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Plenary Session I
Monday AM		
July 16, 2018		

Advanced Characterization of Deformation Processes I
Room: Archie Griffin East Ballroom
Location: The Ohio Union

Monday AM		
July 16, 2018		

Room: Traditions
Location: The Ohio Union

Session Chairs: Tresa Pollock, Univ of California Santa Barbara;
Christopher Hutchinson, Monash University

Session Chairs: Angus Wilkinson, University Of Oxford; Marcelo Dapino,
The Ohio State University

8:00 AM Introductory Comments

10:30 AM Invited
Dislocation Mapping Using Electron Channeling Contrast Imaging (ECCI)
and High Resolution Electron Backscatter Diffraction (HR-EBSD): Phani
Karamched1; Angus Wilkinson1; 1University of Oxford
Electron channelling contrast imaging (ECCI) is a technique in the scanning
electron microscope that can be used for non-destructive observation of lattice
defects such as dislocations near the surface of bulk materials using the backscatter
electron detector. With recent improvements in the quality of detector electronics,
the visibility of such features in the SEM is comparable to that obtained by regular
dark-field TEM images, with an additional advantage that bulk samples can be
imaged rather than thin foils. Moreover, a TEM foil offers a limited observation
area; preparation can be laborious or introduce additional defects. With ECCI, it
is possible to select a two-beam diffraction condition (as in the TEM) to obtain
images of dislocations and characterise them over larger areas. High-resolution
Electron Backscatter Diffraction (HR-EBSD) is another electron diffraction based
technique in the SEM that uses an EBSD detector to capture and measure small
shifts (sub-pixel precision) in kikuchi patterns. These shifts can be related to the
elastic strains (with a sensitivity of approximately 2 x 10-4) and lattice rotations. A
map of geometrically necessary dislocation (GND) content can then be constructed
using Nye’s framework.In combination, these SEM based techniques provide great
flexibility to map large areas for statistical analysis of deformation state, dislocation
densities, substructures and also smaller areas at higher magnification targeting
individual dislocations, and their distribution around specific microstructural
features. The methods will be illustrated using example images including from
GaN layers, deformation near nano-indents, dislocations in crept superalloys.

8:15 AM Plenary
Mechanical Properties of High-Entropy Alloys – Review of Recent
Developments: Easo George1; 1Oak Ridge National Laboratory
Considerable progress has been made, especially during the past five years, in
advancing our basic understanding of the mechanical properties of high-entropy
alloys. Strength, ductility and toughness are among the most important mechanical
properties and, in this talk, I will review some of their salient features including
dependence on temperature, strain rate, and chemical composition. I will show
that investigations by a number of different groups of microstructure-property
relationships in a few carefully processed model alloys have uncovered some of
the fundamental physical mechanisms that govern macroscopic flow and fracture
behavior. Certain hypotheses, for example, that greater the number of constituent
elements in high-entropy alloys, greater the degree of solid solution strengthening,
have been falsified by experiments. Others, for example, that alloying elements
that promote phase instabilities can also promote twinning/transformation induced
plasticity, appear to hold great promise. After reviewing the progress made to date,
I will briefly mention some fruitful areas for future research. Research supported
by the U.S. Department of Energy, Office of Science, Basic Energy Sciences,
Materials Sciences and Engineering Division.
8:55 AM Question and Answer Period
9:05 AM Plenary
Advancing Alloys by Segregation Engineering: Dierk Raabe1; 1Max-PlanckInstitut
Internal interfaces and dislocations influence mechanical, functional, and kinetic
properties of metallic alloys. They can be manipulated via solute decoration,
local decomposition and confined transformation phenomena enabling changes in
energy, mobility, structure, and cohesion. In an approach referred to as ‘segregation
engineering’ solute decoration is not regarded as an undesired phenomenon but
is instead utilized to manipulate specific interface and dislocation structures,
compositions and properties that enable useful material behavior.
9:45 AM Question and Answer Period
9:55 AM Break

11:00 AM
In-Situ Transmission Electron Microscopy of Twinning Nucleation and
Growth in BCC Crystals: Scott Mao1; 1University of Pittsburgh
Twinning is a fundamental deformation mode that competes against dislocation
slip in crystalline solids. In metallic nanostructures, plastic deformation requires
higher stresses than those needed in their bulk counterparts, resulting in the smaller
is stronger’ phenomenon. Such high stresses are thought to favor twinning over
dislocation slip. Deformation twinning has been well documented in face-centered
cubic (FCC) nanoscale crystals. However, it remains unexplored in body-centered
cubic (BCC) nanoscale crystals. Here, by using in situ high-resolution transmission
electron microscopy and atomistic simulations, we show that twinning is the
dominant deformation mechanism in nanoscale bi-crystals of BCC tungsten.
Twinning nucleation process was observed under in-situ high resolution TEM. Such
deformation twinning is found to be pseudoelastic, manifested through reversible
detwinning during unloading. We find that the competition between twinning and
dislocation slip can be mediated by loading orientation, which is attributed to the
competing nucleation mechanism of defects in nanoscale BCC bi-crystals. Our
work provides direct observations of deformation twinning as well as new insights
into the deformation mechanism in BCC nanostructures.
11:15 AM
Microstructural Characterization of Creep-Fatigue Deformation in 9Cr1MoV Steel and Weldments: Harrison Whitt1; Tyler Payton1; Wei Zhang1;
Michael Mills1; 1The Ohio State University
High chromium ferritic-martensitic steels are vital structural materials for current
and proposed nuclear and coal-fired power plants due to their creep-resistant
properties. In service, 9Cr-1MoV (P91) components experience cyclic stress at
elevated temperatures, resulting in creep-fatigue (CF) damage accumulation. This
problem is particularly prevalent in the inter-critical heat-affected zone (ICHAZ) of
9Cr-1MoV weldments. A force-controlled, CF testing apparatus was designed and
used to study CF deformation properties of 9Cr-1MoV base metal and weldments
from conventional flux-cored arc welding (FCAW) and non-conventional cold
metal transfer (CMT) welding processes. The non-conventional CMT weldments
benefit from a low heat-input, comparable to electron beam or laser welding.
Advanced characterization techniques including electron backscattered diffraction,
(EBSD) scanning transmission electron microscopy (STEM), energy dispersive
spectroscopy (EDS) and transmission kikuchi diffraction (TKD) were used to
examine the effects of welding process and CF damage on the microstructure of
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9Cr-1MoV specimens. Addition of a fatigue-component in elevated temperature
creep results in a reduction in rupture life of up to 80% compared to monotonic
creep data. Base metal specimen rupture life was shown to be heavily dependent
on dwell time at maximum load. P91 CF specimens also exhibited inelastic
recovery at minimum load, which may be due to back-stresses caused by highly
inhomogeneous substructures present in ferritic-martensitic steels. Base metal
specimens were found to exhibit inelastic recovery, substructure and precipitate
coarsening, and a drastic decrease in dislocation density during CF testing.
Specimens welded using CMT welding techniques significantly out-performed
specimens welded using FCAW techniques. Failure was localized in the ICHAZ
for all cross-weld specimens tested. Simulated bulk ICHAZ samples were also
prepared and tested. Microstructural investigations indicate a substantial difference
in precipitate distribution and coarsening rates when comparing FCAW and CMT
specimens, which may contribute to the significant differences in the mechanical
properties exhibited by each welding process.
11:30 AM
Orientation Dependence of Deformation Behaviors in Cyclic Deformation of
AZ31 Magnesium Alloy Investigated by In-Situ Neutron Diffraction, EBSD
and TEM: Wu Gong1; Ruixiao Zheng1; Stefanus Harjo2; Kazuya Aizawa2; Akinobu
Shibata1; Nobuhiro Tsuji1; 1Kyoto University; 2Japan Atomic Energy Agency
Magnesium and its alloys generally exhibit large plastic anisotropy, especially in
cyclic deformation. In order to clarify strong asymmetric stress-strain behaviors in
cyclic deformation of magnesium alloys, a systematical evaluation was carried out
by the combination of in-situ neutron diffraction, identical area electron backscatter
diffraction (EBSD) and transmission electron microscopy (TEM) techniques.
Fully reversed strain-controlled cyclic compression-tension deformation with
a total strain amplitude of 4% (±2%) was applied on a commercial AZ31 alloy
and the deformation process was examined by in-situ neutron diffraction. A
significant change in the strength of particular diffraction peaks revealed that the
compressive deformation was dominated by the c-axis tension twinning, while
de-twinning occurred in subsequent unloading and tension deformation. EBSD
and TEM observations both confirmed the occurrence of de-twinning. A strong
orientation-dependence was observed for twinning, de-twinning and basal slip.
The neutron diffraction also indicated that the {11-20} and {10-10} oriented
grains with twins inside exhibited larger lattice strain than the grains dominated
by basal slips. However, {11-20} oriented grains showed opposite tendency to
{10-10} oriented grains in the residual lattice strain. The lattice strain in the former
increased with increasing the cycles, while the lattice strain decreased in the latter.
The KAM (kernel average misorientation) value of the {11-20} oriented grains
was higher than that of the {10-10} oriented grains, which confirmed an orientation
dependence of dislocation distributions. A Schmid factor analysis revealed that the
change in the deformation modes depending on orientations were the origin for the
asymmetric stress-strain behavior in the cyclic deformation of AZ31 alloy.
11:45 AM
In-Situ Investigation of Deformation Dynamics for Quality Monitoring in
Ultrasonic Additive Manufacturing: Gowtham Venkatraman1; Leon Headings1;
Marcelo Dapino1; 1The Ohio State University
Ultrasonic additive manufacturing (UAM) is a solid-state technology to
create layered metal parts from thin foils. Ultrasonic vibrations are applied under
pressure to create high strain-rate plastic deformation at the weld interface, along
with dispersal of oxides and contaminants, to create metallurgical bonds without
melting of the constituent metals. The low formation temperature of the process
enables the welding of dissimilar materials and embedding temperature-sensitive
reinforcements and sensors. The UAM welder is integrated into a CNC machine,
facilitating the creation of complex internal features and near-net shape parts from
foil stock.Selection of optimal process parameters for UAM joining of a material
pair typically requires extensive statistical studies and destructive mechanical
testing. Hence, it is desirable to identify metrics from in-situ measurements for
in-process quality monitoring and to guide the development of models for processproperty relationships. Ultrasonic NDE and other in-situ methods reported in the
literature require modifications to either the support structure or foil material.
A process monitoring system was developed in this work to characterize bond
formation during the UAM process, and its relationship to the strength of the
resulting UAM part. The characterization technique developed can assist in
finding optimal process parameters from in-situ measurements, reducing the
need for destructive mechanical testing. A Doppler Laser Vibrometer instrument
was used in this work to measure the in-situ deformation dynamics of standard
foil (150 microns thick) used in the UAM process. The voltage input to the
piezoelectric transducer was measured synchronously and its phase shift with the
velocity measurements analyzed using a linear time-invariant system model. This
characterization technique was applied for UAM fabrication of aluminum 6061-

H18 foil under different process conditions. In-situ measurements were related to
the interface mechanical strength of the fabricated build. Interface strength was
measured using a custom shear testing procedure developed in-house.

Fracture and Fatigue I
Monday AM		
July 16, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chairs: David Wilkinson, McMaster University; Robert Ritchie,
Univ of California
10:30 AM Invited
Toughening Mechanisms in Ceramic Nanocomposites with One- and Twodimensional Reinforcements: Brian Sheldon1; Cristina Ramirez1; Lin Zhang1;
Nitin Padture1; Xing Liu1; Huajian Gao1; Hua Guo2; Jun Lou2; 1Brown University;
2
Rice University
The research community has long focused on methods for improving the fracture
toughness of ceramic materials. With this in mind, the exceptional mechanical
properties of some nanotubes and nanofibers have led to efforts to use these types
of materials to produce new composite materials with substantially improved
toughness. 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 impact toughening mechanisms is the central motivation of
the research that will be presented. In this work, several different processing
methods were employed to carefully control defects and other microstructural
features. Systematic experimental investigations of toughening mechanisms in
these materials are focused on several different in situ mechanical testing methods
at different length scales. This approach allows us to observe and monitor fracture
mechanisms in ways that go well beyond prior studies. These experimental
investigations are also closely integrated with multiscale modeling efforts. This
combination of careful processing, in situ mechanical testing, and modeling, has
led to new insight into the toughening mechanisms that operate in these ceramic
nanocomposites.
11:00 AM Cancelled
Micro-Mechanical Fracture Testing of SiC/SiC Composites: David Armstrong1;
Eugene Zayachuk1; 1University of Oxford
11:20 AM Invited
Damage-Tolerance in Multi-Element Metallic Alloys: Robert Ritchie1; Mark
Asta1; Andrew Minor1; 1Univ of California
Structural materials invariably must possess damage tolerance with good
combinations of strength and toughness. Unfortunately, these properties are
generally mutually exclusive and so the development of new structural materials
has traditionally involved seeking a compromise between hardness and ductility.
This presentation will focus on recently developed, advanced multi-element,
metallic alloys, specifically bulk-metallic glasses and high-entropy alloys, that show
particularly good combinations of strength and toughness at levels comparable
with the best structural materials on record. Strength levels often well above 2
GPa, fracture toughness values up to 200 MPa.m1/2, and fatigue limits up to 25%
of the ultimate tensile strength make certain metallic glasses, and their composites,
intriguing candidates for many structural applications. Coupled with their ease of
processing, these alloys show particular promise although the reproducibility of their
properties and the ability to realistically measure high fracture toughness values in
locally strain-softening materials still pose problems. High-entropy alloys represent
a similar class of multi-element alloys with the distinction that these materials are
fully crystalline and in principle single phase. Like metallic glasses, certain highentropy alloys can display remarkable damage tolerance. Specifically, we show
that a nominally equiatomic, single phase medium- and high-entropy alloys can
display strengths in excess of 1 GPa with fracture toughness values well above 200
MPa.m1/2. We further use in situ high-resolution transmission electron microscopy
at both ambient and cryogenic temperatures to discern their deformation modes
involving a unique synergy of dislocation activities. Moreover, due to the onset of
deformation nano-twinning, especially at cryogenic temperatures, these properties
can actually improve with decrease in temperature – a trend that is contrary to the
behavior of the vast majority of materials.
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11:50 AM
Damage Processes in Third-generation Steels: David Wilkinson1; Javad
Samei1; Jidong Kang2; Linfeng Zhou1; Diyar Salehiyan1; 1McMaster University;
2
CanmetMATERIALS
Third-generation steels exhibiting both high strength and good ductility have
been recently developed with a great deal of attention being paid to the processing
and microstructure of these materials. There is relatively little known however
about the micromechanical processes that control damage and ductile fracture
in these complex multi-phase materials. In this paper we will summarize recent
studies to understand damage in a range of materials, including QP980 and DP1200
(the latter with and without V additions). These studies involve the use of microDIC (digital image correlation) to map the local strains within each phase, coupled
with x-ray tomography studies for the evolution of damage. The results give some
indications as to the kinds of microstructures that are best suited to obtaining high
ductility and in particular post-uniform elongation.
12:10 PM
On the Non-Validity of Routinely Used Formulae for Stress Intensity Factors
and Plastic Zone Sizes of Mode II and Mode III Fatigue Cracks: Miroslav
Hrstka1; Stanislav Žák1; Tomáš Vojtek2; 1Brno University of Technology, Central
European Institute of Technology (CEITEC); 2CEITEC IPM, Academy of Sciences
of the Czech Republic
Fracture mechanics parameters used in materials characterization are often
determined using simple formulae which have a limited validity. In some
applications, particularly under shear-mode loading, the parameters exceed the
range of validity much sooner than expected. Various topics of recent research
concerning crack closure and crack propagation mechanisms demand precise
determination of the shapes and sizes of plastic zones in bodies with various
in-plane and out-of-plane constraint levels. It is necessary to take into account
material hardening, the true stress state as well as the polar coordinate for which
the plastic zone size is relevant. The results are shown for cylindrical specimens
used for experimental investigation of mode II and mode III fatigue cracks. Plastic
zone shapes and sizes were determined for the ARMCO iron (commercially pure
ferrite) using finite element method and considering the cyclic stress-strain curve.
It was found that the plastic zone size reached the small-scale yielding limit already
at the level of mode II and mode III loading corresponding to the crack propagation
threshold.Another example is given for the stress intensity factors for cracks
emanating from notches. Such cracks need to be much longer under mode II and
mode III loading than under mode I loading in order to ensure validity of the stress
intensity factor solutions obtained for standard cracks starting at the specimen
surface without the notch and with the same total length. The crack length for
which these two solutions merge together is usually considered as approximately
0.25, where  is the notch root radius. However, it was found that under mode
I loading of the cylindrical specimen this length is about 0.5 and for the mode II
and mode III loading it is at least 8.

