point defects”, 

Scientific Reports 8, 3736 (2018) 

2. H. Jiang, X. Wang, I. Szlufarska, “The Multiple Roles of Small-Angle Tilt Grain Boundaries 

in Annihilating Radiation Damage in SiC”, Scientific Reports, 7, 42358 (2017) 

3. J. Xi, H. Jiang, C. Liu, D. Morgan, I. Szlufarska, “Corrosion of Si, C, and SiC in molten 

salt”, Corrosion Science, 146, 1-9 (2019) 

4. C. Liu, J. Xi, I. Szlufarska, “Sensitivity of SiC grain boundaries to oxidation” J. Phys. Chem. 

C, 123, 11546-11554 (2019) 

5. J. Xi, C. Liu, D. Morgan, I. Szlufarska, “Molecular mechanisms of early oxidation of SiC in 

high-temperature water”, Submitted (2019) 

6. C. Liu, J. Xi, I. Szlufarska, “Effect of point defects on oxidation of 3C-SiC”, To be submitted 

(2019) 

7. C. E. Athanasiou, H. Zhang, C. Ramirez, J. Xi, T. Baba, X. Wang, W. Zhang, N. P. Padture, 

I. Szlufarska, B. Sheldon, “Ultra-high toughness ceramic nanocomposites via ion 

implantation”, Submitted (2019) 

 

213



Publications 

1. H. Jiang, X. Wang, I. Szlufarska, The Multiple Roles of Small-Angle Tilt Grain 

Boundaries in Annihilating Radiation Damage in SiC, Scientific Reports, 7, 42358 

(2017) 

2. Ko, H., Kaczmarowski, A., Szlufarska, I. & Morgan, D. Optimization of self-interstitial 

clusters in 3C-SiC with genetic algorithm. J. Nucl. Mater. 492, 62-73 (2017) 

3. Tangaptjaroen, C., Grierson, D., Shannon, S., Jakes, J. & Szlufarska, I. Size effects in 

nanoscale wear of silicon carbide. ACS Applied Materials and Interfaces 9, 1929-1940 

(2017). 

4. Y. Yang, C. Ramirez, X. Wang, Z. Guo, A. Tokranov, R. Zhao, I. Szlufarska, J. Luo, B. 

W. Sheldon, Impact of Carbon Nanotube Defects on Fracture Mechanisms in Ceramic 

Nanocomposites, Carbon 115, 402-408 (2017) 

5. M-J. Zheng, X. Wang, I. Szlufarska, D. Morgan, Continuum model for hydrogen pickup 

in zirconium alloys of LWR fuel cladding J. Appl. Phys. 121, 135101 (2017)  

6. H. Jiang and I. Szlufarska, Small-angle twist grain boundaries as sinks for point defects,  

Scientific Reports 8, 3736 (2018) 

7. C. Liu and I. Szlufarska, Distribution of defect clusters in the primary damage of ion 

irradiated 3C-SiC, J. Nuclear Mat. 509, 392-400 (2018) 

8. D. R. Sahoo, I. Szlufarska, D. Morgan, N. Swaminathan, Role of pre-existing point 

defects on primary damage production and amorphization in silicon carbide, Nuclear 

Inst. And Methods in Physics Research B, 414, 45-60 (2018) 

9. J. Xi, H. Jiang, C. Liu, D. Morgan, I. Szlufarska, Corrosion of Si, C, and SiC in molten 

salt, Corrosion Science, 146, 1-9 (2019) 

10. C. Liu, J. Xi, I. Szlufarska, Sensitivity of SiC grain boundaries to oxidation J. Phys. 

Chem. C, 123, 11546-11554 (2019) 

11. C. E. Athanasiou, H. Zhang, C. Ramirez, J. Xi, T. Baba, X. Wang, W. Zhang, N. P. 

Padture, I. Szlufarska, B. Sheldon, Ultra-high toughness ceramic nanocomposites via ion 

implantation, Submitted (2019) 

12. J. Xi, C. Liu, D. Morgan, I. Szlufarska, Molecular mechanisms of early oxidation of SiC 

in high-temperature water, Submitted (2019) 

 

To be submitted 

13. C. Liu, J. Xi, I. Szlufarska, Effect of point defects on oxidation of 3C-SiC, To be 

submitted (2019) 

14. X. Wang, Hao Jiang, Cheng Liu, Juan-Carlos Idrobo, Dane Morgan, Paul M. Voyles, 

Izabela Szlufarska “Radiation-induced compositional evolution of grain boundaries in 

3C-SiC”, To be submitted (2019) 

 

214



Grain Boundary Microstates: Exploring the Metastability of Sink Efficiency 

PIs: Mitra Taheri (Johns Hopkins), Jaime Marian (UCLA), & Dave Srolovitz (U. Penn) 

 

Despite a history of research linking grain boundary (GB) structure to its effect on properties 

(such as radiation-induced segregation), defect absorption rates do not follow a clear trend with 

macroscopic GB descriptors (misorientation, inclination). Recent simulations that classify GBs 

according to microstates, or phases, present an opportunity to sharpen our understanding of sink 

efficiency, to explain the resulting denuded zone variations, and to glean a predictive 

understanding of interfaces to realize radiation tolerant microstructures. GB stability may be 

defined as the ability of a GB to continue to absorb point defects without becoming saturated and 

without changing its macroscopic degrees of freedom (misorientation, inclination), or “DOFs.” 

To maintain “stability,” we hypothesize that GBs evolve metastable microstates as point defects 

are added to the GB. Our preliminary work suggests that adding or removing atoms can change 

the GB microstate, and that the impact of changes of such GB microstates on the ability of GBs 

to influence radiation damage or how radiation damage leads to evolution of the micro-states. It 

is this interplay between GB microstates and radiation damage that is our focus. In particular, 

our goal is to understand the role that damage plays in inducing these metastable microstates 

that will allow for their possible use as building blocks toward damage tolerant microstructures. 

 

This project is just starting. 
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Disorder & Diffusion in Complex Oxides: Towards Prediction & Control  

Blas Pedro Uberuaga, Los Alamos National Laboratory 

Program Scope 

 Complex oxides such as pyrochlores and spinels have multiple technological applications, 

including nuclear waste forms, ionic conductors, and magnets. Factors such as cation disorder and 

microstructure are critical for performance. However, there is still much that is not understood 

about the relationship between cation arrangements and mass transport, particularly for complex 

oxides containing multiple A and/or B cations. We postulate that these types of chemistries can 

form ordered superstructures with their own mass transport characteristics. Further, we can induce 

these superstructures using irradiation. We pursue an integrated experimental and theoretical effort 

that examines the structure/property relationship between cation arrangements and mass transport. 

We use irradiation to induce both metastable structures and thermodynamically preferred 

structures inaccessible via conventional synthesis routes. Our experimental efforts focus on AC 

impedance measurements of conductivity in oxide thin films. We complement irradiations with in 

situ x-ray diffraction and transmission electron microscopy annealing studies to determine how 

cations diffuse, how grain boundaries modify cation distributions, and how phase structure 

evolves. These experiments are coupled with density functional theory and accelerated molecular 

dynamics simulations that target ordering in these mixed oxides and unit mechanisms responsible 

for the thermodynamic and kinetic behavior of these materials. The insights from this work not 

only provide a foundation for understanding ionic conductivity and radiation damage in complex 

oxides, but will also lead to design principles for advanced materials with enhanced functionality. 

 Recent Progress  

 During the last two years, the primary results of this project focused around demonstrating 

that the cation distributions in pyrochlore, one specific complex oxide that has been the center of 

our activities, greatly impacts the transport properties of the material. This is both true for 

metastable disordered structures, where our experimental efforts demonstrated a profound effect 

on ionic conductivity, and for ordered ground state structures in mixed complex oxides, as revealed 

from accelerated molecular dynamics (AMD) simulations. Finally, we have been pursuing novel 

microscopy measurements to reveal the complex structures formed during irradiation.  

Experimental Demonstration of the Role of Disorder on Ionic Conductivity 

There have been conflicting experimental reports on the role of disorder in modifying the ionic 

conductivity in pyrochlores [1,2]. Typically, disorder is induced in these materials via chemistry, 

substituting one species for another to achieve a pyrochlore that has a greater tendency towards 

disorder. Thus, these experiments are measuring the effects of multiple changes at once. To clarify 

the true role of disorder on ionic conductivity, in work published in J. Mater. Chem. A, we used 

irradiation to induce disorder while keeping the chemistry constant [3]. Thin films of one 
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pyrochlore – Gd2Ti2O7 – were irradiated to 

varying fluences with 200 keV He ions. AC 

impedance spectroscopy was used to quantify 

the ionic conductivity in these films as a 

function of He fluence and, thus, cation 

disorder. The results are highlighted in Fig. 1. 

We find that, as the disorder increases, the 

conductivity also increases. More surprising is 

the sensitivity of the conductivity to disorder. 

Introducing only a few percent cation disorder 

leads to a great change in conductivity, after 

which the conductivity remains relatively 

insensitive to the disorder. There is another 

rise once the material amorphizes. Thus, these experiments clearly show that introducing disorder 

alone leads to a large enhancement in conductivity. We are currently working on a defect model 

of the system to determine exactly how the defect content responsible for the conductivity changes 

with fluence. 

Ordered Superstructures in Mixed Complex Oxides 

It is now well established that mixing two perovskites (ABO3), 

to form so-called double perovskites (AA’BB’O6), leads to 

structures with specific orderings of cations on the A and B 

sublattices [4], which have an impact on the defect kinetics [54]. 