High-temperature Deformation and Creep I
Monday AM		
July 16, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chairs: Uwe Glatzel, Univ Bayreuth; George Pharr, Texas A&M
University
10:30 AM Invited
Measurement of Power Law Creep Parameters by Nanoindentation: George
Pharr1; William Nix2; Ryan Ginder3; 1Texas A&M University; 2Stanford
University; 3University of Tennessee
Great progress has been made over the past decade in making mechanical
property measurements by nanoindentation at elevated temperatures. In addition
to facilitating the measurement of the temperature dependence of those properties
commonly investigated by nanoindentation, such as hardness and elastic modulus,
these advances have also paved the way for making small-scale measurements
(micron and sub-micron) of the material parameters used to describe power law
creep such as the activation energy and stress exponent. Making such measurements
by nanoindentation allows for high point-to-point spatial mapping of properties
as well as the characterization of thin films, thin surface layers, and even small
particles or the individual phases in complex multi-phase microstructures. Despite
this progress, significant experimental difficulties are still often encountered, and
how one converts the data obtained in nanoindentation tests to the parameters

normally used to characterize uniaxial creep is not at all straightforward because of
the complex, non-uniform stress states produced during indentation contact.In this
presentation, we report progress in making meaningful measurements of power law
creep by nanoindentation based on recent experience with a new high temperature
nanoindentation system capable of testing at temperatures up to 1100°C. Special
attention is given to the models and data analysis procedures needed to convert
nanoindentation load-displacement-time data, usually obtained with pyramidal
indenters, into the creep parameters normally measured in uniaxial tension or
compression testing. The models and procedures are evaluated by comparison to
several sets of creep data in which the material behavior has been characterized
both by nanoindentation and by uniaxial testing methods.
11:00 AM
Creep Behaviour NiZrY Alloys Undergoing Fast Internal Oxidation: Julia
Hastreiter1; Rainer Völkl1; Uwe Glatzel1; 1University Bayreuth
Internal oxidation is a special form of high temperature corrosion. It occurs if
the less noble elements of an alloy oxidize selectively. Konrad et al [1] explained
extremely fast internal oxidation of ternary NiZrY alloys by the formation of
yttria-stabilized zirconia (YSZ) with high oxygen ion conductivity. Internal
oxide particles can disperse finely in a metallic matrix hence forming an oxide
dispersion strengthened (ODS) alloy by an alternative to the conventional powder
metallurgy route. In this investigation ternary alloys Ni8.8Zr1.3Y and Ni2Zr0.2Y
(compositions given in at. %, balance Ni) were melted in a vacuum induction
furnace and poured into a cold copper mould leading to rapid solidification.
Samples were wire eroded from as cast ingots, and subsequently creep and tension
tested at 950°C. In addition, samples were annealed in air at 950°C in a dilatometer
in order to study the kinetics of internal oxidation without influence of a mechanical
load. Microstructure investigations prove extremely rapid internal oxidation of the
non-noble elements Zr and Y during creep. This “in-situ” formation of an oxide
phase surrounded by a Ni matrix lead to a pronounced deceleration of the creep
rate i.e. an extended primary creep stage. References [1]
C.H. Konrad,
L. Fuhrmann, R. Völkl, U. Glatzel. Internal oxidation with significant contribution
of oxygen diffusion through the oxide phase. Corrosion Science, 63:187-192, 2012
11:30 AM
Effect of Thermomechanical Treatment on Yield Strength of an Extruded
ZX10 Alloy: Patrik Dobron1; Daria Drozdenko1; Klaudia Horváth1; 1Nuclear
Physics Institute of the CAS, Rez, Czech Republic
Thermo-mechanical treatment consisting of the pre-strain and isothermal
aging can enhance mechanical properties of extruded Mg alloys. Samples of the
extruded Mg-1Zn-0.25Ca (ZX10) alloy having a basal texture were firstly prestrained along the extrusion direction and afterwards, they were isothermally aged
at various temperatures. Mechanical properties were determined from tensile and
compressive tests. Scanning (BSD and EBSD imaging) and transmission electron
microscopy was used to provide detailed insights into microstructure changes. The
main goal of the study is to find an appropriate level of pre-deformation and to
optimize heat treatment conditions in order to improve mechanical properties of
the dilute Mg alloy.
11:45 AM
A Development for a Prediction Method of Time to Creep Rupture of Repaired
Weld Joints of Modified 9Cr-1Mo Steel: Tomohisa Kumagai1; Masatsugu
Yaguchi1; Koji Tamura1; 1Central Research Institute of Electric Power Industry
In the latest coal fired power plants, steel pipes are exposed to high temperature
and high pressure such as 600 degrees Celsius and 20MPa In order to endure such
severe conditions, high chromium ferritic steels are used as steel pipes. Recently,
creep damages are often observed at heat affected zone (HAZ) in weld joints of
the high chromium ferritic steels. Especially, repair-welded joints tend to be weak
as compared with normal weld joints. However, prediction methods of creep
rupture time of repair-welded joints of high chromium steel were not established.
In this work, equations to predict creep rupture time of repair-welded 9Cr-1Mo
steel, which is the most popular high chromium steel in Japan, was developed. The
equations were based on balance of creep rate of materials which have different
creep strength. The creep deformation was described by Norton’s law. Further it
considered material type, angles between fusion lines and stress directions, and
area of repair weld. The parameters in the equations were determined so that time
to rupture of cross-weld (CW) test pieces which were obtained from repair-welded
9Cr-1Mo steels was reproduced. The time to rupture of CW test pieces can be
reproduced within factor of 2 by the equations. The predicted times to rupture of
three whole repair-welded joints by the equation well agreed with the experimental
values. Stress calculated in the equations also agreed with stress calculated from
finite element creep analyses. Further, it was suggested that the residual creep life
time of damaged weld joints can be extended by repaired-welding of both sides of
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HAZ from parameter study by using the equations.

Materials Under Extreme Conditions
Monday AM		
July 16, 2018		

Room: Cartoon 1
Location: The Ohio Union

Session Chairs: Xinghang Zhang, Purdue University; Mutasem
Shehadeh, American University of Beirut
10:30 AM
Ab Initio Calculations of Ideal Strength and Lattice Instability in W-Ta and
W-Re Alloys: Chaoming Yang1; Liang Qi1; 1University of Michigan
An important theoretical criterion to evaluate the ductility of metals with bodycentered cubic (bcc) lattice is the mechanical failure mode of their perfect crystals
under tension along 100 directions. When the tensile stress reaches the ideal
tensile strength, pure W crystal fails by a cleavage fracture along {100} plane so
that it is intrinsically brittle. To discover the strategy to improve its ductility, we
performed density functional theory (DFT) and density functional perturbation
theory (DFPT) calculations to study the ideal tensile strength and the lattice
instability under 100 tension for both W-Ta and W-Re alloys. Anisotropic linear
elastic fracture mechanics (LEFM) theory and Rice’s criterion were also applied to
analyze the mechanical instability at the crack tip under <100> tension based on the
competition between cleavage propagation and dislocation emission. The results
show that the intrinsic ductility can be achieved in both W-Ta and W-Re, however,
by different mechanisms. Even though W-Ta alloys with low Ta concentrations
are still intrinsically brittle, the intrinsic ductility of W-Ta alloys with high Ta
concentrations is promoted by elastic shear instability (ESI) before the cleavage
failure. The intrinsic ductility of W-Re alloys is produced by unstable transverse
phonon waves before the cleavage failure, and the corresponding phonon mode
is related to the generation of 1/2<111>{-211} dislocation in bcc crystals. The
ideal tensile calculations, phonon analyses, and anisotropic LEFM examinations
are mutually consistent in the evaluation of intrinsic ductility. These results bring
us new physical insights on the ductility-brittle mechanisms of W alloys under
extreme stress conditions.
10:45 AM
Microstructure and Mechanical Behavior in Gas Atomized Al 6061 Powders
and Splats: Seok-Woo Lee1; Tyler Flanagan1; Benjamin Bedard1; Alexis Ernst1;
Jie Chen1; Sumit Suresh1; Avinash Dongare1; Harold Brody1; Aaron Nardi2;
Victor Champagne3; Mark Aindow1; 1Univ Of Connecticut; 2United Technologies
Research Center; 3U.S. Army Research Laboratory
In the Cold Spray process, powders are deposited using a super-sonic gas
stream at relatively low temperatures. Above a material-dependent critical velocity,
the powder particles bond to the substrate surface forming a dense coating. The
bonding involves shearing and jetting at the splat-substrate along with “pancaking”
of grains near the interface, but the microstructures away from the interface are
similar to those in the feedstock powder particles. These powder microstructures
are, however, often rather different from the bulk alloy. Here we consider the
microstructures exhibited by gas-atomized Al6061 powders before and after heattreatment, and the changes that occur during particle impact. A combination of
electron microscopy techniques is used to reveal the way in which the main alloying
elements (Mg and Si) and impurities (mainly Fe) are distributed in the powders and
splats. The effects of these microstructures on the properties of the powders and the
splats is evaluated using micro-mechanical testing performed in situ in the scanning
electron microscope. A combination of micro-compression and micro-tensile tests
has been used to determine the mechanical properties of individual particles and
splats. These studies help to provide a fundamental understanding of the effects of
high strain rate deformation on the mechanical behaviors of metal powders, and the
consequences of these mechanisms for the development of mechanical properties
in cold spray deposits will be discussed.
11:00 AM
On the Mechanical Response of Single Crystal Iron under Extreme Loading
Conditions: Pascale El Ters1; Mutasem Shehadeh1; 1American University of Beirut
Multiscale Discrete dislocation Dynamic Plasticity (MDDP) simulations are
carried out to investigate the mechanical response and microstructure evolution of
single crystal \945-Fe subjected to high strain rate compression over wide range of
temperature. The simulations are conducted at temperature ranging between 300K
to 900K and strain rate ranging between 102 to 107 /s. Atomistically informed
generalized mobility law was incorporated in MDDP to account for the effects
of temperature and strain rate on dislocation mobility, Peierls stress and elastic

constants. MDDP based constitutive equation interrelating the temperature and
strain rate with the flow stress at high strain rate monotonic and impact conditions
are proposed. The simulation results of the yield strength, hardening rate and
microstructure evolution are in good agreement with reported experimental results.
Detailed investigations of the dislocation microstructure evolution show the
formation of extended screw dislocation lines at temperatures below 340 K due
large value of Peierls stress of the pure screw segments. Moreover, small sessile
loops of radius in the order of few nanometers are formed; these sessile loops are
facilitated by the easiness of multiple cross slip on available slip planes.
11:15 AM
Corrosion Behavior of Micro-Arc Oxidation Coated Additively Manufactured
NiTi: An Experimental Study: Amir Dehghanghadikolaei1; Hamdy Ibrahim1;
Amirhesam Amerinatanzi1; Narges Shayesteh Moghaddam1; Mohammad
Ellahinia1; Ahmadreza Jahadakbar; 1The University of Toledo
NiTi alloys have many interesting properties such as shape memory effect,
superelasticity, biocompatibility, corrosion resistance, etc. The study is focused on
micro-arc oxidation (MAO) coating of additively manufactured (AM) NiTi samples.
The reason for coating AM NiTi samples was that these pieces were fabricated
layer by layer and there could be a difference in their corrosion behavior compared
to conventionally fabricated ones. This process provides porous coating layer on
the surface of the samples to increase the bone healing during the implantation
process. Besides, the coating layer consists of a composition of titanium oxide
and phosphorous based structures. On the other hand, as the body fluids are rich
in salty components, they are corrosive to the metals that are implanted inside
the human body. One of the products of the corrosion of NiTi alloys is Ni ions.
When Ni ions are released through the body fluids, they gain increased mobility
and can harm the adjacent living tissues. Finally, if the concentration of Ni ions
reach to a certain value, it can cause heart problems and brain disorders. These
coating structures, in addition to enhancing bone ingrowth, protect the adjacent
living organs from any harm made by released Ni ions. The Ni ion release has a
direct relation with corrosion process since the released Ni ions are products of
NiTi corrosion. In order to evaluate the corrosion enhancement, the samples were
examined by potentiodynamic polarization (PDP), scanning electron microscopy
(SEM), energy dispersive x-ray spectrometry (EDS) and X-ray diffraction (XRD)
for measuring corrosion properties, investigating morphology, elemental and
composition analysis, respectively.
11:30 AM
In situ irradiation studies of nanoporous and nanotwinned metals: Xinghang
Zhang1; Jin Li1; Cuncai Fan1; 1Purdue University
Severe high-energy particle (neutron) and ion irradiation environment can
introduce significant microstructural damage and consequent degradation of
mechanical properties in irradiated metallic materials. It remains a scientific
challenge to design advanced radiation tolerant materials. Numerous approaches
have been applied to alleviate radiation damage. Here we will present some
recent in situ irradiation studies on enhanced radiation tolerance of nanostructured
metallic materials, in particular nanoporous and nanotwinned metals. In situ heavy
ion irradiation studies reveal direct evidence of defect-free surface interactions
in nanoporous metals. Meanwhile high-density twin boundaries prominently
reduce the density of radiation induced defect clusters in nanotwinned Ag and Cu
compared with their bulk counterparts. Defect migration kinetics (diffusivity of
defect clusters) was compared between coarse-grained and nanoporous metals.
These studies provide insight towards understanding on the role of free surface and
twin boundaries on alleviation of radiation damage in metallic materials.

Mechanical Behavior Associated with Phase Transformations I
Monday AM		
July 16, 2018		

Room: Barbie Tootle
Location: The Ohio Union

Session Chairs: Natalie Zeleznik, Ohio State Univ; Richard Blocher, Ohio
State University
10:30 AM
Computational Design of Nearly Hysteresis-Free and Linear Super-Elastic,
and Ultralow Modulus Ferroelastic Materials: Jiaming Zhu1; Yipeng Gao2;
Dong Wang1; Yunzhi Wang2; 1Frontier Institute of Science and Technology, Xi’an
Jiaotong University; 2Ohio State Univ
A unique characteristics of ferroelastic materials is their highly non-linear stressstrain curves with plateaus and large hysteresis. We show by computer simulations
how to render ferroelastic materials nearly hysteresis-free and linear super-elastic
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(with an elastic strain limit of 2.7%), and ultralow modulus (<20 GPa) by creating
appropriate concentration modulations (CMs) in the parent phase via spinodal
decomposition and by pre-straining. The CM causes phase stability modulations,
suppresses autocatalysis in nucleation, imposes nano-confinement on growth and
hinders long-range order of transformation strain during martensitic transformation
(MT) and, thus, turns the otherwise sharp first-order transition into a broadly
smeared, macroscopically continuous transition over a large stress range. The prestraining yields retained martensitic particles that are stable at the test temperature
without applied load and act as operational nuclei in subsequent load cycles,
eliminating the stress-strain hysteresis and offering an ultralow apparent Young’s
modulus. This study demonstrates a novel and universal approach to design new
ferroelastic materials with unprecedented properties.
11:00 AM
Effects of Strained Heat Treatment on the Transformation Temperature of NiTi
Shape Memory Alloy Wires: Parisa Bayatimalayeri1; Ahmadreza Jahadakbar1;
Mohammad J. Mahtabi1; Mohammad Elahinia1; 1University of Toledo
In this paper, effects of strained heat treatment on the transformation temperatures
of nickel-titanium alloy are studied. NiTi is an almost equiatomic alloy of nickel
and titanium that benefits from interesting features, such as shape memory and
superelasticity effects. Due to these properties, NiTi has many applications in
aerospace and automotive engineering. In addition, NiTi is a biocompatible
material, which makes it a good candidate for biomedical applications. The shape
memory effect and superelasticity and other mechanical responses of NiTi directly
depend on the transformation temperatures of the material; temperatures at which
forward and reverse austenite to martensite transformation occur. It is well-known
that the transformation temperatures of NiTi can be adjusted and modified by
varying the different stages of heat treatment procedures. However, the state of
the deformation in the material (i.e. deformed and undeformed) during the heat
treatment may also affect the thermomechanical response of NiTi. In this study,
different samples of NiTi wire were used for the aging while under different
tensile strains and were cooled by water quenching. Finally, the transformation
temperatures of the heat-treated samples were measured using differential scanning
calorimetry (DSC) to investigate the effects of heat treatment in presence of tensile
strain on the transformation temperatures of NiTi wires.
11:15 AM
Microstructural Studies of the Effect of Process Parameters on Additively
Manufactured NiTi: Alejandro Hinojos1; Narges Shayesteh Moghaddam2; Soheil
Saedi3; Haluk Karaca3; Mohammad Elahinia2; Michael Mills1; 1The Ohio State
University; 2University of Toledo; 3University of Kentucky
Shape memory alloys (SMA) have been of interest to the materials science
community for decades due to their unique mechanical properties, that include the
shape memory and the pseudoelastic effect. There is still a gap in understanding
between the microstructure and its effect on these mechanical properties. In addition,
SMA’s mechanical properties are sensitive to processing which in turn limits its
potential in many applications. Additive manufacturing has shown considerable
promise to engineers due to its capabilities in producing complex parts with the
probability of tailored microstructures to enhance designs. Additive manufacturing
of SMA’s is presently limited by a complete understanding between fabrication
parameters and microstructure, and as a result microstructural variability in
fabrication and low material confidence. In order to fully exploit both the material
and fabrication process, better relationships between the two must be realized. In
this work Ni50.8Ti49.2 was produced via powder bed fusion, specifically selective
laser melting, in order to observe the effect of fabrication parameters on the
pseudoelastic effect and the microstructure. The main parameter being explored in
the study was the laser energy density (LED) by changing the hatch spacing (HS).
It was observed that by increasing the LED, by increasing the HS, a maximum
recovery ratio [erec (recoverable strain)/etot (total strain)] of 98% was achieved.
With increasing LED, a dramatic evolution in grain structure is observed, including
a strong preference for the (0 0 1) texture. The variation in grain structure is also
related to the observed pseudoelastic response.
11:30 AM
Modeling of Additively Manufactured Shape Memory Alloys: Natalie Zeleznik1;
Alejandro Hinojos2; Narges Moghaddam3; Soheil Saedi4; Mohammad Elahinia3;
Haluk Karaca4; Michael Mills2; Peter Anderson2; 1Ohio State University; 2Ohio
State Univ; 3University of Toledo; 4University of Kentucky
Selective Laser Melting (SLM) is an additive manufacturing process that
alleviates current manufacturing challenges and facilitates the fabrication of highly
complex parts and materials, enabling new actuator designs for adaptive structures.
Biomimetic structures with embedded additively manufactured shape memory alloy
(SMA) actuators, such as NiTi, have the potential to transform the functionality,

efficiency, and performance of a variety of systems and applications. The design
of complex structures can be enhanced through manipulation and tailoring of
microstructure, which requires a fundamental understanding of the relationship
between specific SLM process parameters and NiTi microstructure. In this work,
the essential features of the pseudoelastic response of SLM-fabricated Ni50.8Ti49.2
is simulated using a microstructural finite element model that incorporates the
variation of grain texture as observed by experiment; specifically, that an increase in
the laser energy density (LED) process parameter results in a strong preference for
the (0 0 1) texture. This work demonstrates the capability to probe the mechanical
properties informed by the microstructure produced by specific SLM parameters,
and can further guide the development of complex SLM fabricated parts.
11:45 AM
Toward a Complete Design Space for Shape Memory Alloys in Gas Turbine
Engines: Richard Blocher1; Muthuvel Murugan2; Anindya Ghoshal2; Luis Bravo2;
Peter Anderson1; 1Ohio State University; 2Army Research Laboratory
Modern gas turbine engines (GTEs) are designed for optimal performance
under average flight conditions. However, the fixed incident angle of turbine blades
in these engines is not optimal in scenarios such as takeoff or other maneuvers,
so there is a need for the capability to change the incident angle midflight. This
study focuses on shape memory alloys (SMAs) as a method of actuating gas turbine
engine blades. SMAs are metals which exhibit two different crystal structures, and
they can change from one crystal structure to the other with the application of
either a change in temperature or a change in stress. Actuation of turbine blades
is an application with very specific demands regarding operation temperature,
transformation strain, actuator size, fatigue lifetime, and other parameters. In this
study, a materials genome approach is used to develop a design space for SMAs
which would allow for the easy selection of an alloy based on the demands of the
application. Results in this study come from previously published experimental
data for NiTi, NiTiHf, and NiTiAu SMAs in conjunction with new computational
simulations of SMA behavior. A microstructural finite element (MFE) code
developed at Ohio State is used to simulate the phase transformation of NiTi
under various loading conditions. The achievable transformation strains and
transformation temperatures due to variation in composition, texture, biasing stress,
and alloy system are estimated based on these results. Present results indicate that
Ni50Ti30Hf20 may be a good alloy selection for the cold section of a gas turbine
engine, and Ni30Ti50Au20 may be a good alloy selection for the hot section of
the engine. This work has been supported by Army Research Laboratory’s Vehicle
Technology Directorate.

Honorary Symposia Joint Session I
Monday AM		
July 16, 2018		

Room: Cartoon 2
Location: The Ohio Union

Session Chairs: Richard Hoagland, Los Alamos National Lab; Amit Misra,
University of Michigan
10:30 AM Invited
Steady-State Monotonic and Cyclic Deformation Revisited, Emphasizing
the “Quasi-Stationary” State of Deformation: Hael Mughrabi1; 1University
Erlangen-Nürnberg
So-called “steady-state” deformation is important technologically, for example
in metal forming. In a fundamental sense, it forms the basis for the modelling of
high-temperature creep and cyclic deformation in so-called saturation. Here, it is
frequently assumed that the deformation-induced microstructure undergoes no
further changes. However, in careful experimental microstructure-based studies on
deformation in steady-state high-temperature creep and also in cyclic saturation,
non-negligible microstructural changes have been observed to persist after the
macroscopic stress-strain response has become stationary. Thus, what is commonly
referred to as steady-state deformation really is a state of “quasi-stationary”
deformation. Based on the analysis of selected experimental data, it will be shown
that the microstructural changes are related primarily to a slight increase of the
dislocation density, mainly in the form of geometrically necessary dislocations
(GNDs) in the heterogeneous dislocation arrangement of cell walls and/or subgrain
boundaries. The latter are initially associated with only minor misorientations
but then transform gradually into much sharper subgrain boundaries with higher
misorientations. These continuing microstructural changes do not affect the flow
stress significantly and therefore cause only small deviations from steady state.
This behaviour is explained as follows: 1) The added GNDs do strengthen the
material, but less effectively than statistically stored dislocations would do. 2) As
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a consequence of the transition of the initial dislocation arrangement to a more
heterogeneous one of lower internal stresses and lower energy, the “arrangement
factor” α in the Taylor flow-stress law is reduced a little. Thus, the microstructural
changes can be, to some extent, self-compensating, rendering the flow stress rather
insensitive to subtle microstructural changes. The lowering of α is shown to be
caused mainly by the increasing heterogeneity of the dislocation pattern during
deformation and to a smaller extent by the “Basinski correction” for dislocation
bowing between two obstacles.
11:00 AM Invited
Transformation Disconnections and Their Interaction with External Stresses:
David Embury1; Ryotaro Shiraishi; Gary Purdy; Hatem Zurob; 1McMaster
University
The development of the topological theory of phase transformations by John
Hirth and colleagues has permitted a detailed insight into the structure of phase
transformation interfaces and the definition of interfacial defects responsible
for interface migration. These defects, known as transformation disconnections,
possess both dislocation and ledge character; their lateral progress on a
transformation interface accomplishes both the required structural change and
the incremental advancement of the interface. The theory has been successfully
applied to martensitic transformations, but its application to a more general class
of diffusional phase transformations has also been explored. In this contribution,
we consider ways in which the interaction of a local stress could promote the
advancement of a semicoherent transformation interface. In particular, we are
interested in the reported transient formation of bcc ferrite during hot deformation
of fcc austenite (the hot rolling of steel) at temperatures where the ferritic phase is
thermodynamically unstable.
11:30 AM Invited
Stresses in Reverse-Deformed Single Crystal Cu: Quantitative Tests of the
Composite Model
: Michael Kassner1; Lyle Levine2; 1University of Southern California; 2NIST
Sub-micrometer synchrotron X-ray diffraction measurements of stresses within
numerous individual dislocation cell interiors and cell walls in heavily-deformed
Cu single crystals were performed. Asymmetric stress distributions were revealed,
demonstrating that the evolving dislocation wall structures develop distinct dipolar
stress fields that are much smaller than the applied stress. These findings were
very consistent with the Mughrabi composite model for work hardening but do not
address the important question as to whether reverse deformation behavior, or the
Bauschinger effect, was consistent with the composite model. We present depthresolved, sub-micrometer diffraction measurements from monotonic and slightly
(0.02) reverse-loaded deformed Cu single crystals. The measurements show that
the long-range stresses with a 0.02 strain reversal appear unchanged, although the
dislocation broadening decreases, indicative of dislocation-wall “unraveling” as
considered in the Orowan–Sleeswyk model of work hardening. Together, these
results suggest that both the composite model and an Orowan-Sleeswyk-type
mechanism are both contributing to the Bauchinger effect in this system.