The question naturally arises whether such “double” 

compounds can form in other mixed complex oxides. We 

considered the case of pyrochlore, using the two end members 

of Gd2Ti2O7 and Gd2Zr2O7 as starting points. As highlighted in 

Fig. 2, we used DFT to compute the energies of a large number 

of combinations of cation arrangements and found that there are 

stable mixtures of these compounds that exhibit longer-range 

order than the parent pyrochlore structure [5]. In the most stable 

structure with a chemistry of Gd2(Ti0.25Zr0.75)2O7, the ordering 

is stabilized by a significant distortion of the Zr environment in 

which, as compared to normal pyrochlore in which the Zr cations are coordinated by six oxygen, 

some of the Zr cations in this structure are coordinated by seven oxygen ions. Using temperature 

accelerated dynamics (TAD), an accelerated molecular dynamics (AMD) method that utilizes high 

temperature MD trajectories to evolve a system at low temperature, we examined how structures 

such as those shown in Fig. 2 impact defect kinetics [6]. For systems with the chemistry and 

stoichiometry but different cation ordering, we predict a difference in the diffusivity of the vacancy 

Figure 1. Irradiation-induced changes in disorder and 

conductivity in Gd2Ti2O7. Even a few percent increase in 

disorder leads to a significant increase in the conductivity, 

which then remains relatively constant until the material 

amorphizes. 

Figure 2. DFT predictions of ordered 

superstructures in Gd2(TixZr1-x)2O7 

pyrochlore. Structures with a negative 

energy are more stable than either 

end-member. 
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of nearly 50 times at 1500 K. Thus, one must know the detailed cation arrangement to determine 

how mass will flow through that structure. 

Advanced Microscopy for Understanding Complex Oxides 

In order to understand the detailed structure of complex oxides such as pyrochlore and spinel and 

the changes induced by irradiation, we have used advanced electron microscopy techniques. First, 

we have used in situ heating to look at the kinetics of recrystallization of irradiated pyrochlore. 

Using a He-implanted sample that was amorphized, we observed the recrystallization of the 

material directly in the microscope. Figure 3 shows the structure before and after. The goal is to 

determine how the damage layer – here characterized by a layer of bubbles and pores – impacts 

the recrystallization. We observe that nucleation occurs in two stages. First, homogeneous 

nucleation occurs at the amorphous/crystalline interface, driven by the ability of the amorphous 

region to epitaxially match the unirradiated substrate. However, this recrystallization front is 

impeded by the bubble layer. Thus, after some time, heterogeneous nucleation begins at the top of 

the bubble layer, leading to a polycrystalline layer at the top of the recrystallized film. Second, via 

a user proposal with the Molecular Foundry at Lawrence Berkeley National Laboratory, we have 

been using 4D scanning transmission electron microscopy (4D STEM) [7] to examine the cation 

structure in the material. Figure 6.10b shows a micrograph of a partially recrystallized pyrochlore 

film (the recrystallization was interrupted between the two stages shown in Fig. 3). 4D STEM 

diffraction patterns for different regions of the material are shown in the insets, revealing that, at 

the crystal/amorphous interface, the material is not fully ordered into pyrochlore, but exhibits some 

level of disorder.  

Future Plans 

The central theme of our future work revolves around the postulates that the cation distributions 

in complex oxides, especially those with more than one A and/or B cations, dictate the mass 

transport characteristics of the material and that various forms of these distributions can be induced 

by irradiation. Ultimately, cation distributions will be governed by a number of factors: 

• The thermodynamics of mixing multiple A and/or B cations. 

• The metastability of structures that can be achieved via irradiation. 

• Interfaces, and the qualitatively different energy landscape they represent for cation 

ordering and mixing. 

In our future work, we will control cation distributions, moving the material up and down in 

stability, via irradiation. We will then determine the impact that the resulting structures have on 

mass transport. Our work targets the physical phenomena necessary to understand and control the 

cation structures of these mixed complex oxides. Further, our understanding of how irradiation-

induced damage interacts with the cation structure of these systems will provide new insight into 

the design of ceramics with enhanced radiation tolerance.  
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We have already seen that cation disorder dramatically changes 

ionic conductivity in pyrochlore. In the future, we will focus on 

irradiation-induced orderings in more complex oxides, both 

structures that are thermodynamically more preferred than the 

as-synthesized state and metastable structures that can be 

induced by irradiation. In some cases, these will still contain 

some level of cation disorder, but in others the cations will form 

ordered super-structures as compared to the simpler end 

members. We expect that these more chemically complex 

systems exhibit their own surprises in terms of ionic 

conductivity. To understand these systems, we are using both 

modeling and experiment to understand the structure and 

kinetics associated with these more complex systems. 

Further, we have shown how microstructural features such as 

surfaces [8] and grain boundaries [9] can change the local level 

of disorder and thus the mass transport characteristics of the 

system. Our future work involves examining this behavior in 

more detail. In particular, we hypothesize that, under 

irradiation, disorder will preferentially occur at grain 

boundaries and thus these will act as fast diffusion pathways for 

oxygen. This offers a novel route to engineering materials for fast ion conductor applications. 

Most of our work has focused on pyrochlores. In the future, however, we will study the properties 

of Mg-bearing spinels (AB2O4). Depending on the chemistry of the spinel, they can be either 

ordered (normal) or disordered (random or inverse) [10]. The same considerations that dictate mass 

transport in pyrochlore are relevant for these spinels. Further, by studying a different class of 

materials, we will be able to compare and contrast how crystal structure impacts trends that are 

revealed in this project.  
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Program Scope 

 Portable, reliable, and deployable devices for energy storage and conversion require 

fundamental changes in design of solid-state composites comprising ceramics and metals. These 

materials comprise the electrodes and electrolytes of next-generation solid-oxide fuel cells and 

all solid-state batteries, forming solid-state functional composites. The advent of solid-state 

batteries – which replace liquid electrolytes with solid electrolytes capable of lithium ion 

transport for reliable energy storage in portable batteries – and the increased demand space for 

all solid-state fuel cells capable of oxygen reduction at intermediate temperatures remain 

important challenges for improved material stability and decreased system cost. However, little 

is understood about key couplings between mechanics and electrochemistry of materials in this 

energy design space for solid-state energy applications.  

The COFFEI Group comprises expertise from materials science and engineering to integrate 

unique in situ experiments, simulations, and fabricated interfaces that address these fundamental 

questions in solid-state interfaces of nanoscale composites that will guide solid-state 

electrochemistry, transport kinetics, and mechanical deformation for nonstoichiometric materials 

that enable such applications. In particular, we build on COFFEI’s understanding of 

chemomechanical coupling among defect concentrations, ionic transport, electron transport, and 

stored elastic energy that is particularly acute in the far-from-equilibrium conditions typical of 

energy device applications (Fig. 1). 

  

By tailoring our focus to solid-state 

interfaces, COFFEI addresses these 

important issues by (a) applying 

Figure 1: COFFEI Group focuses on 

fundamental scientific challenges and 

key design opportunities in solid-state 

interfaces, specifically the coupling 

between mechanics and 

electrochemistry for functional 

ceramics enabling portable, solid-

state energy conversion and storage.  
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advanced in-situ and ex-situ characterization tools to characterize model materials and interfaces 

synthesized with molecular-level control, under both laboratory-controlled and extreme 

environments representative of energy device operation; and (b) employing computational 

modeling and simulation frameworks to predict transport mechanisms, reactivity and stability of 

these materials and interfaces under strains typical of energy device operation.  

Recent Progress  

 COFFEI Phase 4 focuses on mechanically modulated electrochemistry in solid-state 

materials and interfaces, including strain-modulated conductivity, reactivity, and 

microstructural integrity across interfaces. Our motivating hypothesis is as follows: Interfacial 

strain can significantly promote or modulate ionic/electronic conductivity and reactivity for 

solid-state energy conversion. Our recent progress includes study and enhancement of ion 

mobility, particularly at lower temperatures relevant to device operation where the activation 

energy for ionic motion can be larger than at higher temperatures due to association effects. The 

primary ions of interest for energy conversion and storage in our studies are oxygen ions and 

lithium ions, within materials and across electrode-electrolyte interfaces. Selected recent 

progress against these goals is organized around three supporting subquestions: 

A. Can we predict defect equilibrium and charge transfer kinetics under strain? Specifically, 

what are the effects of oxygen vacancies and applied fields on these unit processes in 

functional oxides? 

A.1. Measuring impact of oxygen non-stoichiometry on near-ambient ionic mobility in 

mixed-ionic-electronic-conducting thin films. We applied a novel approach for measuring 

ionic conductivity in nano-dimensioned thin films based on cyclic voltammetry measurements, 

allowing one to overcome the above-mentioned limitations (Kaleav et al., 2018). We focus our 

study initially on the model PrxCe1-xO2 (PCO) system, whose defect chemical and ionic transport 

properties have been previously studied by our COFFEI team (Bishop et al., 2011; Kim et al., 

2012). By carefully processing the PCO layer, sandwiched between transparent conducting 

electrodes, it becomes possible to quench in different degrees of oxygen non-stoichiometry to 

room temperature and to confirm it by optical absorption measurements and Raman 

spectroscopy. By combining this information with the mobility data extracted from the analysis 

of cyclic voltammetry measurements, we observe impact of non-stoichiometry on ionic mobility 

close to room temperature. This offers valuable insights for a variety of devices operating under 

near ambient conditions, where knowledge about the as-prepared non-stoichiometry is generally 

lacking.  Moreover, this methodology offers the opportunity for future systematic examination of 

the impacts of alternative stimuli (e.g., high field or strain) on ionic mobility.  

A.2. Computational predictions of strain-induced conductivity changes in bulk, lithium 

conducting solid electrolytes. In order to identify materials yielding high Li-ion conductivity 

upon strain and underlying atomic-scale mechanisms/scenarios, an extensive literature survey of 

up-to-date (2018–2019) research on strain-alteration of Li-ion conductivity in solid state 

223



electrolytes was performed. The following key-scenarios of conductivity strain-alteration were 

selected as promising: (i) (Trivial) decrease of Li-ion migration barriers; (ii) Modification of 

crystal structure, e.g. a (local) change from less conducting HCP to more facile BCC anion-

framework enabling faster Li-ion migration and better interconnection of diffusion pathways; 

(iii) Promotion of concerted multiple-ion migration mechanism (as opposed to single-ion 

migration), since it enables faster conductivity due to low migration barriers.  

B. Can we predict differences in thin films with interfaces, compared to bulk? Specifically, 

how can we relate interface-rich experiments and computational modeling to predict 

interfaces of strain-modulated transport? 