Advanced Characterization of Deformation Processes II
Monday PM		
July 16, 2018		

Room: Traditions
Location: The Ohio Union

Session Chairs: Paul Shade, Air Force Research Laboratory; Aaron
Stebner, Colorado School Of Mines
1:30 PM Invited
In-Situ Characterization of Grain-Scale Deformation Mechanics in Shape
Memory Alloys using High-Energy X-Ray Diffraction Microscopy: Harshad
Paranjape1; Partha Paul2; Aaron Stebner3; 1Confluent Medical Technologies;
2
Northwestern University; 3Colorado School of Mines
Shape memory alloys (SMAs) -- a class of functional materials with commercial
applications in the biomedical industry -- deform primarily by the mechanisms of
reversible martensitic phase transformation. The elements of microstructure in
SMAs such as nano-scale precipitates, impurity inclusions, and grain boundaries
constrain their deformation in various ways. We combined in-situ high-energy
X-ray diffraction microscopy (HEDM), a synchrotron-based 3D, non-destructive
technique to obtain grain-scale lattice strains and crystal orientations with
microstructural modeling to study the influence of these microstructural elements
on specific deformation phenomena. In this presentation, we will briefly present our
general methodology to combine data from HEDM to inform and then validate a
microstructural model for phase transformation. Then we will present mechanisms
for two deformation phenomena in single and polycrystalline NiTi SMAs. These
mechanisms were elucidated using the HEDM-modeling framework. In a NiTi
SMA single crystal, transformation strain produced was lower than theoretically
possible due to constraint from inclusions. In a polycrystal, cyclic superelastic
loading produced spatially heterogeneous residual strains due to constraint from
neighboring grains. This combination of HEDM and modeling can also be applied
to study the deformation mechanics of SMA devices such as cardiovascular stents.
2:00 PM
In-Situ Nanotomography Investigation of High Temperature Deformation
in Al-Cu Alloys: Richi Kumar1; Julie Villanova2; Pierre Lhuissier3; Luc Salvo3;
1
European Synchrotron Radiation Facility and Univ. Grenoble Alpes, CNRS,
SIMaP; 2European Synchrotron Radiation Facility; 3Univ. Grenoble Alpes, CNRS,
SIMaP
Metal forming of light alloys is limited by the damage which occurs during high
temperature deformation. This damage mainly consists of nucleation, growth and
coalescence of cavities. Several theories are available on the nucleation and growth
of these cavities during high temperature deformation. However, experimental
investigation of this remains limited. In-situ micro-tomography or post mortem
micro-tomography has emerged as a convenient technique to study the growth and
coalescence of cavities in 3D . However, very fast imaging at resolution <100nm
is needed to provide insights into nucleation and early stages of cavity growth. The
new fast in-situ X-ray nanotomography setup developed on the ID16B beamline
at the ESRF provides for a possibility of such investigations.In this work, a model
Al 4% Cu alloy was subjected to controlled generation of microstructure to have
desired size and distribution of intermetallic particles. Thanks to a novel deformation
device, specially designed to fit into the furnace of the fast in-situ nanotomography
setup, real time high temperature deformation of Al-Cu alloy was investigated at
the nanoscale in 3D. The details of the technique as well as the results extracted
from the reconstructed 3D volumes will be presented. This includes observation
of nucleation of cavities and tracking their growth in real time to estimate the rate
of cavity growth with respect to strain. Furthermore, a comparison of these results
with the existing theoretical models, to deduce the defining mechanism of damage
will also be presented. Lastly, the results from investigation of the link between
intermetallic particle size and nucleation of cavities will be discussed.
2:15 PM
Characterization of Hot Deformation Behaviour of Extruded Mg-Y-Zn Alloys
with LPSO Phase: Klaudia Horvath1; Daria Drozdenko2; Kristián Máthis2;
Gerardo Garcés3; Patrik Dobron2; 1Nuclear Physics Institute of the CAS; 2Charles
University in Prague; 3CENIM-CSIC
Magnesium alloys with various content of zinc (Zn) and yttrium (Y) were extruded
with an extrusion ratio of 1:18 at 350 °C. The alloying elements in these Mg alloys
formed a long period stacking ordered (LPSO) phase, which was characterized
by transmission electron microscopy (TEM). The microstructure of the alloys was
further examined by light microscopy and scanning electron microscopy (SEM),
where LSPO phase in all alloys was found to be elongated along the extrusion
direction (ED). Mechanical properties of the extruded alloys were investigated
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during compression loading at various temperatures between room temperature and
350 °C at a constant strain rate of 10-3 s-1. Concurrently with the deformation tests,
the acoustic emission (AE) response of the specimens was recorded, in order to
reveal the active deformation mechanisms. The conclusions of the AE experiments
were proved by the microstructure investigations.
2:30 PM
Influence of the Composition on the Deformation Mechanisms of Mg-Y-Zn
Alloys with Long-Period-Stacking-Ordered Phase: Kristian Mathis1; Klaudia
Horváth2; Jan Capek2; Daria Drozdenko1; Dong Ma3; 1Nuclear Physics Institute of
the CAS; 2Charles University; 3Oak Ridge National Laboratory
Deformation processes in Mg-Y-Zn alloys with a various content of long-periodstacking-ordered (LPSO) phase were investigated in-situ during compression tests
by neutron diffraction, acoustic emission, and scanning electron microscopy. The
combination of these methods resulted in revealing the dynamics of the ongoing
deformation processes and in the estimation of the stress necessary for their
activation. The results indicate that the LPSO phase content significantly influences
the plasticity of the magnesium matrix, particularly the extension twinning and the
non-basal slip mechanisms.
2:45 PM
Understanding the High Strength and Good Ductility in LPSO-Containing Mg
Alloy Using Synchrotron X-Ray Diffraction: Leyun Wang1; Jie Wang1; Gaoming
Zhu1; Xiaoqin Zeng1; 1Shanghai Jiao Tong University
In situ synchrotron X-ray diffraction was employed to study microstructural
evolution in an extruded Mg-Y-Zn alloy during tensile deformation. The alloy
contains a 18R-type long period stacking ordered (LPSO) phase. From the
measured lattice strains developed during deformation, it is found that the LPSO
phase directly strengthen the Mg alloy through load transfer. Different Mg peaks
show different lattice strain behaviors. Detailed analysis indicates that basal slip
and deformation twinning are the dominant deformation mechanisms in the Mg
phase, while non-basal slip systems are almost inactive. This finding has been
further confirmed by the analysis of diffraction peak intensity evolution as well
as electron backscattered diffraction (EBSD) based slip trace analysis. Dominance
of basal slip and deformation twinning is attributed to the weak texture of the Mg
phase due to the presence of the LPSO phase during extrusion. Additional analysis
of diffraction peak broadening indicates a continuous increase of dislocation
density during plastic deformation, which gives rise to the good work hardening
ability of this alloy.
3:00 PM Break
3:30 PM Invited
Quantifying the response of polycrystals using high energy synchrotron x-ray
experiments: Paul Shade1; William Musinski1; Todd Turner1; 1Air Force Research
Laboratory
High energy x-ray characterization methods hold great potential for gaining
insight into the behavior of materials and providing comparison datasets for the
validation and development of mesoscale modeling tools. A suite of techniques
have been developed by the x-ray community for characterizing the 3D structure
and micromechanical state of polycrystalline materials; however, combining these
techniques with in situ mechanical testing under well characterized and controlled
boundary conditions has been challenging due to experimental design requirements.
In this presentation, we describe advanced in situ loading environments that have
been developed for communal use at the Advanced Photon Source and the Cornell
High Energy Synchrotron Source. Example 3D datasets that have been collected
using this hardware and their application for materials modeling efforts will be
discussed.
4:00 PM
In Situ Neutron Diffraction of Strain Path Change Effects in Cold-Rolled
MgAZ31B Sheet: Karl Sofinowski1; Steven Van Petegem1; Monika Kubenova1;
Jan Capek2; Tobias Panzner1; Helena Van Swygenhoven1; 1Paul Scherrer Institute;
2
Charles University in Prague
There has been growing interest in wrought magnesium alloys (most commonly,
AZ31) for strong, lightweight structural components in cars, aircraft, and
electronics. These components are subjected to non-linear loading conditions during
cold-forming and use, which is known to have significant effects on the mechanical
properties of metals. It is therefore important to study the microstructural evolution
during strain path changes in these alloys to understand their macroscopic response
under such conditions.In this work, we report on the results from in situ neutron
diffraction experiments combined with in situ acoustic emission of strain path
changes of cold-rolled Mg AZ31B sheets. It is found that, depending on the nature
of the strain path change, either twinning or dislocation slip prevails as the main

deformation mechanism. Post mortem EBSD is also presented to characterize the
twin variant selection, which depends heavily on the strain path change angle as
well.
4:15 PM
Statistical Analysis of Slip and Twinning Activities in Mg-Ca Alloy by In
Situ EBSD: Gaoming Zhu1; Leyun Wang1; Xiaoqin Zeng1; 1Shanghai Jiao Tong
University
The addition of small amount Ca can promote the activation of non-basal slip in
Mg alloys due to the reduction of generalized stacking fault energies. However, this
effect has not been quantified so far. In this work, in situ tensile test in a scanning
electron microscope (SEM) with electron backscattered diffraction (EBSD)
equipment was performed to study the deformation mechanisms of an extruded
Mg-1wt.%Ca alloy. During the in situ experiment, SEM images and EBSD maps in
the same area at different strains (0%, 1%, 2%, 4%, 8% and 16%) were obtained,
and various slip modes and twinning modes for each grain were identified. In
addition to the common (0001) <11-20> basal slip, activity of {1-100}<11-20>
prismatic slip and {1-101}<11-20> pyramidal <a> slip was also observed. Relative
fraction between basal <a> slip, prismatic <a> slip, and pyramidal I <a> slip were
counted. The ratios of critical resolved shear stress (CRSS) between non-basal
slip and basal slip were estimated using Schmid factor analysis. The evolution of
dislocations was also studied by ex-situ TEM.
4:30 PM
Mapping Local Strain and Order with Nanobeam Diffraction during In Situ
Deformation of Bulk Metallic Glasses: Thomas Pekin1; Christoph Gammer2; Colin
Ophus3; Robert Ritchie1; Andrew Minor1; 1University of California, Berkeley; 2
Erich Schmid Institute Of Materials Science; 3Lawrence Berkeley National Lab
Nanobeam electron diffraction (NBED) pattern mapping has been successfully
used to map strain in crystalline materials, electric fields in perovskite structures,
and orientation in polycrystalline materials. Here we show that the same technique
can be used to map strain in an amorphous bulk metallic glass during in situ
deformation. By fitting an ellipse to the first order diffraction ring at every probe
position during in situ deformation, transient strain can be measured as the sample
is deformed. Additionally, because entire diffraction patterns are acquired, in plane
symmetry of the diffraction patterns can also be measured. Diffraction patterns
containing 2, 3, 4, 5 and 6-fold symmetry elements are observed, corresponding to
regions of local order in the sample. These regions have been theorized to have an
icosahedral structure, and have been thought to play a role in the deformation of
bulk metallic glasses. By performing the experiment in situ, the evolution of these
regions of local order under deformation can be observed, giving new insights into
the mechanisms of amorphous material deformation. This is only possible due to
the advancement in high speed direct electron detectors capable of single electron
counting in NBED, along with advancements in data post-processing and analysis
techniques.
4:45 PM Cancelled
In Situ Experiments across Real and Reciprocal Space: Micro-Mechanisms of
Twinning in Titanium: Nilesh Gurao1; 1FB-408

Fracture and Fatigue II
Monday PM		
July 16, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chairs: Christopher Hutchinson, Monash University; Josh
Kacher, Georgia Tech
1:30 PM
Enhancing the Fatigue Performance of Precipitate Strengthened Al Alloys: Qi
Zhang1; Sam Gao1; Christopher Hutchinson1; 1Monash University
Aluminium alloys are widely used in moving structures due to their specific
strength, stiffness and environmental resistance. The fatigue behaviour is extremely
important in these applications and is often a major design constraint. The
comparatively poor fatigue performance of Al alloys is well known: the fatigue
ratio of steels is typically ~0.5 while it is ~0.3 for precipitate strengthened Al alloys.
Reasons for this comparatively poor fatigue response include the unstable precipitate
structure which may evolve during loading and the presence of heterogeneities in
precipitate distributions (e.g. PFZ’s) that may lead to localization of plasticity. In
this study, we embrace the instability in precipitate structure of Al alloys during
cyclic loading. Initial microstructural templates are used that allow changes in
the precipitate structure during the early stages of fatigue loading that ultimately
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result in greatly improved overall high cycle fatigue (HCF) performances. The
HCF performance of 2xxx, 6xxx and 7xxx series alloys is studied as a function
of the initial precipitate state. Recent observations of better HCF performance in
underaged Al alloys compared with the peak aged states is explained and a new
approach for significantly enhancing the HCF life by exploitation of dynamic,
room temperature precipitation is demonstrated.The experiments include HCF and
microstructural characterization using SEM, TEM and optical profilometry.
1:45 PM
The Effects of Loading Frequency and Degree of Sensitization on Corrosion
Fatigue of AA5083-H131 and AA5456-H116 in 3.5% NaCl: David Schrock1;
Allison Akman1; Rebecca Bay1; Ramgopal Thodla2; Jenifer (Warner) Locke1; 1The
Ohio State University; 2DNV GL
High-Mg 5xxx series aluminum alloys are used in marine applications for
excellent corrosion resistance. Nevertheless, exposure to elevated temperatures for
sufficient amounts of time degrades corrosion resistance because of a phenomenon
called sensitization that causes precipitation of anodic beta phase on grain
boundaries leading to intergranular corrosion (IGC), stress corrosion cracking
(SCC) and corrosion fatigue (CF) issues. CF is a material degradation process
caused by simultaneous interaction of cyclic deformation and corrosion leading
to substantially enhanced da/dN and reduced KTH relative to inert environments.
Focus has typically been on IGC and SCC, not CF. In this work, the effect of
sensitization as a function of loading frequency (f) on CF growth kinetics (da/dN)
is examined for AA5456-H116 and AA5083-H131 immersed in 3.5% NaCl under
freely corroding conditions. Both alloys exhibit f-independent da/dN in the asfabricated condition, which have little to no grain boundary beta phase. For highly
sensitized AA5083-H131, da/dN increases two orders of magnitude as f decreases
from 1Hz to 0.01Hz. Furthermore, at a constant f of 0.01Hz, da/dN increases three
orders of magnitude when comparing highly sensitized material to the as fabricated
condition. The effect of sensitization on AA5456-H116 is less severe with da/dN
increasing in highly sensitized specimens more than 5x as f decreases from 10Hz
to 0.03Hz. At a constant f of 0.1Hz, da/dN increases by 4x for highly sensitized
material over as-fabricated. It is hypothesized that increased da/dN is caused by
the interaction of SCC during CF. Further investigation of the role of SCC in
determining CF behavior is underway. Currently high f data (10Hz) are used to
estimate behavior in-service. Given the fact that service loading conditions where
CF is a concern occur at low frequencies, severe underestimation of degradation
due to sensitization may occur.
2:00 PM
Fracture Toughness of Tungsten: Reinhard Pippan1; Vladica Nicolic1; Manuel
Pfeifenberger1; Daniel Firneis2; Daniel Scheiber3; Lorenz Romaner3; 1Erich
Schmid Institute Of The Oeaw; 2Department Materials Physics, Montanuniversität
; 3Material Center Leoben Forschung GmbH
We have performed in the last few years theoretical as well as experimental
studies to investigate fracture relevant phenomena of tungsten with a special focus
to fracture toughness.A summary of the results will be presented in this paper. The
theoretical studies are based on density function theory analyses of dislocation
mobility and the effect of impurities on grain boundary decohesion energy. The
experimental studies are mainly focused on the variation of the fracture toughness
as a function of: temperature, in the temperature interval between the temperature
of liquid nitrogen and 800°C; the effect of processing conditions, degree of
deformation and effect of recovery and recrystallization etc.; the influence of
alloying elements, and the orientation dependence of fracture toughness. Special
attention has been devoted to the effect of texture, grain size and grain shape, in
order to improve the understanding of the brittle fracture process of tungsten alloys
and to reduce the ductile to brittle transition temperature below room temperature.
In addition micro mechanical experiments have been performed to study in more
detail the cleavage crack propagation process.
2:15 PM
Stage I Fatigue Crack Initiation in Polycrystalline FCC Metals: Veronika
Mazánová1; Milan Heczko1; Jaroslav Polák1; 1Institute of Physics of Materials
ASCR
Initiation of fatigue cracks represents an important period of the fatigue life of
materials. Its importance increases with decreasing stress and strain amplitude and
in very high cycle fatigue often represents a decisive share. Experimental results
concerning the initiation of fatigue cracks in smooth single and polycrystalline
specimens allowed disclosing several details preceding the initiation of fatigue
cracks. Inhomogeneous cyclic deformation leads to the localization of the cyclic
plastic strain in the bands of intensive cyclic slip - persistent slip bands. These
bands are characterized by specific dislocation arrangement leading to lower
local yield stress and higher local plastic strain amplitude. As a result surface slip