B.1. High-Temperature Chemical Expansion of Thin-Film Praseodymium Cerium Oxide 

Characterized by Laser Doppler Vibrometry. Expansion of oxides, induced by changes in 

temperature and/or oxygen partial pressure pO2, known as chemical expansion, enables a new 

generation of very high-temperature actuators (Swallow 2018).  We have been investigating 

chemical expansion utilizing thin-film Pr0.1Ce0.9O2-δ (PCO) as a model system.  Samples 

consisting of PCO deposited on yttria stabilized zirconia (YSZ) substrates exhibited considerable 

expansion at temperatures of up to at least 800°C. We expanded our studies of such phenomena 

by application of in-situ by high-temperature laser Doppler vibrometry (LDV) that enables us to 

reach higher temperatures and a much wider range of oxygen partial pressures. This is being 

studied both with membranes with a pin-type support to solely reflect film expansion as well as 

full supports in which lateral stresses in the PCO film cause measurable deflection of the full 

sample.  For example, superposition of the increase in film thickness and associated sample 

deflection results in a displacement of 110 nm at 800°C. 

B.2. Experimental validation of our predictions regarding strain-induced changes in 

electronic defect dominance in oxygen ion-conducting thin films. We developed an 

experimental approach that facilitates application of in-plane strain to functional oxide thin films 

continuously on the same substrate, through multipoint bending and concurrent conductivity 

measurement of a thin film-on-substrate device. This simple yet remarkable new approach to 

controlled strain in operando conditions is accessible to a wide temperature range (room 

temperature to 700℃) and precise gas control (oxygen partial pressure down to 1 ppm without 

reactive gas) relevant to mixed ionic-electronic conducting oxides. We can strain and measure 

the transport properties of the same functional oxide thin film at high temperature in situ, 

including PCO as discussed in B.1, over a range of strains applied to a single system.  

C. Can we increase transport (electronic and/or ionic) and reactivity via strain sufficiently to 

improve performance including enhanced transport at lower driving forces? 

C.1. Tailoring non-stoichiometry and mixed-ionic electronic conductivity in PCO/STO 

heterostructures. We demonstrated that substantial changes in the non-stoichiometry of 

Pr0.1Ce0.9O2-δ (PCO), a model mixed ionic-electronic conductor,can be achieved by fabricating 

multilayers with another, relatively inert material, SrTiO3 (STO). We fabricated heterostructures 

using pulsed laser deposition, keeping the total thickness of PCO and STO constant while 
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varying the number of layers and thickness or each individual layer. We confirmed that this 

change was due to variations in non-stoichiometry, by optical transmission measurements, and 

show that the lower oxygen content is consistent with a decrease in the effective oxygen 

reduction enthalpy of PCO. This greatly reduces experimental time and enables in-situ control of 

both single and multilayer (or VAN) oxide thin films. We demonstrated that the optical 

measurement enable one to access the ionic defect concentration.  These results exemplify the 

dramatic differences in properties achievable by interface engineering. 

C.2. Computational predictions and experimental validation of electrochemomechanical 

flaw propagation at solid electrode-solid electrolyte interfaces. Our prior COFFEI 

experiments of electrochemical fatigue in solid electrolytes and simple electrode-electrolyte 

interfaces (Porz 2017, McGrogan 2018) motivated our current computational study of the 

propagation of metal dendrite propagation in solid state electrolytes via finite element analysis. 

We developed an elastic-plastic finite element model to investigate mechanisms by which Li 

metal electroplating and electronic conduction could proceed through solid electrolytes. We 

confirmed that Li plating can generate tensile stresses ahead of pre-existing flaws, and identified 

relationships among the applied bias (and thus charging rate), maximum allowable processing 

flaw size, and fracture toughness of the solid electrolyte. We also determined a strong 

dependence of the fracture criterion on the plastic behavior of metallic Li, identifying two 

distinct mechanisms by which Li plasticity may assist with prevention of electrolyte fracture. 

This provides a simple computational model to test electrode-electrolyte failure hypotheses. 

C.3.  Experimental demonstration of microscale flaws in electrochemomechanical 

perturbation at solid interfaces. We also extended our previous work identifying the 

chemomechanical origins of metal penetration through solid electrolytes (Porz et al., 2017).  That 

prior COFFEI work has been highly cited, receiving 94 citations in <2 yrs (Google Scholar).  

Key new findings concern the relative length scales of solid electrolytes and electrodes that lead 

to spatial variation in dendrite formation and growth from inherent surface flaws.  Operando 

lithium electrodeposition experiments were performed using Li6La3ZrTaO12 single crystals 

grown by collaborators in Austria and Germany.  General and quantitative design rules for solid-

state cell design were established for avoidance of chemomechanical stress concentrators with 

respect to the relative lateral dimensions of positive and negative electrodes and the electrolyte 

layer thickness; these effects were found to dominate over intentionally introduced large 

indentation defects.   

Future Plans 

A. After further optimizing multilayer cells utilizing Au and/or TCO electrodes, we will apply the 

nonlinear I-V characterization technique on other MIEC materials of interest for use as SOFC electrodes, 

particularly those with semimetallic character. We also plan to upgrade our existing sputtering system, 

recently renovated, by adding a new RF source and 1inch sputtering gun. The later will enable us 

to deposit oxide materials technologically challenging or costly to produce sputtering targets. RF 
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sputtering enables one to grow thin films from amorphous to highly epitaxial one that especially 

important in the study of the interface effects on the ionic defects concentration and kinetic 

properties.   Finally, we will complete our first-principles calculations on enhanced oxygen-ion 

mobility in a series of electrode/electrolyte systems to investigate how electrochemically tuned 

oxygen-ion mobility influences the mechanical properties in the above materials via experiments 

and simulations.  

B. We will next include the effects of interfaces on the measured chemical expansion.  For 

example, grain boundaries are believed to result in the accumulation of Pr3+ relative to the grains 

due to space charge effects.  By comparing expansion of near epitaxial PCO layers with 

nanocrystalline layers, this feature can be tested.  We are also planning to expand this study to 

other PCO compositions and MIECs such as SrTi1-xFexO3 to see how these materials respond 

chemomechanically. We will complete testing of the stability and reproducibility of the setup. 

We have also conducted several impedance measurements on single crystal YSZ with the device. 

We will also combine atomistic simulation technique, density functional theory, to calculate the 

migration barrier for ionic transport under different strains, aiming to strengthen our 

experimental observations. 

C.  Previously we demonstrated that optical spectroscopy is powerful characterization tool for 

the oxygen vacancy monitoring and surface oxygen exchange kinetics. We will next complete 

our study on the effects of mechanical stresses and strains applied to solid electrolyte-metal 

electrode interfaces on metal dendrite propagation via a mechanical fracture-driven mechanism. 

Following this, we intend to explore the effects of strain on Li-ion transport in solid state 

conductors using Li conducting garnets and sulfides as model systems. 
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Program Scope 

The overall objective of this project is to determine the basic processes by which localized 

deformation in irradiated materials leads to intergranular cracking in alloys in aggressive 

environments at high temperature. We will utilize a mesoscale science approach that provides 

linkage from atomistic simulations of dislocation responses to the accommodation and emission 

of dislocations from grain boundaries, through direct observation of dislocations with irradiation 

defects and grain boundaries, to macroscale experiments.  The consequence of this combined effort 

will be the identification of the factors most likely responsible for establishing not only the local 

stress state at grain boundaries prone to failure but also their location with respect to the 

macroscopic applied stress.  The grain boundaries and local conditions at which disruption of the 

surface oxide and hence, exposure to the water environment is most probable, have been identified. 

Having isolated these conditions, we are poised to address why this failure does not occur at every 

grain boundary that is favorably oriented, why it remains isolated at one channel over others along 

the same grain boundary, and what is the role of environment in inducing the cracking. We are 

focusing on the following sub-objectives are designed to bring us closer to determining the 

mechanism of irradiation assisted stress corrosion cracking, IASCC. 

 Does a threshold stress for initiation of IASCC exist and if so, how can the magnitude of it 

be determined? Is the likelihood of IASCC initiation determinable from the value of the 

local normal stresses at dislocation channel-grain boundary intersections, and if so, what is 

that value and how does it depend on the slip systems active in the dislocation channel 

(DC) impinging on the grain boundary (GB), the grain boundary character, and the 

composition of the alloy?   

 The water environment plays a critical role in the cracking process because straining at the 

same temperature and strain rate in an inert environment does not result in grain boundary 

cracking. What is the role of the environment/oxide film on the initiation of IASCC cracks 

coupled with high local stresses on the grain boundary? Does the oxidation process create 

a susceptibility to cracking which is initiated by the high local stresses where dislocation 

channels intersect grain boundaries? What is the nature of the induced “sensitivity” of the 

grain boundary to cracking and why is it location specific? 
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Recent Progress 

 We conducted high resolution electron backscattering detection (HREBSD) scans of a Fe-

13Cr-15Ni tensile bar, which had been strained to 3.5% plastic strain in an argon environment at 

288°C after being irradiated to 5 dpa at 360°C at the Michigan Ion Beam Laboratory. To date 75 

scans at discontinuous channel – grain boundary interaction sites. Samples were then strained in 

BWR-NWC at 288°C an additional 1.5% to induce IGSCC. Figure 1 shows a compilation of the 

calculated grain boundary normal stress made for both the susceptible Fe-13Cr-15Ni alloy and the 

non-susceptible Fe-21Cr-32Ni alloy as a function of the grain boundary orientation defined by the 

product of the Schmid factor and the cosine of the angle between the grain boundary normal and 

the tensile axis. Note that 1) the stresses normal to the grain boundary are highest for the boundaries 

oriented closest to normal to the applied stress; 2) there appears to be a stress threshold below 

which cracking does not occur in the Fe-13Cr-15Ni alloy, 3) the distribution of normal stresses in 

the Fe-21Cr-32Ni alloy parallels that of the Fe-13Cr-15Ni alloy but none of these sites exhibited 

IASCC. These results confirm that a high localized stress is induced by the termination of a 

dislocation channel at the grain boundary and that this stress is a major driver of irradiation assisted 

stress corrosion cracking. They also show that increasing the chromium content of the alloy is an 

effective strategy for suppressing IASCC. However, the magnitude of the normal stress is not the 

only factor as evidenced by the fact that not all such oriented boundaries crack. 

 

 
 
Figure 1. Stress normal to the grain boundary at discontinuous dislocation channel – grain boundary sites 

as a function of grain boundary orientation for alloys Fe-13Cr-15Ni and Fe-21Cr-32Ni and their cracking 

susceptibility following straining in BWR-NWC to 4.5% at 288oC. 

As in our previous studies, the composition of the grain boundary and the thickness of the 

inner protective oxide appears to be an important factor.  The crack initiation site correlated with 

the local maximum of GB Cr content (local minimum of GB Ni content), which may lead to an 

insufficient protection by the inner oxides over that particular site.  By combining this data, with 

that of Rigen et al. [M.R. He, et al., Acta Mater. 2017, 138: 61], the susceptibility of a specific 
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location on a grain boundary to cracking, assuming the oxide is ruptured and the boundary is 

exposed to the environment, occurs at locations with a nickel concentration that is less than 20 

wt.%, a Cr content less than about 10 wt. %, and an effective protection (thickness of the inner 

protective oxide and the maximum Cr content) of between 8.5 and 10 nm, Figure 2. This 

compositional variation along the grain boundary can be  attributed to radiation induced 

segregation and the fact that grain boundary diffusion can be affected by the local structure of the 

boundary. 

Figure 2. Summary of all measurements to date shows the correlation between GB composition (upper: Ni; 

lower: Cr) at the far field and the effectiveness of protection, evaluated as the product of thickness and 

maximum Cr content, of the inner oxide layer. 

 

 

 

We have utilized large-scale molecular dynamics simulations to address some of the kinetic 

issues that may be important in understanding stress corrosion cracking in irradiated materials.   

Simulations addressed the diffusion process along grain boundaries, revealing the individual 

atomic jumps within a particular grain boundary.These simulations complement the experimental 

observations and an analysis of how diffusion phenomena can affect IASSC.  The first set of 
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studies was aimed at understanding how diffusion is affected by the local structure of the boundary 

by tracking individual atom displacements in the boundary region during a 1 ns simulation at 800K. 

A polycrystalline sample containing random tilt boundaries around the {110} axis revealed that 

the diffusion behavior depends very strongly on the misorientation and local structure of the 

boundary. Two grain boundaries show high diffusivity with the rest not showing the same level of 

atomic jumps. These results show that the diffusion behavior is critically dependent on the 

misorientation and local structure of the grain boundary. In order to quantify these differences Fig. 

8 shows the mean square displacement in the boundaries as a function of simulation time. Data for 

a high diffusivity boundary (in red) are significantly higher than than the average of the boundaries 

in the sample (in black). 

 

Future Plans 

Experiments are planned to test the behavior of DC-GB sites upon further straining to 

determine if the local stress continues to increase and if the propensity for cracking also changes.  

The composition and structure of oxides above the grain boundary in the IASCC-resistant 

alloy Fe-21Cr-32Ni is being analyzed to determine if they are consistent with boundaries that resist 

cracking in the more susceptible Fe-13Cr-15Ni alloy. An irradiated sample was also tested in Ar 

and BWR-NWC at 360°C at a slower strain rate to permit the development of larger grain boundary 

migration zones to more easily tie these zones to the diffusion of Cr to for protective surface oxides. 

Modeling efforts are aimed at determining the dependence of grain boundary diffusion on 

the nature of the grain boundary in an effort to explain why some boundaries appear to more easily 

transmit Cr to the surface than others. 
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Program Scope 

The overarching goal of this research is to understand and predictively model the 

dynamic response of ceramic structures to energy deposition from ion irradiation at the level of 

electrons and atoms. The design of radiation tolerant materials and creation of new functional 

materials by ion beam modification demand a comprehensive understanding and predictive 

models of energy transfer and exchange processes between the electronic and atomic structures. 

To achieve this goal, this research focuses on two specific aims: (1) the dynamic and coupled 

response of the electronic and atomic structures to single ion events; and (2) the collective effects 

from energy deposition and dissipation processes on damage accumulation, nanostructure 

formation, phase transformations, and recovery processes from multiple ion events over a broad 

range of conditions. Novel experimental and computational approaches are integrated to 

investigate the separate and coupled dynamics of electronic and atomic processes over a range of 

irradiation conditions to elucidate the underlying mechanisms. This research utilizes unique 

experimental capabilities for in situ luminescence and ion channeling measurements to 

characterize and quantify defect evolution in ceramics under ion irradiation over a range of 

temperatures. Scientific advances from this work will lead to new design principles for self-

healing and radiation tolerant materials in extreme radiation environments, as well as provide the 

atomic-level foundation for the design and control of new functionalities in oxide electro-

ceramics to enable broad advances in sustainable energy technologies and national security. 

 Recent Progress  

SrTiO3 has been irradiated over a wide range of 

ion fluences at 300 K with different ion species in order 

to investigate the effects of varying the energy loss to 

electrons and atomic nuclei [1]. The ion channeling 

results (Fig. 1) unambiguously show a dramatic 

difference in behavior for SrTiO3 irradiated with light 

ions (Ne, O) compared to heavy ions (Ar and Au). 

While damage accumulation and amorphization under 

Ar and Au ion irradiation are consistent with previous 

 

Fig. 1. Relative Sr disorder at 300 K vs. 

ion fluence in SrTiO3 single crystals 

irradiated with different ions [1].  
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observations and existing models, damage accumulation 

under Ne irradiation reveals a quasi-saturation state at a 

disorder level of 0.54 for an ion fluence corresponding to 

a dose of 0.5 dpa; this is followed by further increases in 

disorder with increasing ion fluence. In the case of O ion 

irradiation, the damage accumulation at the damage peak 

closely follows that for Ne ion irradiation up to a fluence 

corresponding to a dose of 0.5 dpa, where a quasi-

saturation of fractional disorder level occurs at about 

0.48; however, in this case, the disorder at the damage 

peak decreases slightly with further increases in fluence. 

This behavior is associated with changes in kinetics due 

to irradiation-enhanced diffusional processes that are 

dependent on electronic energy loss.  

While high energy ions contribute to damage production in SrTiO3 above a threshold 

electronic energy loss of ~6.5 keV/nm [2], the effects of electronic energy loss below this 

threshold have not been studied in detail. To address this, pre-damaged surface layers of SrTiO3 

has been irradiated with 2 MeV He, 1.2 MeV C, 5 MeV C and 12 MeV O ions. While melt-

quenching does not occur for these ions, the inelastic thermal spike causes enough local heating 

to induce defect recovery. The results indicate two distinct regimes of ionization-induced 

recovery (Fig. 2). From ~ 1.1 to 4 keV/nm, the ionization-induced thermal spike is sufficient to 

induce recrystallization. Below ~1.1 keV/nm, recrystallization is associated with electronic 

excitations that enhance defect mobility.  

Using in situ luminescence, the origin of the blue emission at 2.8 eV in SrTiO3 has been 

investigated as a function of irradiation fluence, electronic excitation density, and temperature 

(100 to 300 K) over a range of ion energies and masses [3]. The emission does not show any 

correlation with the concentration of vacancies generated by 

irradiation and is greatly enhanced under heavy-ion irradiation. 

The intensity ratio of the 2.8 and 2.5 eV bands is independent of 

fluence at all temperatures but increases with excitation rate. A 

new model for the blue emission is proposed consisting of a 

radiative transition from un-bound (CB) states to the ground self-

trapped exciton (STE) level (Fig. 3). The green and blue 

emissions are associated with transitions of the STE center, 

involving either localized states (2.5 eV), or pairs of localized 

and unbound states in the conduction band (2.8 eV). This 

represents a novel feature associated with high electronic 

excitation densities achieved by both pulsed laser and ion 

irradiations. Our analysis provides a unified description of the 

 

Fig. 2. Dependence of ionization-induced 

recovery cross sections on electronic 

energy loss [unpublished]. 

 

Fig. 3. Proposed mechanisms for 

emissions at 2.5 and 2.8 eV in 

ion irradiated SrTiO3 [3].  
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emission mechanisms and demonstrates the unique 

potential of ion luminescence to unravel the rich and 

complex variety of effects associated with electronic 

carriers and defects in complex oxides.   

Separate and combined effects of electronic and 

nuclear energy deposition in LiTaO3 have been 

investigated [4]. Irradiation of pristine LiTaO3 samples 

with 2 MeV Ta ions leads to amorphization due to 

atomic displacement damage that is described by a 

disorder accumulation model. Irradiation of pristine 

LiTaO3 with 21 MeV Si ions does not produce 

significant damage at similar ion fluences. Irradiation 

with 2 MeV Ta ions to introduce a partially disordered, 

but crystalline, structure sensitizes LiTaO3 to the electronic energy loss by 21 MeV Si ions that 

leads to amorphous track formation via a synergistic two-stage phase transition process (Fig. 4). 

During the first stage, a possible ferroelectric phase transformation occurs that sufficiently 

changes the electronic structure, which promotes the formation of amorphous tracks by 21 MeV 

Si ions during the second stage.  

Ion irradiation of KTaO3 has been performed to investigate the evolution of irradiation 

damage with and without significant electronic energy deposition [5]. Damage accumulation 

under irradiation with 2 MeV Au ions follows a direct-impact/defect-stimulated model, and 

occurs more rapidly than in SrTiO3 under similar conditions. Electronic energy deposition from 

21 MeV Ni ions creates negligible damage in pristine KTaO3 to depths of 1 micron; however, 

damage is greatly enhanced in samples containing pre-existing defects, as evidenced by rapid 

amorphization due to track formation. The cross-sections for amorphous tracks show a nearly 

linear dependence on initial disorder, comparable to that previously observed in SrTiO3.  