markings - persistent slip markings, consisting of extrusions and intrusions appear
on the surface and stage I fatigue cracks preferentially arise in these locations.
Numerous models of stage I fatigue crack initiation were proposed and in some
cases it is difficult to decide which of these proposals correspond to the reality
and describes correctly the mechanisms leading to the initiation of fatigue cracks.
Within the field of fatigue crack initiation, only a few observations of the surface
relief in relation to the internal dislocation structure in the form of PSB have been
published so far. In this work, advanced high resolution electron microscopy-based
techniques were used to study crack initiation in several fatigued polycrystalline
materials. Focused ion beam nanofabrication was used for site-specific extraction
of crystallographically-oriented foils. The shape of the surface profiles was
inspected on perpendicular FIB cuts as well as on extracted thin foils and related
to the internal dislocation structure by scanning transmission electron microscopy
observations. Experimental findings were compared and discussed with physicallybased models of fatigue crack initiation.
2:30 PM
On Micromechanics Associated with Crack Growth in Quasi-Brittle Materials
: Mohamed Chabaat1; Mokhtar Touati1; 1University of Sciences and Technology
Houari Boumediene
Abstract Micromechanics associated with crack growth in quasi-brittle materials
are considered. It is known since the discovery of advanced devices such as high
resolution microscope that crack growth characteristics contain information on the
material strength of fracture mechanisms. On the other hand, there are sufficient
experimental data evidencing that in most cases a crack growth is surrounded
by a severely Damage Zone (DZ) which often precedes the crack itself. During
its propagation, the DZ is characterized by few degrees of freedom (elementary
movements) such as translation, rotation, isotropic expansion and distortion. On the
basis of a stress field distribution obtained by the use of a Semi-Empirical Approach
(SEA), which relies on the Green’s functions, these driving forces corresponding
to the mentioned degrees of freedom are formulated within the framework of the
plane problem of elastostatics. SEA is proposed for evaluating the stress field and
the different energy release rates. This approach is based on the representation of
displacement discontinuities by means of the Green’s function theory. This latest
is used in a purely theoretical context. Herein, we suggest a more realistic model
(arbitrary orientations of discontinuities rather than rectilinear ones) for which the
result can be obtained using the experimental data and thus avoiding the difficulties
of analytical solutions.Keywords: Stress, crack, damage, driving forces, energy
release rate, Green’s function, semi-empirical method.
2:45 PM
Micromechanical Modeling of Fatigue Crack Incubation and Small Crack
Growth in Polycrystals: Hamad ul Hassan1; Martin Boeff1; Alexander Hartmaier1;
1
Ruhr Universität Bochum
On the microstructural scale, cyclic plasticity is governed by the generation,
motion and interaction of dislocations. Especially in the high cycle fatigue regime,
experiments have shown that major parts of the material life time are attributed
to fatigue crack incubation and microstructurally influenced small fatigue crack
growth. Fatigue crack incubation in polycrystalline materials is determined by the
accumulation of irreversible deformation. Thus, it is important to properly model
the mechanisms and criteria for crack initiation, which are strongly influenced by the
accumulated irreversible deformation. In the scope of this work, micromechanical
modeling is applied to predict crack initiation within a realistic microstructure. The
method is based on a simulation framework for microstructurally informed fatigue
crack simulations of polycrystalline materials. It consists of three main constituents:
(i) generation of material microstructures as representative volume elements (ii)
implementation of a phenomenological crystal plasticity model capturing relevant
hardening mechanisms important for cyclic loading conditions, and (iii) analysis of
fatigue indicator parameters within the model. In particular that latter allows us to
study fatigue crack initiation and the early stages of microstructurally influenced
fatigue crack growth. The established micromechanical modeling framework
is applied to study fatigue crack initiation for predicting Wöhler diagrams.
Furthermore, the influence of different microstructural parameters on the small
fatigue crack growth is investigated. The material parameters for crystal plasticity
are adapted from the literature and the results of the simulations are used to establish
a general understanding of micromechanical mechanisms during fatigue loading.
3:00 PM Break
3:30 PM
Combined In Situ SEM DIC/EBSD Study on the Influence of Dispersoid
Distribution on Strain Localization and Dislocation Accumulation during
Deformation of AA6451: Yung Suk Jeremy Yoo1; Sazol Das2; Richard Hamerton2;
Josh Kacher1; 1Georgia Institute of Technology; 2Novelis Inc.
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AA6xxx alloys are used increasingly as body panels in the automotive industry
for their excellent strength to weight ratio. Their mechanical properties are partially
attributed to dispersoids, submicron particles embedded in the matrix formed
during thermo-mechanical processing. Therefore, understanding the influence of
dispersoid distribution is a critical component in understanding the deformation
and fracture behavior of AA6xxx alloys. In this study, AA6451-T4 and AA6451-T6
samples were tested under tension in the scanning electron microscope (SEM),
and backscatter electron images were collected at various quasi-static strain levels
to generate strain maps using digital image correlation (DIC) analysis. Electron
backscatter diffraction (EBSD) patterns were collected before and after the in-situ
DIC tests, and the curl of the orientation field was used to map the geometrically
necessary dislocations. The dislocation density and strain maps will be compared to
characterize the heterogeneous deformation behavior of both tempers. Discussion
will focus on the effects of dispersoid particles on dislocation accumulation and
strain localization leading to fracture initiation in AA6451.
3:45 PM
Effect of Advanced Mechanical Surface Treatments on Room and Elevated
Temperature Residual Stress, Microstructure, Strength, and Fatigue Behavior
of ATI 718Plus Nickel-Base Alloy: Micheal Kattoura1; Abhishek Telang2;
Seetha Mannava1; Dong Qian3; Vijay Vasudevan1; 1Univ of Cincinnati; 2Integer;
3
University of Texas at Dallas
Fatigue experiments on ATI 718Plus were conducted at room and operation
temperatures (650 °C) to study the improvement in the fatigue life due to Ultrasonic
Nano-crystal Surface Modification (UNSM) and Laser Shock Peening (LSP).
UNSM and LSP induced plastic deformation that led to nanosized crystallites and
high dislocation density in the near surface regions, coupled with high surface
compressive residual stresses, and increased surface hardness. UNSM improved
endurance limit by ~ 100 MPa and LSP by ~ 110 MPa at room temperature. UNSM
retained 56% of its residual stresses amplitude while LSP retained 68% after
140 hours at 650 °C. In addition, the microstructures created by UNSM and LSP
remained stable after elevated temperature testing. The retained residual stresses,
stable microstructure, and surface hardening improved the endurance limit by ~ 67
MPa for UNSM and ~ 90 MPa for LSP at 650 °C. The various results are presented
and discussed.
4:00 PM
Plastic Work Partition into Stored Energy and Heat during Low Cycle Fatigue
of Austenitic Steel: Wiera Oliferuk1; Jaroslaw Szusta1; Wojciech Grodzki1;
1
Bialystok University of Technology
The work is devoted to experimental determining the energy storage rate Z (the
ratio of the stored energy increment to the plastic work increment) during low cycle
fatigue of austenitic steel. Austenitic steels are used in power plant components
which are sometimes subjected to large cyclic strain by earthquakes. Large cyclic
strain occurs also during low cycle fatigue. Therefore the material loading during an
earthquake can be simulated by low cycle fatigue. The motivation of the presented
research is the hypothesis that during a deformation process, the material achieves
the state in which Z = 0 (the material loses an ability to store the energy). In our
previous works it has been confirmed for the austenitic steel undergoing monotonic
tension.In current experiment specimens made of austenitic steel were subjected
to cyclic loading at the frequency of 3 Hz. The specimen loading process due to
its geometry was carried out in a hybrid strain-stress manner, with the coefficient
of asymmetry of the mixed cycle R=0. The specimens were stretched at a constant
strain rate and then unloaded. In the course of the fatigue, infrared and visible range
image sequences were recorded simultaneously using infrared and DIC cameras.
Based on the evolution of the strain and temperature fields, the area of plastic strain
localization was identified, and in this area fields of the plastic work and the energy
converted into heat was determined. On the basis of those fields, the distribution of
the energy storage rate in the area of strain localization was calculated. It is shown
that just before the specimen fracture the areas for which the energy storage rate is
equal to 0 are occurring. Hence, this material state can be treated as a fatigue limit
indicator.
4:15 PM
Nickel-Titanium-Hafnium Alloy Design in Tribological Systems
: Sean Mills1; Behnam Aminahmadi1; Christopher Dellacorte2; Ronald Noebe2;
Aaron Stebner1; 1Colorado School of Mines; 2NASA Glenn Research Center
High hardness, compressive elastic strength and corrosion resistance of Ni-rich
Ni-Ti-Hf alloys make them optimum candidates for space-age bearing applications.
When compared with high performance steels, intermetallic materials may provide
comparable resistance to degradation and wear under rolling contact fatigue
conditions. Under rapid quenching processes, binary Ni-Ti alloy can experience
high residual stress. This results in cracking and machining distortion. However, a

lack in rapid quenching leads to a decline in hardness. This dissertation is designed
to elucidate the effect of hafnium ternary alloying on metallurgy and bearing
element performances. Overall benefits to Hf-alloying has been shown to allow
for a reduction in residual stress while retaining high strength and hardness of
quenched binary Ni-Ti alloy. This multimodal study includes rolling contact fatigue
testing, uniaxial compression testing and fatigue failure analysis. Microstructural
analysis using high resolution TEM, STEM and EDS mapping provide information
on nanoprecipitation and microstructure effects on material hardness. Additional
studies on transformations in the ternary system are to be investigated. Likely
outcomes to the research include further understanding of rolling contact fatigue
performances, failure mechanisms, performances (hardness, strength, life) versus
residual stresses, and a map of alloy design space to allow optimization of NiTiHf
systems for tribology applications.
4:30 PM
Tensile Properties and Fracture Behavior of ATI 718Plus Alloy at Room
and Elevated Temperatures: Micheal Kattoura1; Gopal Viswanathan2; Seetha
Mannava1; Dong Qian3; Vijay Vasudevan1; 1Univ of Cincinnati; 2Ohio State
University; 3University of Texas at Dallas
The effect of temperature and strain rate on the tensile properties and fracture
behavior of ATI 718Plus was investigated. The results showed that with the increase
of temperature at slow strain rate, there is a small reduction in the yield strength,
a large drop in ductility, and a change in fracture mode from ductile transgranular
to brittle intergranular cracking. Detailed electron microscopy/microchemistry
analysis of the microstructure, especially near the crack tips, showed that the
driving mechanism at higher temperatures and slower strain rates is oxygeninduced intergranular cracking, a dynamic embrittlement mechanism and that
the d precipitates on the grain boundaries may promote oxidation and cracking.
Finally, the increase of strain rate at 704 °C caused a small increase in the yield
strength, a huge increase in the ductility, and a change in fracture mode from brittle
to ductile failure. This showed that the driving mechanism at higher strain rates was
principally dislocation slip that faced increasingly higher resistance with increase
in temperature, which required the assistance from additional mechanical force to
overshadow the competing oxygen-induced grain boundary embrittlement process.
The various results are presented and discussed.
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Session Chairs: Michael Falk, Johns Hopkins Univ; Katharine Flores,
Washington Univ
1:30 PM Invited
Connecting Atomistic Simulations, Defect-based Theories, and Continuum
Plasticity in Amorphous Solids: Michael Falk1; Sylvain Patinet2; Adam Hinkle3;
Damien Vandembroucq2; 1Johns Hopkins Univ; 2ESPCI; 3Sandia National
Laboratory
Glasses, and the more general category of materials known as amorphous
solids, lack crystal structure and find wide application from consumer goods to
photovoltaics. Yet, issues quantifying disorder have stymied the construction of
physically grounded mechanical constitutive laws for these materials suitable
for failure prediction. Atomistic simulation methods can provide some insight
regarding the mechanisms of plastic deformation and strain localization. Recent
investigations have aimed at quantifying the defects that control plastic flow by
quantifying a yield stress field at the nanometer scale. Analysis of these fields have
confirmed some of the assumptions built into the shear transformation zone theory
of amorphous plasticity, most notably the orientational nature of the defect and
their pre-existence in the structure. I will further discuss methods for quantitatively
predicting strain localization, a limiting failure process in high-strength metallic
glasses and other amorphous materials by parameterizing the effective-temperature
shear transformation zone theory from molecular dynamics simulations. We
have directly cross-compared molecular dynamics simulations and continuum
representations of these same materials in order to test and validate our constitutive
theories. The role of coarse graining in the linkage of continuum and atomistic
methods is crucial, and convergence only arises above a critical length scale on
the order of tens of angstroms. The investigation makes clear the need to separate
out the relevant fluctuations in material structure from the shorter wavelength
fluctuations that serve to obscure them. It is, in the end, the interactions between
these larger-scale relevant fluctuations via the material’s mechanical response that
ICSMA18 Abstracts...11

controls the failure process during strain localization.

engineering of small scale components.

2:00 PM
Shear Banding in Bulk Metallic Glass Matrix Composites with Dendrite
Reinforcements: Stephen Niezgoda1; Michael Gibbons1; Wolfgang Windl1;
Katharine Flores2; 1The Ohio State University; 2Washington University in St.
Louis
Bulk metallic glass matrix composites (BMGMCs) with metallic dendrite
reinforcements combine the excellent strength, hardness, and elastic strain limit of
amorphous metallic glass with a ductile crystalline phase to achieve extraordinary
toughness with minimal degradation in strength. In order to explore the
mechanical interactions between the amorphous and crystalline phases a full-field
micromechanical model, which couples a free volume based constitutive model for
the matrix with crystal plasticity, has been implemented via an elastic-viscoplastic
Fast-Fourier Transform (FFT) solver. The model is calibrated to macroscopic
stress-strain data for Ti, Zr, V, Cu, Be BMGMCs with varying composition, then
exercised to study the nature and origin of shear bands in metallic glass composites.
The findings indicate that in BMGMCs, local inhomogeneities in the glass phase
are less influential on the mechanical performance than the contrast in individual
phase properties and the spatial distribution of the microstructure. Due to the
strong contrast in mechanical properties between the phases, highly heterogeneous
stress fields develop, contributing to regionally confined free volume generation,
localized flow and softening in the glass. These softened regions can link and
plastic flow then rapidly localizes into a thin shear band with planar like geometry.
The model results further suggest that shear band initiation is accompanied by
significant load shedding to neighboring regions along with a relaxation of free
volume and recovery of viscosity away from the shear band. Based on this recovery
behavior a mechanism for the oscillatory stress-strain behavior observed for these
alloys is proposed.

2:45 PM
Uniaxial Compression Tests of Amorphous Boron at the Micrometer Scale:
Jessica Maita1; Gyuho Song1; Seok-Woo Lee1; 1University of Connecticut
Amorphous boron fiber has been widely used as reinforcement filler in aerospace
resin-matrix composites due to its high strength and high elastic modulus.
However, its mechanical properties have not been measured accurately due to
its intrinsic issues during fabrication. Amorphous boron is usually produced in
single-filament reactors by chemical vapor deposition of boron on a tungsten
wire, and the final product is a core-shell wire with a tungsten boride core and
amorphous boron shell. The diameter of this composite fiber is usually around
100 micrometers. Traditionally, wire tension tests of composite fiber or hollow
amorphous boron fiber have been conducted, but they would underestimate the
strength due to the greater probability of defects that exist along a long wire.
Therefore, it is necessary to perform reliable mechanical test at small length scales.
Recent developments in micropillar compression and tension testing enable us to
probe mechanical properties of small materials accurately. In this presentation, we
will discuss microstructural and mechanical characterizations of amorphous boron
with transmission electron microscopy (TEM) and micropillar compression results.
TEM diffraction pattern shows unique set of three halo rings while an amorphous
material usually has a single halo ring. The set of three halo rings implies that
amorphous boron would consist of the random distribution of atomic-scale cluster,
which may be the icosahedral cluster, the unit structure of crystalline alpha-boron.
We will also discuss micropillar compression results, the yield strength as a function
of micropillar diameter. Its ultra-high yield strength (> 6 GPa) will be discussed in
terms of its unique microstructure of the random distribution of icosahedral clusters
and the intrinsically strong atomic bonding of metalloid materials. Our results help
to provide a deeper understanding of plasticity and fracture processes in amorphous
boron, and will be useful in the development of mechanically robust boron-fiber
composites.

2:15 PM
In-situ Micro-pillar Compression Testing of Bulk Metallic Glass Composites:
Lisa Kraemer1; Yannick Champion2; Verena Maier-Kiener3; Karoline Kormout1;
Pippan Reinhard1; 1Erich Schmid Institute (Oeaw); 2Univ. Grenoble Alpes;
3
Montanuniversität Leoben
In the last years, a multitude of bulk metallic glasses (BMGs) with interesting
properties were developed. Additionally to classical single-phase BMGs, also
bulk metallic glass composites (BMGCs) are produced to improve the properties
by introducing an additional crystalline or amorphous phase. In this work, high
pressure torsion (HPT) was used to produce BMGs and BMGCs from powders.
The powders were mixed (amorphous and crystalline) and then compressed and
welded together in the HPT tool until fully dense disks were achieved. A great
advantage is the flexibility of the chosen phases and their ratio. Amorphous/
amorphous and amorphous/crystalline BMGCs can be produced easily and by
changing the applied strain during HPT strongly influenced the microstructure
and can be used to produce composites in different size scales (from nanometer
to micrometer). Investigations on the mechanical properties of BMGCs (e.g.
hardness, compression tests, nanoindentation) showed beneficial developments. To
investigate the influence of the second phase, in-situ micro-pillar compression tests
were conducted. This tests revealed a strong dependence of the type , fraction, and
orientation. Thinner lamellae of the crystalline phase and partial mixing increases
the strength of the material, but it behaves brittle. Thicker lamellae and a favorable
orientation increases the ductility and stopping of shear bands can be observed.
2:30 PM
A Comprehensive Overview of the Notch Sensitivity of Deformation in SubMicron/Nanoscale Metallic Glasses: Lakshmi Narayan Ramasubramanian1; Lin
Tian2; Danli Zhang2; Ming Dao3; Zhiwei Shan2; Jimmy Hsia1; 1Carnegie Mellon
University; 2Xi’an Jiaotong University; 3Massachusetts Institute of Technology
Reducing the size of metallic glasses (MG) to submicron and nanoscale levels
improves their strength and ductility. However, there is no clear consensus in
the literature regarding their mechanical behavior in the presence of a flaw or
notch. Quantitative tensile tests on notched nanoscale CuZr MG specimens were
conducted inside a transmission electron microscope to study their deformation
characteristics. Strength was found to be notch insensitive for shallow notched thick
specimens, although reducing specimen dimensions and increasing notch sharpness
enhances it by 14%. It was reasoned that the severity of geometrically constraining
the growth of shear bands dictates the strength and fracture morphology of notched
specimens. Softening, accompanied with a transition to necking failure occurs
when the unnotched ligament width < 80 nm. The competition between embryonic
shear band growth and free volume mediated homogeneous activation of STZs was
found to be responsible for this brittle to ductile transition (BDT). Current results
provide unique insights into the various design aspects to be considered for reliable

3:00 PM Break
3:30 PM Invited
Elastic Heterogeneities in Bulk Metallic Glasses: Peter Tsai1; Kelly Kranjc1;
Katharine Flores1; 1Washington Univ
Structural heterogeneities play a critical role in determining the deformation
mechanisms in metallic glasses. In this work, dynamic modulus mapping with a
nanoindenter probe is used to identify elastic heterogeneities in Zr-based metallic
glass. The glass exhibits an “elastic microstructure” consisting of interpenetrating
networks of elastically stiff and compliant regions with spacing on the order of 100
nm, much larger than the nanometer-scale atomic clusters or liquid-like regions
identified elsewhere. Large area maps indicate that the alignment of the modulus
fluctuations vary significantly with position. Relative to the as-cast state, both
annealed and rapidly quenched materials exhibited narrower moduli distributions.
However, annealing resulted in a more strongly bifurcated distribution, while
rapidly quenched materials generally were well described by a single Gaussian
distribution. A K-means clustering analysis was applied to separate the
contributions of the stiff and compliant regions to the distributions. Their evolution
with processing conditions will be discussed.
4:00 PM
Spatial Correlation of Elastic Heterogeneity Tunes the Deformation Behavior
of Metallic Glasses: Neng Wang1; Jun Ding2; Lin Li1; 1Univ of Alabama; 2Lawrence
Berkeley National Laboratory
Metallic glasses (MGs) possess remarkably high strength but often display
only minimal tensile ductility due to the formation of catastrophic shear bands.
Purposely enhancing the inherent heterogeneity to promote distributed flow offers
new possibilities in enhancing the ductility of monolithic MGs. Here we report
the effect of the spatial heterogeneity of elasticity, resulting from the inherently
inhomogeneous amorphous structures, on the deformation behavior of MGs,
specifically focusing on the ductility using multi-scale modeling methods. A
highly heterogeneous, Gaussian-type shear modulus distribution at the nanoscale is
revealed by atomistic simulations in Cu64Zr36 MGs, in which the soft population
of the distribution exhibits a marked propensity to undergo inelastic shear
transformation. By employing a mesoscale shear transformation zone dynamics
model, we find that the organization of such nanometer-scale shear transformation
events into shear band patterns are dependent on the spatial heterogeneity of the
local shear moduli. A critical spatial correlation length of elastic heterogeneity
is identified for the simulated MGs to achieve the best tensile ductility, which is
associated with a transition of shear-band formation mechanisms, from stressdictated nucleation and growth to structure-dictated strain percolation, as well as
a saturation of elastically soft sites participating in plastic flow. This discovery is
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important for the fundamental understanding of the role of spatial heterogeneity in
influencing the deformation behavior of MGs. We believe that this can facilitate the
design and development of new ductile monolithic MGs by a process of tuning the
inherent heterogeneity to achieve enhanced ductility in these high-strength metallic
alloys.
4:15 PM
Origin of Anelasticity in Metallic Glasses: Yue Fan1; 1University of Michigan,
Ann Arbor
The mechanical performance of metallic glasses (e.g. the shear banding,
softening, aging-rejuvenating crossover, brittle-to-ductile transitioning, etc) are
known sensitive to the surrounding environments. However, the development of
an effective structure-property model is very challenging because of the strong
disordered atomic nature in amorphous materials. In this talk we will present a
novel model built upon the perspective of potential energy landscape (PEL). The
intrinsic energy variations in metallic glasses can be attributed to the competitions
between the elementary activations and relaxations in the PEL. In particular,
whether glasses will undergo aging or rejuvenation depends on whether the
activation barrier is smaller or larger than the relaxation energy. Stemmed from
such the dependence of activation barrier on PEL, a self-consistent equation in
describing the coupling effect between the intrinsic energy dissipation and external
stimuli has been derived. Without the necessity of empirical parameters, such PELbased model can shed light on the origin of anelasticity/plasticity and softening
phenomenon in metallic glasses.

High-temperature Deformation and Creep II
Monday PM		
July 16, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chairs: Irene Beyerlein, University of California, Santa Barbara;
Jeffery Gibeling, Univ of California
1:30 PM Invited
Assessing Creep Mechanisms Through Strain Transient Experiments: Jeffery
Gibeling1; 1University of California
Creep deformation of pure metals, solid solution alloys and particle-strengthened
materials can be described by a variety of phenomenological equations. These
creep “laws” typically relate the steady state strain rate to the stress, temperature
and relevant microstructural features. Frequently, the steady state results for a
given class of materials can be described by more than one such phenomenological
relationship, leading to an incomplete understanding of creep behavior and the
underlying rate controlling mechanisms. A more nuanced understanding of high
temperature deformation and an ability to evaluate the applicability of various
phenomenological relationships can be developed by examining the way in which
a creeping solid responds to an instantaneous change of deformation conditions.
Specifically, the transients in the strain-time response that result from a change
in applied stress can be interpreted both qualitatively and quantitatively. As
an example of the value of such experiments, dispersion strengthened metals
unexpectedly exhibit transients that are similar to solid solution alloys rather than
pure metals. Thus, successful models must be able to describe both steady state
and transient creep behavior. In this paper, we review work on creep transient
experiments and outline how this approach can be used to develop appropriate
descriptive relationships. Using a combination of steady state and transient creep
data it is possible to determine key parameters in models of thermally activated
dislocation glide such as the athermal microstructural strength, the Helmholtz free
energy of activation and characteristic obstacle strength. The emphasis of this
paper is on providing a coherent picture that crosses classes of materials.
2:00 PM
Data-Driven Mechanism Modeling of Creep Behavior of 9Cr-Steels: Amit
Verma1; Vyacheslav Romanov2; Jeffrey Hawk2; Roger French1; Jennifer Carter1;
1
Case Western Reserve Univ; 2National Energy Technology Laboratory (NETL)
The advancement of 9-12%Cr ferritic/martensitic steels for higher operating
temperatures is necessary to meet the energy efficiency and lower carbon dioxide
emission standards required of next-generation ultra-supercritical coal-fired power
plants. To accomplish this, data science approaches are being utilized to provide
design guidance for new alloy development, now that intuitive design choices are
focused on ppm alloy additions. Heritage data for 9-12% Cr-steels was investigated
to explore a variety of alloy/processing design questions, with a focus towards
expanding the present operating temperature range of 610°C to 650°C. Data entries
include 80+ different iron-base alloy compositions, processing parameters, results

of strength and creep tests, arranged for 47 different metrics and 2800 observation.
In particular, network models were used to map multivariate, interdependency,
correlations and functional forms of different strengthening mechanisms on the
design of high strength and creep resistant alloys. The complexity of the phase
transformations and microstructure evolution in multi-component (21 chemical
elements) alloys, which have major influences on mechanical properties, leads to
inefficiency in direct application of unbiased linear regression across the entire
data space. Clustering or self-similarity analysis establishes a hierarchy of firstorder trends using multivariate data analysis helps identify dataset biases and to
further map out highly complex multi-dimensional alloy systems. Incorporation
of domain knowledge is imperative for data-driven predictive modeling of nonlinear relationships (particularly, for the effects of temperature and microstructure
evolution). To address the lack of microstructure evolution data, metrics from
thermodynamic simulations were added to the experimental dataset to explore
how compositional variables result in changes in phase stability. Domain-guided
network modeling provides insight into the effects of compositional variables on
the overall phase stability and ultimately the creep performance. The approach
provides insight for rapid qualification of new alloys, while setting up generic
methodologies to explore similar questions for other alloy families.
2:15 PM
A Materials Informatics Approach to Predict Creep of High-Temperature
Alloys: Dongwon Shin1; Sangkeun Lee1; Yukinori Yamamoto1; Michael Brady1;
1
Oak Ridge National Laboratory
We present a data-driven theoretical framework that has potential to significantly
reduce the number of prototypical alloys for experimental validation. We exercise
machine learning approaches to predict creep of alumina-forming austenitic
(AFA) alloys with and without microstructural alloy descriptors. We have used
an experimental AFA creep dataset consistently collected over a decade at Oak
Ridge National Laboratory. We start with training of machine learning models to
predict Larson-Miller Parameter (LMP) of AFA alloys as a function of elemental
composition, stress, and temperature. Next, we exercise a high-fidelity CALPHAD
database in a high-throughput manner to rapidly populate a large number of
microstructure-related features. We then fuse the scientific descriptors to augment
a dataset of ‘raw’ alloys with only superficial features, followed by extensive
correlation analysis to select features to be used within the training of machine
learning models. We demonstrate that trained surrogate machine learning models
can predict creep properties of hypothetical AFA alloys in a high-throughput
manner to optimize elemental compositions.The Research was sponsored by the
LDRD Program of Oak Ridge National Laboratory.
2:30 PM
Creep Deformation and Strengthening Mechanism in Newly Developed Ni20Cr-15Co-1Ti-2Al-8W Polycrystalline Heat-Resistant Alloy: Masatoshi
Mitsuhara1; Takanori Ito1; Shigeto Yamasaki1; Hideharu Nakashima1; Minoru
Nishida1; Mitsuharru Yonemura2; 1Kyushu University; 2Nippon Steel and
Sumitomo Metal Corporation
Nickel base alloys are widely used as heat resistant materials. Recently, it is
planned to adapt a polycrystalline Ni heat-resistant alloy such as Alloy 617 to a
steam tubes and pipes of advanced USC power plant. In the future, compatibility
of heat resistance and hot-workability of such a polycrystalline nickel base alloy is
one of the attention point of material development. In this study, we report the creep
strength, deformation behavior and strengthening mechanism of a novel nickel base
heat-resistant alloy which is hybridized with precipitation strengthening by Ni3Al
(γ’) particles and intergranular precipitation strengthening due to intermetallic
compounds. Ni-20Cr-15Co(wt.%) was a main composition element. In order to
ensure hot-workability, the amounts of Ti and Al, which are γ’ phase formation
elements, were suppressed to 1 and 2 wt.%, respectively. 8 wt.% W was added to
precipitate intermetallic compounds (Laves phases) at grain boundaries. As a result
of the creep test, the present alloy showed excellent creep strength comparable to
that of Alloy 740, although the volume fraction of the γ’ phase was about 14%.
The γ’ particles coarsened with the creep deformation and gradually lost the
pinning effect of the dislocation. On the other hand, the Laves phase and other
intermetallic compounds precipitated at the grain boundary, and the coverage rate
was maintained at a high rate until the end of creep deformation. Therefore, it
concluded that strengthening by grain boundary precipitation greatly contributes to
the excellent creep strength of the present alloy. More intriguingly, a coarse platelike Laves phase precipitated in the grain interior at the latter stage of the creep
deformation. It was clearly confirmed that the inhibition of plastic deformation
connectivity (deformation restraint) by the plate-like precipitates promotes work
hardening and causes a decline of acceleration creep rate.
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2:45 PM
The Effect of Brazing on Microstructure of Honeycomb Liner Materials
Hastelloy X and Haynes 214: Uwe Glatzel1; Sonun Ulan kyzy1; 1Univ Bayreuth
The efficiency of a turbine is closely associated with minimal clearance between
rotor and stator. Rub tolerant honeycomb seal allow adjusting minimal clearances
between rotor and casing, avoiding severe damage of the rotor part. Hollow
structures of honeycomb liners lead to fast heating of the thin walled structure and
to yield against the rotor fin. Based on microstructure examinations of industrial
honeycomb liners we observed that brazing procedure changes microstructure of
thin nickel-base alloys drastically. In this study we are comparing the effect of braze
alloy BNi-5 on functionality of honeycomb liners, manufactured by two different
nickel-base alloys. The braze increases in Hastelloy X, a nickel-chromium-ironmolybdenum alloy, the rubbing volume due to the capillarity path all the way up
to the rub-in surface. Furthermore, by exceeding of critical gap width, the braze/
substrate mixture forms brittle hard phases in a volume close to foil nodes. Also,
the reduction of the braze melting point by silicon leads to silicon diffusion into the
thin honeycomb foil and leads to a strong reduction of initial foil microstructure
and mechanical behavior. The effect of brazing on Haynes 214, an alloy with a high
content of aluminium, leads to formation of hard and uniform inter-diffusion layer
on the surfaces of the thin foil. EDX measurements show that the inter-diffusion
layer consists of elongated ’, a-Cr and Cr23C6. The high brazing temperature
leads to grain coarsening. The microstructure examinations of the brazing effect
were carried out using SEM, EDX and EBSD and micro hardness measurements.
3:00 PM Break
3:30 PM Invited
Model-Based Description of the Temperature Dependent Strength of Ferritic
and Austenitic ODS Steels: Martin Heilmaier1; Sascha Seils1; Daniel Schliephake1;
Torben Boll1; Alexander Kauffmann1; 1KIT Karlsruhe
Nanoscale oxide dispersion strengthened (ODS) steels are promising
candidates for applications at high temperatures in harsh environments due to
their outstanding microstructural stability and extraordinarily high creep resistance
caused by thermodynamically stable Y-Ti-O nanoclusters (with about 4 nm in
size). Nevertheless, both types of alloys show a significant drop in yield stress at a
transition temperature near 500°C. In this contribution, we describe the temperature
dependent strength of mechanically alloyed ferritic (Fe-14Cr-0.4Ti-0.25Y2O3)
and austenitic (Fe-25Cr-20Ni-0.4Ti-0.25Y2O3) ODS steels with commonly used
models. Necessary microstructural parameters were obtained by multi-scale
characterization techniques, including X-ray diffraction, electron backscatter
diffraction and atom probe tomography. At low temperature, the evaluation of the
contributions due to Orowan, Hall-Petch and dislocation strengthening explains
the observed higher strength of ferritic alloys. To understand the drop in strength
at elevated temperature, plasticity dependent models following the classical Coble
creep or the more recent Blum and Zeng model [1] are discussed. Combining the
aforementioned models allows the prediction of the high temperature (and creep)
strength in a wide temperature range [2]. [1] W. Blum, X.H. Zheng, Acta Mater. 57
(2009), 1966.[2] J.H. Schneibel, M. Heilmaier, Mater Trans. 55 (2014), 44.
4:00 PM
Influence of Aluminum and Germanium Additions on Microstructure and
Creep Properties of Mo-9Si-8B (at.%): Peter Kellner1; Rainer Völkl1; Uwe
Glatzel1; 1University Bayreuth
For high temperature applications, it is necessary to know the creep properties
for the full temperature range in service. For these high temperatures, refractory
based alloys show great potential. A commonly investigated alloy system is MoSi-B. Several alloying strategies are used to improve the creep properties. In our
case, quaternary and quinternary Mo-9Si-8B-xAl-yGe (in at.% with x and y being
0 or 2). These concentrations are chosen in order to reduce the melting point and
to increase the volume fraction of the intermetallic phases for creep strengthening.
Microstructure is build up by Mo solid solution (a-Mo) and two intermetallic phases:
Mo3Si (A15) and Mo5SiB2 (T2). A powder metallurgy and an ingot metallurgy
route is used to fabricate the samples. The specimens are homogenized by a heattreatment in a vacuum radiation furnace at 1850°C. It is anticipated to generate
an a-Mo interpenetrating network. The resulting microstructures are investigated
using scanning electron microscope, energy dispersive X-ray spectroscopy and
X-ray diffraction analysis. A vacuum creep testing device for a reduced specimen
volume (1 \215 4 \215 28 mm3) heated in a radiation furnace up to 1400°C is used.
Tensile creep tests at temperatures of 1250°C to 1400°C with stresses ranging
from 50 - 250 MPa are performed in order to investigate the influence of different
fabrication techniques on creep strength. Minimum creep rates and activation
energies are determined. The influence of aluminum and germanium on the
mechanical properties at high temperatures is discussed.