The modification of the local structure in cubic perovskite KTaO3 irradiated with 3 MeV 

and 1.1 GeV Au ions has been studied by Raman and x-ray absorption spectroscopy, 

complemented by density functional theory (DFT) calculations [6]. In the case of irradiation with 

3 MeV Au ions, where displacement cascade processes are dominant, the Ta L3-edge x-ray 

absorption measurements indicate that a peak corresponding to the Ta–O bonds in the TaO6 

octahedra splits, which is attributed to the formation of TaK antisite defects that are coupled with 

oxygen vacancies, VO. This finding is consistent with the DFT calculations. Under irradiation 

with 1.1 GeV Au ions, the intense ionization and electronic energy deposition lead to a blue shift 

and an intensity reduction of active Raman bands. In the case of sequential irradiations with 3 

MeV Au ions followed by 1.1 GeV Au ions, extended x-ray absorption fine structure 

measurements reveal a decrease in concentration of coupled TaK-VO defects, compared to 

irradiation with just 3 MeV Au ions, due to the intense ionization and electron energy loss. 

 

Fig. 4. Relative disorder as a function of 

21 MeV Si ion fluence for pre-damaged 

LiTaO3 at different depths [4]. 
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The TRIM code is commonly applied to predict radiation damage dose, and we have 

resolved the controversy over the inconsistencies (factor of ~2) in determining atomic 

displacement numbers using full-cascade and quick (modified Kinchin–Pease) TRIM modes [7]. 

Full-cascade TRIM simulations are consistent with full-cascade simulations using other modern 

Monte Carlo codes with the same ZBL scattering cross sections and SRIM electronic stopping 

powers. Furthermore, full-cascade TRIM simulations agree with numerical solutions for 

displacement functions determined from coupled integro-differential equations, which supports 

the accuracy of full-cascade TRIM simulations. The discrepancies between full-cascade and 

quick TRIM simulations are due in part to misunderstandings regarding the derivation of the 

modified Kinchin-Pease model and limitations of the energy partition model employed, which 

often provides inaccurate predictions (up to a factor of 2) of the energy loss by recoils to 

electrons and is not valid for polyatomic materials.  

Future Plans 

We will complete the separate effects studies on SiC to better understand the effects of 

temporal and spatial coupling of energy deposition from electronic and ballistic processes on 

damage evolution along an ion trajectory. This is critical for both accurate modeling damage 

evolution processes in SiC under irradiation, as well as for selecting appropriate ions and 

energies to be used in experiments to emulate fast neutron irradiation damage processes.  
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Program Scope 

 

The objective of this project is to understand how irradiation enables deformation-induced phase 

transformations in fcc metallic alloys. Low-temperature deformation of face centered cubic (fcc) 

metals and alloys can occur through several modes, one of which is martensitic transformation, 

wherein fcc γ-Fe austenite reverts to hexagonal close packed (hcp) ε-martensite or body centered 

cubic (bcc) α’-martensite. Irradiation is believed to enhance the tendency for this transformation 

to occur, considering that irradiation similarly enhances other low-temperature deformation modes 

such as dislocation channeling and deformation twinning. However, the mechanisms underlying 

the irradiation enhancement of martensitic transformations remain unknown. Most studies on 

deformation of irradiated fcc alloys have focused on deformation twinning rather than on the 

martensitic transformation, and have tended to simply ascribe any martensites to the twinning 

associated with irradiation-induced dislocation loops [1–4]. But recently, porosity has been shown 

to enhance the martensitic transformation in shape memory alloys [5–7] through surface energy 

effects. Thus, the role of both interstitial-type (e.g. loops) and vacancy-type (e.g. cavities) 

irradiation defects on the phase transformation must be understood. An altered tendency to phase 

transform can have severe implications on the performance of load-bearing materials exposed to 

irradiation, such as nuclear reactor structural materials. More scientifically, using irradiation to 

tailor the austenite-to-martensite phase transformation can facilitate materials design and 

innovation across numerous energy generation applications.  

 

This project hypothesizes that the type (i.e. interstitial or vacancy), morphology, and distributions 

of irradiation defects enable precise tuning of the deformation mechanism. The hypothesis will be 

tested through three scientific questions:  

1) How does irradiation enable the deformation mechanism to evolve from dislocation-

mediated or twinning, to martensitic transformation?  

2) How do the relative populations of irradiation-induced vacancy- and interstitial-type 

defects modulate the martensitic transformation pathway?  

3) How does the stacking fault energy (SFE) vary locally at irradiation-induced defects, and 

how does this variation affect the deformation pathway?  

 

 

Recent Progress 

 

This project will begin in September 2019. 

 

 

Future Plans 

 

This project will use a multiscale approach that combines novel small-scale mechanical testing 
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and in situ electron microscopy investigations with mechanics models that will help us interpret 

and expand the parametric space of our experiments. Work will focus on Fe-xMn alloys irradiated 

with He+ and/or Fe2+ ions to create tailored microstructures that are dominated either by vacancy-

type or interstitial-type defects, or some combination of these extremes. We will utilize small-scale 

mechanical testing techniques to introduce deformation. Nanoindentation will rapidly check for 

twinning or martensitic transformations over a range of irradiation and loading conditions, and 

post-indentation microstructure characterization will enable us to associate specific irradiation 

conditions with deformation mechanisms. Transmission electron microscopic (TEM) in situ 

deformation will reveal nano/micro-scale mechanisms of twinning and deformation-induced 

martensite nucleation at specific irradiation-induced defects. Coupled phase field-crystal plasticity 

models will elucidate the role of irradiation-induced changes in interfacial/surface energy and SFE, 

in the transition from deformation twinning to martensitic transform. 
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Center for Thermal Energy Transport Under Irradiation 
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Program Scope 

The Center for Thermal Energy Transport under Irradiation (TETI) will provide the foundational 

work necessary to accurately model and ultimately control electron- and phonon-mediated 

thermal transport in 5f electron materials in extreme irradiation environments. To efficiently 

capture the energy of the nuclear bond, advanced nuclear reactor concepts aim to use fuels that 

must withstand unprecedented temperature and radiation extremes. In these advanced fuels, 

thermal energy transport under irradiation is directly related to reactor efficiency as well as 

reactor safety, and is arguably one of the most important material properties. 

Degradation of thermal properties is strongly tied to atomic-scale stoichiometric changes caused 

by nuclear fission, cooperative effects of multiple defect types, and self-organized defect clusters 

in oxide fuel or fission gas bubble superlattices in metallic fuel. However, the fundamental 

relationships between defects and thermal transport remain unknown. TETI will reveal these 

relationships, in order to ultimately improve the function of nuclear fuel thermal transport by 

controlling defect evolution under irradiation. We hypothesize that thermal transport in nuclear 

fuels can be enhanced by mesoscopic defect ordering under irradiation. TETI will achieve two 

main project goals:  (1) predict self-organization of equilibrium and irradiation-induced defects 

in oxide and metallic fuels, together with the individual and cooperative influence of these 

defects on the scattering of thermal energy carriers (phonon and electrons), and (2) use 

fundamental knowledge of microscopic phonon and electron transport physics to predict and 

validate mesoscopic thermal transport under irradiation in oxide and metallic fuels. 

 

Recent Progress 

Science Question 1:  What is the impact of 5f electrons on phonon and electron structure in 

Th1-xUxO2 and U-Zr? 

We have computed the phonons and phonon interactions using density functional theory (DFT) 

for the parent materials -U, -U, and ThO2. We have computed the cubic phonon interactions in 

ThO2, which will allow the computation of phonon linewidth and thermal conductivity. Finally, 

we have computed the Gruneisen parameters in ThO2, finding one branch with unusually large 

Gruneisen parameters, corresponding to the mode that softens upon sufficient volume expansion 

and leads to the oxygen sublattice melting. 

The analysis of phonon density of states measurements of UO2 as a function of temperature has 

been completed.  Heat capacity has two regimes: <300 K, the harmonic heat capacity from 

phonons can account for the measured heat capacity at constant pressure, but >300 K, the heat 

capacity can be decomposed into a harmonic and an anharmonic term based on measured phonon 
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density of states and an electron contribution. We 

also measured heat capacity of UO2 single crystals. 

To unveil the nature of 5f electrons in correlated 

uranium metallic phases such as - and -uranium 

(UZr2), we have performed detailed magnetic, 

thermodynamic, and transport measurements of 

these phases. Time-domain Brillouin scattering 

(TDBS) has been used to generate and detect lattice 

vibrations associated with the propagation of quasi-

longitudinal and quasi-shear elastic phonon modes 

along various crystallographic directions in ThO2. 

Measurements of the temperature-dependent change 

in phonon velocities have been performed (Fig. 1).  

To directly compare with electronic structure of 5f-

systems, we studied the electronic structure of 4f-electron systems. Through a detailed electronic 

structure study using high-resolution angle-resolved photoemission spectroscopy (ARPES) and 

high field magnetoresististivity (MR), we demonstrated detailed characterization of the 

electronic structure of HoSb, revealing a highly anisotropic bulk band with a small gap at the 

corner of the Brillouin zone and a Rashba-type surface state within the bulk gap.  

Science Question 2:  How do intrinsic and irradiation-induced defects self-organize in Th1-

xUxO2 and U-Zr, and what are their impacts on electron and phonon scattering? 

Hydrothermal growth of (100), (111), and (311) single-

crystal ThO2 was achieved at 600-650C (Fig. 2). 

Additionally, three -UZr2 (UZr2, U31Zr69, U28Zr72) and 

three Zr-doped -U (U99Zr1, U98Zr2 and U97Zr3) alloys 

were prepared by arc melting and arc casting. 

Atom probe tomography (APT)-based quantitative 

chemical analysis of high bandgap materials (e.g. ThO2 

bandgap of ~6 eV) is not straightforward: the physics of 

field evaporation are not well understood, and laser and 

field interaction with semiconducting materials introduce 

thermal complexities. We have established proper APT 

parameters to accurately quantify the stoichiometry of 

ThO2. A computational model to investigate the off-

stoichiometry x in ThO2±x and Th1-yUy O2±x subjected to 

various temperature and oxygen pressure has been 

completed. ThO2 remains stoichiometric up to ∼1300 K 

and becomes oxygen-deficient >1300 K. The model analyzes the disorder caused by vacancies 

and interstitials of Th and O; investigation was expanded to the Th1-yUyO2 system.  