4:15 PM
High-temperature Compressive Strength and Tensile Creep Strength of ZrCModified MoSiBTiC Alloy: Shunichi Nakayama1; Peter Kellner2; Uwe Glatzel2;
Shiho Kamata1; Nobuaki Sekido1; Kyosuke Yoshimi1; 1Tohoku University;
2
University Bayreuth
Recently, TiC-added Mo-Si-B alloy, called MoSiBTiC alloy, have been developed
as a candidate for ultra-high temperature materials beyond Ni-based superalloys.
It was reported that the alloy show 400 h tensile creep rupture time under constant
stress of 137 MPa at 1400°C, and thus the alloy has excellent high-temperature
tensile creep strength. Quite recently, the present authors reported that ZrC-modified
MoSiBTiC alloy in which a part of TiC was substituted with ZrC show better hightemperature compressive strength at 1400°C than the original MoSiBTiC alloy. In
this research, the strengthening behavior of ZrC-modified MoSiBTiC alloy and its
high-temperature tensile creep strength were investigated. Several kinds of TiC and
ZrC-added Mo-Si-B alloys were prepared by a conventional arc-melting technique.
The nominal composition (mol.%) of alloys was controlled that Mo-5Si-10B(10-x)TiC-xZrC (0=x=10), and therefore the concentrations of Mo, Si, B, and C was
fixed and the ratio of TiC and ZrC was changed. As-cast ingots were heat-treated
at 1800°C for 24 hours in an Ar atmosphere for homogenization. High-temperature
strength of heat-treated samples was evaluated by compression tests at 1400°C
at an initial strain rate of 2.1×10-4 s-1 and tensile creep tests at constant stress of
200 MPa at 1400°C. The constituent phases of the heat-treated samples varied
depending on the TiC/ZrC ratio, and they were consisted of 3 to 5 phases: Moss, T2,
and/or TiC and/or ZrC and/or a small amount of Mo2C. It was confirmed that the
compressive peak stress was enhanced by replacing TiC with ZrC or replacing ZrC
with TiC, and the compressive peak stress reached the maximum value when the
TiC/ZrC ratio was around 1. Based on this result, the high-temperature tensile creep
strength of Mo-5Si-10B-5TiC-5ZrC was investigated. As a result, its minimum
creep rate reduced to about 1/10 compared with the original Mo-5Si-10B-10TiC
alloy investigated in previous study.
4:30 PM
Tensile Creep Strength and Microstructure Evolution during Creep
Deformation of 1st Gen. MoSiBTiC Alloy in Ultra-High Temperature Region:
Shiho Kamata1; Nobuaki Sekido1; Kouichi Maruyama1; Gunther Eggeler2; Kyosuke
Yoshimi1; 1Tohoku University; 2Ruhr-University Bochum
1st generation MoSiBTiC alloy (65Mo-5Si-10B-10Ti-10C in at.%) produced by
conventional casting technique exhibits impressive high-temperature compressive
strength and relatively good room-temperature fracture toughness. Constituent
phases of this alloy are mainly Mo solid solution (Moss), Mo5SiB2 (T2) and (Ti,Mo)
C. In this study, the tensile creep strength and microstructure evolution during creep
deformation of 1st generation MoSiBTiC alloy were investigated in ultra-high
temperature region. Some button ingots with the composition of 65Mo-5Si-10B10Ti-10C (at. %) were prepared by conventional arc-melting in Ar atmosphere, and
subsequently were subjected to homogenization heat treatment at 1800°C for 24
h. Tensile creep tests were performed at temperatures between 1400 and 1600°C,
and stresses between 100 and 300 MPa. Microstructures of crept specimens
were observed by scanning electron microscopy (SEM) and electron backscatter
diffraction (EBSD) – orientation imaging microscopy (OIM) in order to elucidate
its deformation mechanism.The experimental tensile creep results indicate that 1st
generation MoSiBTiC alloy showed excellent creep strength and ductility, e.g. the
rupture time of longer than 400 h with the total strain of larger than 60% under 137
MPa at 1400°C. Minimum creep rates showed stress and temperature dependences
which can be described by stress exponent, n ~ 3 and the apparent activation
energy, Qapp ~ 550 kJ/mol, respectively. It was found that rupture strains increase
with decreasing applied stress and creep curves of log(de/dt)-e show moderate
strain rate oscillations. It was also found from microstructure observation that
Moss phase underdoes dynamic recover and dynamic recrystallization during creep
deformation. These results suggested that dynamic recover and recrystallization in
Moss phase correspond to strain rate oscillations in creep curves of log(de/dt)-e.
4:45 PM
Modified Constitutive Analysis of Flow Stress in Hot Deformation: Evgueni
Poliak1; 1ArcelorMittal USA
Constitutive analysis of high temperature flow stresses based on ZenerHollomon parameter is widely used to predict stresses and forces in metal
forming. However, the existing formalism assumes constant stress sensitivities to
strain rate and temperature within the ranges of analyzed processing conditions
of particular interest. This assumption is not practically feasible as it significantly
diminishes the accuracy of predictions and also prevents distinguishing between
various mechanisms that control microstructure evolution, e.g., dynamic recovery,
dynamic recrystallization, etc. A modified form of the analysis is proposed that
allows for determining the strain rate and temperature dependences of strain rate
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and temperature sensitivities of flow stress thus eliminating the drawbacks of the
existing formalism and improving stress computations. Different microstructure
controlling mechanisms exhibit different dependences of stress sensitivities and
can be thereby reliably identified. The results are exemplified using the data for
wide variety of steels, especially those undergoing phase transformations in cooling
for which high temperature microstructure cannot be easily revealed.
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Session Chair: Marina Garcia-Gonzalez, Paul Scherrer Institut
1:30 PM
Improving Strength in Ti-6Al-2Sn-4Zr-6Mo: Abigail Ackerman1; Alexander
Knowles1; Ioannis Bantounas1; Mohsen Danaie2; Colin Ophus3; David Rugg4;
David Dye1; 1Imperial College, London; 2Diamond Light Source, Oxford;
3
Molecular Foundry, NCEM, Berkeley; 4Rolls-Royce plc.
Ti-6Al-2Sn-4Zr-6Mo is used in the high-pressure compressor of gas turbine
engines, due to its superior specific fatigue-allowable strength. Its high molybdenum
content slows down the formation kinetics of the alpha phase, allowing a basketweave
primary alpha microstructure to form, after which fine scale secondary alpha is
formed during ageing. In this work, the strength increase produced by refinement
of the secondary alpha will be examined and the consequences for fatigue explored.
These mechanical effects will be elucidated through the use of nanobeam electron
diffraction in the STEM in order to understand the strain in the secondary alpha and
surrounding matrix beta, along with STEM EDX to understand the Mo field around
the primary alpha. Transmission Kikuchi diffraction is also used to examine the
range of orientation variants formed.
1:45 PM
Phase Transformation and Degradation of Superelastic NiTi during Uniaxial
and Multiaxial Loading: Wei Neng Hsu1; Efthymios Polatidis1; Miroslav Smid1;
Steven Van Petegem1; Helena Van Swygenhoven1; 1Paul Scherrer Institute
The reversible deformation-induced martensitic transformation in NiTi gives
rise to superelasticity. NiTi is used as structural material for stents in biomedical
applications. The slender and intricate structure of a stent causes the material to
experience locally multiaxial loading conditions in vivo. However, until now most
of the knowledge of the martensitic transformation and the degradation mechanisms
in NiTi is based on uniaxial loading experiments. The effect of multiaxial loading
or changes in load path on the behavior of the material remains unclear. In this
study, the deformation behavior and degradation of commercial superelastic NiTi
is investigated with in situ synchrotron X-ray diffraction at the MS beamline of
the Swiss Light Source and complemented by EBSD and HRDIC measurements.
The initial microstructure consists of large austenitic grains subdivided in bands
of nanoscaled sub-grains [Acta Mat 144(2018)874]. Cruciform shaped samples
are subjected to various loading conditions including uniaxial tension, equibiaxial
tension and load paths that involve a sudden change in loading direction. The
transformation behavior and martensitic variant selection is discussed in terms
of the initial microstructure and the different loading paths. The degradation of
the material after multiple load-unload cycles is found to depend strongly on
the loading path. This research is performed within the ERC Advanced Grant
MULTIAX (339245).
2:00 PM
Residual Stresses in 18 Carat Gold Alloys: A Multi-Scale Diffraction Study:
Marina Garcia-Gonzalez1; Nadine Baluc1; Steven van Petegem2; Helena van
Swygenhoven1; 1Ecole Polytechnique Fédérale de Lausanne; 2Paul Scherrer Institut
Innovative design through chemistry to change the color in 18 carat gold alloys
plays a major role in the gold manufacturing Industry. Residual stress management
is a major concern in metal part manufacturing, identifying and understanding its
origin is key to ensure stability and desired mechanical properties. The processing of
18 carat Au-Cu-Ag red gold alloys faces problems during manufacturing resulting
in reduced workability and the occurrence of shape distortion or fracture of the
components made. The thermo-mechanical history and chemical composition
plays an important role and it is anticipated that the presence and kinetics of
chemically ordered Au50Cu50 nano-precipitates are to a large extend at the origin
of the problems.In this work, the precipitation kinetics and the role of them in the
residual stress are addressed. In-situ small angle x-ray scattering during cooling are
carried out to address the influence of the cooling rate on the precipitation kinetics.

Complementary TEM observations reveal the resulting microstructures. Residual
stress measurements using neutron diffraction are performed on samples subjected
to different thermal and thermo-mechanical treatments, which allow decoupling the
residual stresses due to mechanical deformation and ordering.
2:15 PM
Superelastic Superconductor, CaKFe4As4: Gyuho Song1; Vladislav Borisov2;
William Meier3; Keith Dusoe1; John Sypek1; Roser Valentí2; Paul Canfield3; SeokWoo Lee1; 1Univ Of Connecticut; 2Goethe University; 3Iowa State University
Superconductivity is a phenomenon of zero electrical resistance of materials.
Superelasticity is a phenomenon of shape recoverability of solid materials after
significant deformation. These two super-properties do not typically get along
because superconductors, which are usually brittle oxides or intermetallic
compounds, shatter easily particularly under non-hydrostatic stress state. In
this work, we demonstrate that a high temperature superconductor (Tc = 35 K),
CaKFe4As4 single crystal, is strong enough to exhibit superelasticity through halfcollapsed tetragonal phase transition under uni-axial compression. This unique
transition involves Fe magnetic moment disappearance and As-As bond formation,
leading to the suppression of superconductivity. Large elastic displacement of
As atoms near K adds additional large recoverable strain. The backward phase
transition releases ultra-high strain energy and restores the lattice structure as
well as superconductivity. Therefore, superelasticity of CaKFe4As4 is completely
coupled with superconductivity, and CaKFe4As4 can be called a superelastic
superconductor. The coupling of two super-properties under uni-axial compression
can lead to the development of electronic devices where superconductivity can be
switched on and off easily by mechanical forces even under non-hydrostatic stress
state without brittle failure.
2:30 PM Invited
Elucidating the Relationship Between Micromechanics and Macroscopic
Response During Crystallographic Twin Reorientation: Ashley Bucsek1;
Darren Pagan2; Jun Young Peter Ko2; Darren Dale2; Yuriy Chumlyakov3; Aaron
Stebner1; 1Colorado School Of Mines; 2Cornell High Energy Synchrotron Source;
3
Tomsk State University
Special classes of materials respond to external stimuli by rearranging
crystallographic twins inducing large changes in macroscopic properties.
Together with phase transformation, this dynamic deformation mechanism
enables the functional behaviors of ferroic and multiferroic materials. As a result,
understanding twin mobility is critical to the success of a wide variety of societyimproving technologies driven by ferroic and multiferroic materials. In the case
of ferroelastic alloys, or shape memory alloys (SMAs), the mobile twins exist in
the martensite phase and is thus referred to as martensite reorientation. As a study
into twin mobility, or reorientation, we performed stress-induced reorientation
experiments on martensitic NiTi SMAs using near-field and far-field High-Energy
Diffraction Microscopy (nf- and ff-HEDM) and digital image correlation (DIC).
The results reveal the microstructure evolution behind two types of macroscopic
localized deformation bands, a small-strain nucleation band and a large-strain
detwinning band. These bands proceed through the sample in sequence, exist on
a specific crystallographic plane, and both result in and are assisted by the elastic
rotation of the lattice.
3:00 PM Break
3:30 PM
Influence of the Beta to Omega Phase Transformation on the Elasticity of
Metastable Beta-Ti Alloys: Jitka Nejezchlebova1; Hanus Seiner1; Petr Sedlak1;
Lucie Bodnarova1; Michal Landa1; Jana Smilauerová2; Petr Harcuba2; Josef
Strasky2; Milos Janecek2; 1Institute of Thermomechanics; 2Charles University
The finely dispersed particles of metastable hcp omega phase form from the parent
bcc beta phase and significantly influence mechanical properties of metastable beta
titanium alloys. In this contribution, we present results of a study of the thermally
induced beta to omega (so called athermal and isothermal omega) phase transition
by resonant ultrasound spectroscopy. It was proved that the different forms of
omega phase have different impact on the elastic anisotropy of the material, as
well as on the internal friction and on the temperature dependences of the elastic
constants. The high sensitivity of the resonant ultrasound spectroscopy enables
us to study in situ reversibility/irreversibility of the formation of isothermal and
athermal omega phase and the kinetics of this formation.
3:45 PM
Micromechanical Study of Grain/Twin Shape and Elastic Mismatch at
Annealing Twin Boundaries in Ni-base Superalloy: Marat Latypov1; JeanCharles Stinville1; Jason Mayeur2; Tresa Pollock1; Irene Beyerlein1; 1University of
California Santa Barbara; 2CFD Research Corporation
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Annealing twins inherent in microstructures of Ni-base superalloys (such
as Rene 88DT) produced by powder metallurgy have a strong impact on their
mechanical performance. While increasing yield strength, annealing twins were
also often observed to localize strain and serve as sites for fatigue crack initiation
at the boundaries. In this contribution, we present the results of a series of
micromechanical crystal plasticity finite element simulations elucidating the role
of elastic mismatch and grain/twin shapes on elastic strain localization and stress
concentration. These results help better understand the experimentally observed
strain localization and the intrinsic effects of the microstructure on fatigue crack
initiation.
4:00 PM Cancelled
Ultra-superelasticity in Bulk Nanograined NiTiNb Alloys with Nanoscale
Subdomains: Kaiyuan Yu1; Lishan Cui1; Hui Zhang1; Zhiyuan Ma1; Yang Ren2;
Daqiang Jiang1; Jian Wang3; 1China University of Petroleum-Beijing; 2APS,
Argonne Nationa Laborotary; 3University of Nebraska-Lincoln