Molecular dynamics (MD) simulations studied defect production and evolution in -U subject to 

electron irradiation at 300K and 600K to a dose of 0.02 displacements per atom (dpa). At both 

temperatures, limited defect diffusion precludes dislocation loop formation. A large number of 

interstitial clusters are observed, although vacancy clusters are rarely seen (Fig. 3). Single 

interstitials take a [001] dumbbell structure, with another two nearest neighbor atoms pushed 

Figure 2. Large ThO2 single crystal 

grown hydrothermally. 

 
Figure 1. Change in the low frequency LA 

mode velocity versus temperature for ThO2. 
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away, giving a 2D interstitial configuration in the (100) plane. The interstitial clusters also take 

2D configurations in the (100) plane. Phase transformation from  to  was also studied. Two  

variants with different crystal orientations can result from the transformation, with a 3 twin 

boundary in between. A new shear and shuffle transformation mechanism is identified.  

Science Question 3:  What are the collective effects of defects, defect ordering, and defect 

supersaturation on thermal transport Th1-xUxO2 and U-Zr? 

SQ3 focuses on the computational modeling of 

the phonon and electron-transport/scattering 

processes using the Boltzmann Transport 

Equation (BTE) framework and the 

confrontation of the computed conductivities 

with measured values in materials with 

carefully controlled defects. The initial focus 

has been on the trial use of the theoretical, 

computational and experimental tools until the 

specimens of materials of interest are available. 

We have recently tested several phonon 

relaxation time models along with a novel 

Brillouin zone (BZ) integration scheme that 

yielded accurate thermal conductivity of solid 

Ar. This same class of phonon relaxation time 

models was used to assess phonon transport in 

UO2 and is currently being applied to ThO2. Thermal anisotropy in cubic UO2 has been 

measured, as a first step in addressing the same questions for ThO2. We have also measured heat 

capacity of ThO2 single crystals over a wide temperature range to help elucidate vibrational 

properties, especially details of the phonon density-of-states. Finally, because point defects and 

small defect clusters can lead to activation of Raman vibrational modes, we have evaluated the 

applicability of Raman spectroscopy approaches by demonstrating these measurements on proton 

irradiated CeO2 (Fig. 4).  Raman spectra exhibit notable width and position changes in the 

intrinsic F2g peak, and emergence of a defect peak previously attributed to vacancies.  

 

Future Plans 

Science Question 1 –  DFT calculations to 

predict phonons, electrons, and transport will 

continue, with a focus on phonon linewidths and 

shifts in ThO2, the temperature-pressure phase 

diagram of U, and the temperature dependence of 

the thermal conductivity and elastic constants of 

U and ThO2. Neutron & x-ray scattering 

measurements of linewidth and dispersion in 

ThO2 and U(1-y)Th(y)O2 will be carried out. 

Resultant phonon density of states and the 

temperature-dependent behavior will be 

compared to aforementioned DFT simulations. 

 
Figure 4. Raman spectra in proton irradiated 

CeO2, showing intrinsic F2g mode accompanied 

by a defect peak associated with O vacancies. 

 

 

Figure 3.  Atomic configuration of a 2D interstitial 

cluster in the (100) plane identified from molecular 

dynamics simulations. The green atoms are those in 

[001] dumbbells, and the blue ones are displaced 

away from their lattice sites by the dumbbell. From 

left to right, the configuration is projected along the 

[100], [010] and 001] directions, respectively. 
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We will carry out systematic and fundamental studies of UZr2 to understand electronic structure, 

quantum oscillation, and phonon and electron contribution to thermal transport. Thermal 

expansion measurements will help understand lattice anharmonicity, and TDBS will be used to 

measure the temperature-dependent refractive index of ThO2. 

Science Question 2 – The first Th1-yUyO2x single crystal samples will be prepared. Single 

crystal -U will also be grown, and the fabrication method for -U(Zr) will be refined. Ion 

irradiations will be conducted on ThO2, U-doped ThO2, and UZr. Subsequently, transmission 

electron microscopic (TEM) and APT characterization of the irradiated specimens will proceed. 

These experimental results will provide the number and size distribution of defects as functions 

of temperature, to calibrate cluster dynamics simulations for the materials. Thermodynamic and 

kinetic properties will be calculated for various defects, and we will also simulate how defect and 

defect cluster configurations scatter energy carriers such as phonons. A cluster dynamics model 

will be completed to investigate the formation of defect clusters under irradiation. The model 

will be integrated with the Boltzmann transport equation solution for phonon transport. Research 

will then progress to implement a phase field model of microstructure evolution under irradiation 

in ThO2 and Th1-yUyO2. 

Science Question 3 – A BTE code will be implemented to investigate thermal conductivity of 

ThO2 and U-doped ThO2, including phonon scattering by extrinsic and intrinsic defects. 

Dispersion curves and anharmonic force constants required to implement the BTE approach for 

ThO2 and -U will be obtained using DFT modeling. We will complete detailed thermal 

property measurements on U-doped ThO2, including thermoelectric power, thermal conductivity 

and electrical resistivity (including in high magnetic fields to gain insight on the role of 5f 

electrons on transport properties), and magneto-resistance measurements to obtain the electronic 

and lattice contributions to the total thermal conduction. We will also investigate the 

crystallographic anisotropy of thermal conductivity of ThO2 with different types/concentrations 

of defects. We will study the effects of radiation damage on the phonon dispersion and 

linewidths in -U and -UZr2 using inelastic x-ray scattering (IXS). We will also use Raman 

spectroscopy to characterize irradiation induced defects in pure and doped ThO2, the results from 

which will be compared to TEM and APT results. 
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Mesoscale Defect Interaction Mechanisms in Structural Alloys  

 

Haixuan Xu, The University of Tennessee Knoxville  

 

Program Scope 

This project aims to obtain a mesoscale mechanistic understanding of radiation-induced defect 

interaction in model structural alloys. The conventional understanding of mesoscale defect 

interaction in structural alloys is inadequate due to practical limitations of available tools to 

capture processes or phenomenon in meso-timescale (nanoseconds to milliseconds or more) as 

they are too fast for experimental techniques like transmission electron microscopy (TEM) and 

too slow for conventional atomistic simulations like molecular dynamics. [1-7] This also limits 

our understanding of how microscale defects interact collectively, which leads to potential errors 

when extrapolating to macroscale phenomena and materials performance. This project will 

employ the Self-Evolving Atomistic kinetic Monte Carlo [8-10] to investigate mesoscale defect 

dynamics and eliminate some of the assumptions or approximations in traditional models and 

simulations. Particularly this project will focus on (i) The bias factors of interstitial dislocation 

loops (especially small <100> loops) in bcc iron and iron-based alloys; (ii) collective interaction 

between multiple dislocations and radiation-induced defects in model alloys. The knowledge 

gained will provide new insights of void swelling and radiation-induced hardening, which may 

lead to a useful means of avoiding failure mechanisms such as dislocation channeling. In 

addition, this project will advance computational capabilities at the mesoscale, which will be 

widely applicable to other fields of materials science, physics, and chemistry.  

Recent Progress  

For the dislocation bias model, we have obtained most migration energy barriers (MEBs) for 

point defects (a vacancy and a dumbbell in bcc iron) near an (edge and screw) dislocation and 

dislocation loops (both ½<111> and <100> types) with different sizes. Comparatively, we have 

also calculated the MEBs of point defects near voids. The binding energies of point defects near 

dislocation loops are also examined. The barriers that are in close proximity to the dislocation 

loops still need further detailed examined. Preliminary estimations of sink strengths and bias 

factors of a void based on the kinetic Monte Carlo (KMC) approach have been performed.  

 

For the collective behavior of multiple dislocations with obstacles, we have been focusing on the 

computational setup and influences of various factors on the simulations. We have 1) verified the 

simulation setup and structures of one single edge/screw dislocation in Fe and Cu. 2) Performed 

Peierls stress calculations using the configurations obtained in 1). 3) Studied the interaction of 
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one single edge/screw dislocation in Fe/Cu with different sizes of voids. 4) Found that a void can 

be completely absorbed by interacting with multiple dislocations, detailed mechanistic analysis is 

still in process. 5) Achieved a pile-up configuration of multiple dislocations, with the presence of 

a coherent twin boundary in fcc Cu or a Σ3 <1 1 0> (1 1 1) symmetrical tilt grain boundary 

(STGB) in bcc Fe. 

 

For advanced computational capabilities at the mesoscale, integrated approaches of machine 

learning and parallel computing are working in progress to improve the computational time and 

accuracy. 

 

Future Plans 

The first year of the grant has focused on the theoretical framework. For the coming year, KMC 

simulations to obtain the bias factors of dislocations loops with different sizes in bcc iron will be 

carried out. This will allow us to establish the size dependences of dislocations loops on the bias 

factors. In addition, efforts will be started to investigate bias factors in bcc tungsten, in which the 

dominant self-interstitial atom is a crowdion. Simulations to examine the mechanisms of 

multiple dislocations with obstacles will continue and initial simulations of dislocations using 

SEAKMC will start.  
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Understanding Multiscale Defect Formation Process and Phase-Switching Behavior in 

Shape Memory Functional Oxides 

 

Mohsen Asle Zaeem, Colorado School of Mines (Lead Principle Investigator) 

Doyl Dickel, Mississippi State University (Principal Investigator) 

Michael Baskes, Mississippi State University (Co-Investigator) 

 

Program Scope 

Different stimuli (e.g., mechanical load or temperature change) can promote martensitic 

phase transformation in some ceramic oxides, and similar to many metallic systems, the phase 

fractions and morphologies of martensitic phases determine the properties of these materials. It is 

recently revealed that some micron- and submicron-sized ceramics show recoverable martensitic 

phase transformation that can provide superelastic and shape memory properties. However, 

experimental tests reveal that degradation of shape recovery and premature failure happen in 

these materials only after a few loading cycles. The underlying nanoscale phase-switching 

behavior and defect formation and evolution process of these shape memory functional oxides 

(SMFOs) are not fully understood yet. In this work, a combination of large scale atomistic 

simulations and phase-field modeling is proposed to study the effects of intrinsic and extrinsic 

characteristics on the deformation mechanism, phase-switching property, and defect 

formation/evolution process in single crystalline and polycrystalline nano- and micropillars of 

yttria-stabilized tetragonal ZrO2 (YSTZ) and BiFeO3.  

SMFOs are solid-state transducers and may sense thermal, mechanical and electric 

stimulus, making them useful in a wide variety of applications ranging from actuation, energy 

damping, energy harvesting, etc. Development of advanced quantitative computational models 

for fundamental understanding of phase-switching behavior and defect formation process and 

predicting the properties of SMFOs are necessary for the future design of shape memory 

ceramics that can function for a high number of thermo-electro-mechanical fatigue cycles. 

 

Recent Progress  

Specimen- and grain-size effects on nanoscale plastic deformation mechanisms and 

mechanical properties of polycrystalline yttria-stabilized tetragonal zirconia (YSTZ) nanopillars 

were studied by molecular dynamics simulations [1]. Through uniaxial compression of YSTZ 

columnar nanopillars, intergranular and transgranular deformation mechanisms are investigated. 

Cooperative intergranular deformations including grain boundary sliding and migration, grain 

rotation, and amorphous phase formation at grain boundaries are revealed Figure 1). Results also 

reveal formation of partial dislocations, which act as splitters of large grains and play a 

significant role in facilitating the rotation of grains, and consequently promote amorphous-to-

crystalline phase transition in-between neighboring grains. An increase in free surface-to-volume 

ratio is found to be responsible for specimen size-induced softening phenomenon, where a 

decrease in Young’s modulus and strength is observed when the specimen width decreases from 

30 nm to 10 nm. Also, a decrease in Young’s modulus and strength is revealed with the decrease 

of average grain size from 15 nm to 5 nm. Grain boundary density is identified to be responsible 

for the observed grain size-induced softening behavior in polycrystalline YSTZ nanopillars. A 

transition in dominant deformation mechanism is observed from amorphous phase formation at 

grain boundaries to a competition between intergranular grain boundary sliding and transgranular 

phase transformation. Furthermore, an inverse Hall-Petch relationship is revealed describing the 
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correlation between grain size and strength for polycrystalline YSTZ nanopillars with grain sizes 

below 15 nm. 

 
Figure 1. Representative polycrystalline YSTZ nanopillars with average grain sizes of (a) 14.7 nm, (b) 7.8 nm and (c) 

5.4 nm for grain size effect study. Atoms with grey, red and pink colors are Zr, O and Y, respectively. (d-f) show the 

corresponding cross-sectional side views of atomic configurations in (a-c) at strain of 10.0%. The atomic arrangements 

regarding transgranular phase transformation and amorphous phase formation on GBs are enlarged and shown in (g) 

and (h), respectively. Coordination number (CN) is adopted to track the evolution of deformation in (d)-(h). Blue color 

represents YSTZ with tetragonal structure, while green and other colors represent GBs and high strained atoms [1].  

 

The defect evolution behaviors in YSTZ nanopillars were investigated by atomistic 

simulations [2]. Two characteristic orientations of [01 1]  and [001] are selected to represent the 

dominant deformation mechanisms of phase transformation and dislocation migration, 

respectively. Volume expansion associated with the tetragonal to monoclinic phase 

transformation is observed to promote healing of crack and void. Atom stress analyses reveal 

stress concentrations along the newly formed monoclinic phase bands. A critical crack/void 

width is identified, less than which the crack/void can be fully closed in compression (Figure 2). 

For [001]-oriented YSTZ nanopillars, dislocation migration leads to formations of an amorphous 

phase, which also assist the crack and void closure process. The revealed crack/void healing 

mechanisms may provide a path for mitigating internal defects that influences the mechanical 

properties and deformation mechanisms of SM ceramics. 
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Figure 2. Atomic configurations of [011̅]-oriented YSTZ nanopillars with different pre-existing void sizes under 

compressive strains of (a-d) 0.8% and (a’-d’) 5.0%. Atoms are colored by coordination number, where blue and green 

colors denote atoms with tetragonal and monoclinic crystal structures, respectively. (e) Evolution of normalized void 

diameter (d’/d) during compression as a function of strain for YSTZ nanopillars with pre-existing diameters of 2.0 

nm, 4.0 nm, 6.0 nm and 8.0 nm. The blue shadow region on the left indicates the original elastic dilation of crack [2]. 

 

Future Plans 

In annealing of yttria-stabilized tetragonal zirconia (YSTZ), {011}-specific twins and 

sub-surface defects are often observed, however their effects on the martensitic phase 

transformation and deformation behavior of YSTZ have never been investigated. We will study 

the roles of twin boundaries (TBs) and pre-existing defects in determining the mechanical 

properties and subsequent deformation mechanisms of YSTZ nanopillars. 

We also plan to the investigate the flaw tolerance in polycrystalline YSTZ nanopillars by 

creating polycrystalline models with different grain sizes and pre-existing defects. The goal is to 

find a relationship between grain orientation, grain and defect/void size in order to design 

nano/microstructures that increase the flaw tolerance of polycrystalline YSTZ. 

And finally, we are working on developing new sets of interatomic potentials for SMFOs. 

First we will focus on BiFeO3, and we will investigate the effects of crystallographic orientation 

on shape memory, phase-switching, and defect formation process of single-crystal and bicrystal 

BiFeO3 nanopillars by large scale molecular dynamics simulations. 
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Program Scope 

 The objective of this project is to investigate, at a fundamental level, the deformation 

mechanism of nanotwinned (nt) Al and binary Al alloy films with high density twin boundaries 

(TBs) and stacking faults (SFs). To achieve this goal, we will test the following hypotheses: 

1) Nanotwinned (nt) Al with high stacking fault energy (SFE) may have strengthening 

mechanisms drastically different from those of nt Cu with low SFE.  

2) ITBs and SFs may enable high ductility in nt Al. Although there are abundant studies that 

show CTBs promote work hardening in nt Cu, there are few studies that investigate the influence 

of ITBs and SFs on tensile ductility of nt Al.  

3) Certain solutes in nt Al alloys may enable substantial increase of strength and plasticity and 

significantly enhance the mechanical and thermal stability of TBs in nt Al alloys. The addition 

of certain solutes may enable us to tailor (reduce) the SFE of Al alloy, so that we can introduce 

greater density of twins/SFs in nt Al alloys, tailor strengthening and deformation mechanisms in 

nt Al alloys and accomplish increase of strength with little loss in ductility in nt Al alloys.  

Recent Progress 

1) High‐Strength Nanotwinned Al Alloys with 9R Phase (Adv. Materials 30, 1704629, 2018)  

We fabricated high-strength, nt Al-xFe (x=1-10 at.%) solid solution alloys with a 

substantial fraction (~ 25 vol.%) of 9R phase. In situ SEM micrographs in Fig. 1a show ductile 

deformation of pure Al, as evidenced by barreling of the pillar, and the specimen exhibits a flow 

stress of ~ 200 MPa (Fig. 5D). The SEM snapshots of Al-2.5%Fe alloys (Fig. 1b) show extensive 

deformation of the pillar, with a reverse conical shape. The flow stress of Al-2.5%Fe exceeds 1 

GPa. Similar geometry change was observed in the Al-5.9%Fe micropillars (Figure 1c). 

Interestingly, no shear offsets were observed in the deformed specimens. At 10% strain, the flow 

stress of the Al-5.9%Fe exceeds 1.5 GPa (calculations represent lower bound of stress).  
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Figure 1. In situ micropillar compression tests on Al (111) and nt Al-Fe films performed inside a 

scanning electron microscope. (a-c) SEM micrographs of Al(111) and Al-xFe (x = 2.5 or 5.9 at.%) 

pillars captured during in situ compressions to different strains. (d) True stress-strain curves of the 

pillars show that the flow stress of Al-2.5%Fe and Al-5.9% Fe exceeds 1.0 and 1.5 GPa, 

respectively. (e) The flow stresses at ~ 10% strain shows that the Al-Fe alloy films have 

significantly higher flow stress than monolithic Al films. The strain hardening exponent, n, of the 

Al-Fe films is greater than that of monolithic Al films. 

 

2) Mechanical behavior and strengthening mechanisms of nanotwinned AlMg alloys.  

(Invited paper, Journal of Materials Research 33, 3739-3749, 2018) 

We introduce twins into sputtered AlMg films by using a Ag seed layer as shown in Fig. 

2. By adding more Mg solute, the strength of the nt AlMg films raises significantly due to the 

solid-solution and grain boundary strengthening. In situ micropillar compression technique is also 

employed to obtain stress-strain behaviors, and the flow stress of nt Al-Mg films reached 0.8 GPa, 

correlated well with the hardness measured by nanoindentation. Furthermore, compression studies 

show nt AlMg has an excellent strain hardening capability. 

 
Figure 2.TEM images of Al-5Mg thin film. (a) Plan-view TEM micrograph showing domain 

boundaries. The inserted selected area (SAD) diffraction pattern showing the formation of epitaxial 

films. (b) A cross-section TEM (XTEM) micrograph showing columnar grain boundaries. (c) A 

low magnification XTEM showing the incoherent twin boundaries (ITBs) decorated with 9R phase. 

(d) The width of 9R phase decreases from interface to the film surface. (c) A higher magnification 

TEM micrograph showing the typical 9R phase, ~ 67 nm, formed in the middle of the film. (f) A 

HRTEM image shows the 9R phase from white box f in Figure 2d. 

 

3) Ultra-strong nanotwinned Al-Ni solid solution alloys with significant plasticity.  

(Nanoscale 10 (46), 22025-22034, 2018)  
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In this paper, we show, by using a small amount of Ni solutes, high-density twin boundaries 

and stacking faults form in the sputtered Al-Ni solid solution alloys. First-principle density 

function theory calculations show that Ni solute facilitates the formation of stacking faults and 

stabilizes nanotwins in Al-Ni solid solutions. In situ micropillar compression tests were performed 

on selected nt Al-Ni alloys. The Al-4.5 Ni and Al-9.3Ni pillars have flow stress (at 8% strain) of 

1.0 and 1.75 GPa, respectively. Also, Al-4.5Ni and Al-9.3Ni have much higher work hardening 

rate than pure Al. 

4) Thermal and microstructural stability of high-strength nanotwinned Al-Fe alloys.  

(Acta Materialia 165, 142-152, 2019) 

Al alloys have widespread applications but often suffer from low yield strength. 

Nanotwinned Al-Fe solid solution alloys have shown high flow stress (> 1.5 GPa), ascribed to 

nanograins with abundant incoherent twin boundaries and solute-stabilized 9R phase. However, 

the high temperature mechanical behaviors of high-strength twinned Al-Fe alloys remain unknown. 

In this study, we show that nanotwinned microstructures are stable up to 280 ˚C, followed by 

recrystallization at 300˚C. The precipitation first nucleated at free surface of the films at 280 ˚C. 

Precipitation and recrystallization formed through the samples at 300 ˚C. The Al6Fe is determined 

to possess an orthorhombic structure. 

To unveil the real-time mechanical response of the Al-Fe solid solution alloys, in situ 

micropillar compression has been conducted inside a SEM microscope. As show in Figure 3b, Al-

5.5% Fe has a flow stress of ~ 1.67 and 1.63 GPa, after annealing at 100 and 200˚C, slightly lower 

than that of the as-deposited specimen. The significant drop of flow stress to ~ 0.88 GPa after 

annealing at 300˚C is due to grain coarsening.  

The improved thermal stability of the nt Al-Fe is attributed to several aspects. First, 

although ITBs carry boundary energy of 223-354 mJ/m2, similar to the 324 mJ/m2 of high angle 

GBs, most of the ITBs in the Al-Fe alloys are diffuse TBs. These diffuse ITBs are less mobile, 

comparing to sharp ITBs. Second, the Fe solute significantly stabilizes extended ITBs, i.e. 9R 

phase, as proved by our recent molecular dynamic simulations.  

 

 

 

Figure 3. Room temperature in-situ 

compression tests on Al-5.5Fe 

specimens annealed at various 

temperatures: (a) An SEM image 

demonstrates a typical in-situ 

experiment. (b) Typical engineering 

stress-strain curves of Al-5.5 Fe 

treated at different temperatures. (c-

f) Corresponding SEM snapshots 

captured at different strains during 

in-situ tests of as-deposited and 

annealed specimens. Tanneal and Ttest 

stands for annealing temperature 

and test temperature, respectively.  
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Future Plans  

In the next fiscal year, we plan to undertake the following tasks:  

1) Investigate the tensile behavior of nanotwinned Al alloys. 

2) Examine the mechanical behavior of nanotwinned binary Al alloys.  

3) Explore the solute effect on twin formation in binary Al alloy systems. 

4) Explore the thermal stability of nanotwins in Al and Al alloys.  
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Program Scope 

 EDDE’s Mission is to develop a fundamental understanding of energy dissipation and 

defect evolution mechanisms in tunable concentrated solid solution alloys (CSAs) and ultimately 

to control defect evolution in a radiation environment. We hypothesize that modifying alloy 

chemical complexity will enable us to control defect production and dynamics at the early stage 

of damage formation and ultimately enhance late stage radiation-tolerance under extreme 

radiation conditions.  

 Recent Progress  

 The effort to develop metallic alloys with increased structural strength and improved 

radiation performance has focused on the incorporation of either solute elements or 

microstructural inhomogeneities to mitigate damage. Over a decade ago, complex concentrated 

alloys (CCAs) composed of multiple elements, all at high concentrations, have emerged that 

presents unforeseen opportunities for materials discovery. Among CCAs, single–phase 

concentrated solid-solution alloys (SP-CSAs) have drawn great attention. SP-CSAs are a unique 

group of CCAs, that have tunable chemical complexity, but lack microstructural inhomogeneities 

(e.g., nanoclusters, secondary phases, grain boundaries, interfaces). Single–phase high-entropy 

alloys (SP-HEAs), a subset of SP-CSAs, commonly contain five or more elemental species. An 

example of the tunable chemical complexity is specified in Fig. 1. A progression from elemental 

Ni to quinternary SP–CSAs—including the corresponding binary, ternary, and quaternary 

subsystems in Fig. 1 left—offers a powerful means to explore the influences of chemical 

complexity on energy dissipation and defect evolution. For example, the ability to tailor the 

chemical complexity of SP-SCAs can be used to control energy dissipation via energy carriers 

that transport charge, heat, and spin (Fig. 1 top center) and to modify the energy landscape (Fig. 

1 bottom center) in order to control defect evolution resulting from kinetic energy transfer and 

mass transport during and after radiation events, e.g., collision cascades and defect migration. 

Manipulation of a material’s ability to dissipate radiation energy can control the very early stages 
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of defect dynamics and subsequently impact the microstructural evolution under prolonged high-

dose irradiation,  (Fig. 1 right). 

 

Fig. 1. SP-CSAs are alloys with tailored chemical complexity tunable via the intrinsic elemental disorder. The 

tunable chemical complexity (e.g., left: a subset of SP-CSAs) represents a powerful tool for dramatically modifying 

properties at the level of electrons and atoms (middle: electronic structure and energy landscapes in pure nickel and 

CSAs) and ultimately enhancing radiation tolerance (right: schematic drawing of an atomic collision and the 

radiation-induced swelling from step-height measurements). 

 To elucidate the impact of chemical complexity, we focus on SP-CSAs that do not have 

complications resulting from microstructural inhomogeneities. Recent progress is summarized 

from five aspects, starting at the level of electrons and atoms to microstructure progression.  

1. Electronic effects—Electrons, magnons, and electronic structure affect energy transfer and 

defect properties. Knowledge of the electronic structure and magnetic characteristics of 3d SP-

CSAs and their element-based temperature-dependent intrinsic properties has provided critical 

insights into energy dissipation processes. We show that modified electronic structure is due to 

magnetic frustration. Orders-of-magnitude reductions in electron mean free paths and localized 

electron-electron interactions are achieved by controlling chemical complexity [1]. Further 

study discovers the hidden Mn magnetic-moment disorder and a ground state in fcc NiCoMn to 

be the most energetically favorable in the presence of spin noncollinearity [2]. The d electron 

characteristics are shown to control the defect properties of 3d SP-CSAs. A substantial 

reduction in the capability to dissipate energy with increasing differences in the 3d electron 

count is demonstrated, and more localized heat is shown to enhance defect recombination. 

These findings suggest a path forward to study magnetism-controlled electronic structure and 

energy dissipation. 

2. Atomic effects—Complex energy landscapes significantly tailor defect migration and atomic 

transport. In SP-CSAs, extensive chemical disorder and elemental diversity result in rich 

atomic-level inhomogeneities [3,4]. Defects experience a complex energy landscape that affects 

transport properties and defect behavior [5]. A wide distribution of defect energetics and 

chemically biased mass transport resulting from chemical disorder, as well as electronic effects 

on defect stabilization, are revealed. The high atomic-level stresses and modified atomic motion 

facilitate rapid annealing and prevent growth of extended defects.  
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3. Coupled electronic and atomic effects—Pronounced ionization effects alter the atomic 

processes, modify defect dynamics, and affect microstructure evolution. We show nonadiabatic 

interactions of electrons with ions. First principles and time-dependent DFT based codes [6,7] 

are developed to account for almost all the energy loss to target atoms. Closely coupled elastic 

and inelastic interactions under ion irradiation, in which the inelastic energy deposited to 

electrons significantly affects atomic processes, as the energy returned to the lattice via 

electron-phonon (e-ph) coupling enhances defect recombination and produces more isolated 

defects [8-10]. More pronounced coupling effects are observed in more complex SP-CSAs due 

to lower thermal conductivity and stronger e-ph coupling, compared with Ni or dilute alloys.  

4. Defect evolution—Local chemical disorder affects phase stability, radiation-induced 

segregation, and microstructure evolution. Complex chemical complexity is shown as being a 

unique tool to intrinsically suppress damage evolution under irradiation. Just as dislocations are 

pinned by defects in conventional alloys, defects in SP-CSAs are pinned by chemical disorder. 

However, the pinning strength depends on the nature of the defects and chemical environment. 

The remarkably slow defect evolution and therefore delayed damage accumulation are 

attributed to the intrinsic “self-healing” property of chemically complexed SP-CSAs [11,12]. 

5. Microstructure progression—Complex chemical disorder delays microstructure degradation, 

retards void swelling, and suppresses helium bubble growth. Increasing complexity has been 

shown to significantly suppress void swelling, by two orders of magnitude, at elevated 

temperatures. Alloying with Pd effectively delay the growth of dislocation loops than alloying 

with Mn, and Pd-HEAs have shown stronger suppression of void growth at higher temperatures 

[13]. EDDE work provides clear evidence of chemical effects on He behavior in CSAs and 

evidence that strategies by tailoring chemical complexity can alter vacancy and interstitial 

migration energies, thereby suppressing bubble formation and growth during irradiation [14].  

 EDDE research in SP-CSAs has clearly shown that extreme chemical complexity is 

conceptually different from dilute solutes or nanoscale features. The current understanding of 

electronic and atomic effects, defect evolution, and microstructure progression suggests that 

radiation energy dissipates in SP-CSAs at different interaction strengths via the energy carriers 

(electrons, phonons, and magnons). Modification of electronic- and atomic-level heterogeneities 

and tailoring of atomic transport processes can be realized through tuning of the chemical 

complexity of SP-CSAs via the selection of elements and their concentrations. Alloy design 

should take the electronic, atomic, and coupled effects fully into account. Due to the high 

chemical complexity, CSAs offer wide ranges of variation in electronic and structural properties 

that allow several knobs to be turned in designing materials for the desired functionality. 

Future Plans 

 Studies worldwide have shown that nano-scale features can significantly affect defect 

dynamics and microstructural evolution. Integration of above understanding from SP-CSAs with 

258



knowledge on nano-scale features by adding low level of substitutional additions, nanoparticles, 

grain boundaries in CSAs allows further improvement of radiation performance, already 

demonstrated in our preliminary work on Thermal Stability and Irradiation Response of 

Nanocrystalline CoCrCuFeNi HEA [15]. We will continue the investigation on nanostructured 

CSAs under extreme environments. Tuning chemical complexity and controlling microstructural 

complexity represent a powerful tool to improve radiation performance and may ultimately lead 

to alloy design criteria to meet various application requirements. 
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