Honorary Symposia Joint Session II
Monday PM		
July 16, 2018		

Room: Cartoon 2
Location: The Ohio Union

Session Chair: J. Wayne Jones, Univ of Michigan
1:30 PM Invited
Internal Stress Patterns in a Plastically Deforming <110>-Textured NanoGrain Columnar Iron Structure: Javier Gil Sevillano1; Iñigo Aldazabal2; Javier
Aldazabal3; 1CEIT and TECNUN, University of Navarra; 2Centro de Física de
Materiales; 3TECNUN, Universidad de Navarra
The “composite model” championed by Mughrabi has been enormously fertile
for advancing in the understanding of the patterns of internal strains/stresses
which develop in crystalline materials deforming by dislocation-mediated elastoplasticity. Disorder and energy minimization quite naturally lead to heterogeneities
of dislocation density inside the crystals, i.e., to emergence of a “composite” with
hard and soft volume regions. However, in the nano-grain size range, the mean-free
path of mobile dislocation lines becomes too small for significant intra-granular
dislocation storage. We have performed molecular dynamics (MD) simulations
of room-temperature tensile-compressive axial deformation of a columnar
polycrystalline structure of aligned nano-grains of bcc iron of about 10 nm in
cross section and with an ideal random <110> fibre texture. After relatively large
elongations or contractions, the grain structure remains well aligned and rather stable,
mainly constituted of two-dimensional tilt boundaries, its grain interiors devoid of
any cellular structure of higher-than-the-mean dislocation density walls. However,
an analysis of the corresponding distributions of internal strains at the atomic level
shows the typical asymmetries expected from the “composite model”. Inspection
of the maps of internal stresses show that, as a general trend, large forward internal
strains have developed both as tensile deformation or as compressive deformation
goes on in the volume of small grains or in narrow cul-de-sac regions of large
grains. Weak backward internal stresses develop inside large grain. Of course, local
effects associated to boundaries or triple points somewhat distort that pattern. The
observed level of the flow stress points to the size of the grain cross-section as the
dominant structural length for long-range plastic flow: dislocation need to bow in
their travel from boundary sources to the surrounding intergranular walls. Thus,
in this case the “composite model” works too, only its hard/soft regions consist of
respectively the smaller/larger grains of the polycrystalline structure.
2:00 PM Invited
Slip Bands Interaction with Grain/Twin Boundaries at the Origin of Fatigue
Cracks in Ni-Based Superalloys: Patrick Villechaise1; Jonathan Cormier1;
Baptiste Larrouy2; Julien Genée1; Loic Signor1; 1Institut Pprime - CNRS; 2Safran
Helicopters Engines
Grain and twin boundaries are often identified at the origin of fatigue and
dwell-fatigue cracks in Ni-based superalloys used in turbo-engines. Depending on
the alloy/microstructure (Grain size, precipitation state) and on testing conditions
(mechanical loading/temperature), the damage process is associated to grain
boundary sliding, to the presence of brittle particles at grain boundaries and/or
to detrimental effects due to oxidation with complex deformation-environmental
interactions. Higher the temperature, higher these processes govern damage. At less
elevated temperatures (typically less than 500°C) corresponding in service to the
bore of turbine disks, fatigue damage is also associated to facets analyzed as grain/
twin boundaries even if the previous mentioned mechanisms could not be active. In

that case the interactions between slip bands developed in the grains and the grain/
twin boundaries may lead to the crack initiation. Such a process has been identified
recently in different Ni-based superalloys used for turbine disk applications. Slip
bands active in grains due to the localization of the cyclic plasticity induce the
development of very local elastic micro-rotations in the neighboring grains. The
level of stresses reached in the “microvolumes” concerned by this process may lead
to the early stages of cracking. The local configurations that favor this damage has
been studied in details especially by taking into account crystallographic aspects.
The tilt/twist angles between the active slip systems and the boundaries has been
identified as key parameters. In this field, twin boundaries seem to play an essential
role in the development of the fatal cracks. This topic will be illustrated by in
situ - SEM tests, EBSD and HR-EBSD analyses as well as by Finite Elements
simulations of the stress states. A special focus will be paid on twin boundaries for
which the 3D microstructure could be most easily taken into account
2:30 PM Invited
The Evolution of Persistent Slip Bands and Point Defects in Metals: 3D
Discrete Dislocation Dynamics Simulations: Jaafar El-Awady1; 1John Hopkins
Univ
A fundamental understanding of deformation mechanisms during cyclic loading
is essential to predict the usable life of engineering components in aerospace
applications. While conventional bulk scale fatigue tests provide a way to quantify
the fatigue life of materials, specific microstructural features that result in failure
are difficult to ascertain. One of the common dislocation microstructures forming
during cyclic loading of face centered cubic metals are persistent slip bands
(PSBs). Over the years, many experimental, theoretical, and computational studies
have led to significant understanding of plasticity in PSBs, however, many open
questions remain in the prediction of the formation and evolution of these complex
dislocation structure. In this work, we will present one of a kind large scale threedimensional (3D) discrete dislocation dynamics (DDD) simulations to investigate
PSB evolution and point defect formation in single crystal FCC metals. In these
simulations partially developed PSB structures are simulated under fully reversible
loading conditions. The maximum stress of the hysteresis loops and the local
dislocation density in the channels/walls are shown to increase with increasing
loading cycle. The dislocation interactions in the channels and the 3D contours
of the local shear stress within the channels as a function of distance from the
PSB walls are characterized to reevaluate the composite model proposed by H.
Mughrabi. In addition, the spatio-temporal point defect (vacancies and interstitials)
generation and evolution is quantified as a function of the dislocation density in
the PSB channels and walls. The results are discussed in view of a point defect
diffusion model to study their migration rates to the surface.
3:00 PM Break
3:30 PM Invited
On the Evolution of Dislocation Cell Structures during Reciprocating High
Temperature Sliding Wear of Class I and Class II Aluminium Alloys
: Alireza Basir Parsa1; Maximilian Walter1; Werner Theisen1; Gunther Eggeler1;
1
Ruhr-Universität Bochum
High temperature wear limits the service life of critical components in hot
forming tools and in combustion engines. In the present we investigate the
formation of dislocation cell structures in surface regions during high temperature
wear. The formation of cell and micrograin structures in single phase Al alloys is
investigated. We use a pin-on-disc wear test rig in combination with focused ion
beam micromaching (FIB) to obtain thin foils from the worn surface regions for
TEM investigations. For 200 and 300°C reciprocating wear testing (100 and 100
cycles), a spherical pin consisiting of sintered Al2O3 (which did not undergo any
changes) and flat counter bodies consisting of Al-5wt.% Mg and Al-11 wt.% Zn
were used. These two materials differ in their tendencies to form subgrains [2,3].
Under creep conditions, Al-5Mg does not easily form subgrains while Al-11Zn on
is a strong subgrain former. The two materials are subjected to reciprocating wear
loading (sliding distance: 1 mm, average sliding speed: 1 mm/s, normal forces: 5 and
10 N). The resulting near surface cell and micro grain structures in the two materials
are characterized. The results are discussed in the light of what is known about the
formation of cell structures during plastic deformation of metals, especially under
conditions of wear loading [4,5]. [1] C.Rynio et al., Matwiss. Werkstofftechn., 44
(2013) pp. 825-831 [2] W.D. Nix, B. Ilschner, Mechanisms controlling creep of
single phase alloys, Proceedings of ICSMA 5, 1979. [3] W.Blum, High-temperature
deformation and creep of crystalline solids, in: Materials Science and Technology
6, Wiley-VCH, Weinheim, 1993, p. 359. [4] D.A.Rigney, Ann. Rev. Mater. Sci,
18 (1988) pp. 141-163 [5] Y.Zhu, D. Kuhlmann-Wilsdorf, Mater. Sci. Eng. A, 113
(1989) pp. 297-303
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4:00 PM
Understanding and Controlling Sliding Friction and Wear: David Rigney1;
1
Ohio State Univ
Simple models of sliding friction and wear, for example those based on
adhesion, fatigue, delamination or oxidation, are not adequate for explaining
many experimental observations. The application of increasingly available
characterization techniques has shown us that sliding can produce dramatic
structural and chemical changes in the material adjacent to the sliding interface.
This material can become nanocrystalline or even amorphous. Computer
simulations have provided complementary ways to improve our understanding of
sliding behavior. Together, these approaches have suggested that a wide range
of observed features depends on a few basic processes: plastic deformation,
interactions with the environment and mechanical mixing. Sliding produces
flow patterns, including those influenced by vorticity, that are similar to those
expected in fluid flow. Vorticity allows efficient chemical mixing and explains the
disappearance of displacement markers. The observed processes seem to be quite
general and may occur over a wide range of size scales, ranging from nm up to
those involved in the interaction of tectonic plates.
4:20 PM
Thermally-activated Dislocation Plasticity in BCC Cr by Atomistic
Simulations and High-Temperature Nanoindentation: Christian Brandl1;
Paul Desmarchelier1; In-Chul Choi1; Ruth Schwaiger1; 1Karlsruhe Institute of
Technology
The application of body centered cubic (BCC) refractory metals is usually limited
by the low-temperature brittleness, which is intrinsically linked to the limited screw
dislocation mobility. We present a combined molecular dynamics study with hightemperature nanoindentation techniques to determine the dislocation mobility
regimes with and without interstitial impurities in pure Cr and the implications
on the brittle-ductile transition. In the MD simulations, we characterized the
thermally-excited “diffusion” of dislocation motion to elucidate the low-stress
limit of dislocation mobility below the knee temperature in competition to
impurity diffusion associated with solute-drag strengthening.Complementary
high-temperature nanoindentation experiments on BCC Cr samples of different
purity levels determined the temperature-dependent hardness, activation volume
and apparent activation enthalpy. The latter signatures of the underlying plastic
deformation mechanisms are compared to the mobility from theory (i.e., Seeger
theory) and MD simulation. A detailed quantitative analysis of the experimental
data revealed the solute-drag regime and the kink-pair nucleation-limited
dislocation mobility regime. The latter is subdivided into elastic-interaction and
line-tension regimes showing characteristic changes of the slip system signatures
with increasing temperature.
4:40 PM Invited
A Dislocation-Based Theory for Fatigue Damage in High and Low Stacking
Fault Energy Materials
: Stephen Antolovich1; Anshul Godha2; Arun Gokhale1; Tarang Mungole3; David
Field3; 1Georgia Institute of Tech; 2Parker Hannifin; 3Washington Stateve University
In wavy glide materials (high SFE), fatigue damage may appear in the form
of surface connected voids. The development of damage is expected to occur
by the intersection of screw dislocations producing a thermodynamically excess
concentration of vacancies. Condensation of such vacancies into microscopic voids
(e.g. Cu and BCC Fe) and/or dislocation colonies produces damage. These defects
are expected to play a critical role in crack nucleation. For voids, it is expected
that the void geometry will influenced by crystallographic anisotropy and strain
energy minimization. The kinetics and crystallography of alignment are important
features governing the life. Vacancy production during fatigue was modelled by
assuming a portion of the mobile screw dislocations is active on the forward cycle
(vacancy producing) and the remaining portion on the reverse cycle. Using this
simple model, the vacancy concentration as a function of the number of cycles
can be computed and used to calculate the free volume and ultimately the size and
spacing of the voids formed by the vacancy condensation. Stereological and OIM
measurements demonstrated that the correlation between theory and experiment
was excellent. Planar glide metals (low SFE), on the other hand, form extended
dislocations which are confined to a single slip plane independent of their character.
During the to-and-fro motion of the dissociated dislocations, there will be some
degree of irreversibility and a certain fraction of the dislocations will become
immobile. To carry the imposed plastic strain, new mobile dislocations must be
nucleated, increasing the internal stress as and eventually causing cracking at, e.g.,
grain boundaries. Thus, the fatigue depends on the degree of reversibility and the
stress concentration at the tip of the cyclic slip band. These ideas are developed into
a model for the fatigue life and are supported by observations from the literature.

Plenary Session II
Tuesday AM		
July 17, 2018		

Room: Archie Griffin East Ballroom
Location: The Ohio Union

Session Chairs: Wolfgang Pantleon, Technical University of Denmark;
Antonin Dlouhy, Academy of Sciences
8:15 AM Plenary
Hardening and Softening in Nano-grained Metals: Ke Lu1; 1Institute of Metal
Research, CAS
Conventional metals become harder with decreasing grain sizes, following
the classical Hall-Petch relationship. However, this relationship fails and softening
occurs at grain sizes in the nanometer regime for some alloys. In this talk, grain size
effect on plastic deformation mechanism of nano-grained metals will be analyzed
for understanding the hardening and softening behaviors. Nano-grained pure
metals and alloys with grain sizes ranging from few nanometers to submicrometers
prepared by means of plastic deformation or electro-deposition are investigated.
By changing grain boundary (GB) stability with relaxation or segregation of solute
atoms, different plastic deformation mechanisms were identified over the grain size
range studied, leading to either hardening or softening. The results revealed that GB
stability provides an alternative dimension, in addition to grain size, for tailoring
strength of nano-grained metals.
8:55 AM Question and Answer Period
9:05 AM Plenary
Achieving Extraordinary Strengths by Varying Length Scales and Boundary
Conditions: Erica Lilleodden1; 1Helmholtz-Zentrum Geesthacht
While implicit size effects in mechanical behavior are well known to materials
scientists, as exemplified in the equations relating yield strength to grain size or
dislocation spacing, the mechanical response of materials is typically modeled as
a continuum, with the inherent microstructural heterogeneities smeared out into
an effective homogeneous structure. Yet the strength of metals – a marvelously
tailorable “property” – relies on the introduction of microstructural constituents
of varying dimensions and spacings, and most importantly the distribution of
dislocations as both carriers of and barriers to plastic flow. In this presentation
we will draw upon results from micromechanical experiments, where deformation
is localized and boundary conditions can be tailored to address both finite size
effects as well as the transition to continuum behavior, in order to explore how the
fundamental characteristics of metal plasticity can be exploited in small dimensions
to achieve extreme strengths, and whether such an approach can be useful in real
structures.
9:45 AM Question and Answer Period
9:55 AM Break
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Advanced Characterization of Deformation Processes III
Tuesday AM		
July 17, 2018		

Room: Traditions
Location: The Ohio Union

Session Chairs: Antonin Dlouhy, Academy of Sciences; Matthew Miller,
Cornell University
10:30 AM Invited
Measuring Stresses and Strains with Subgrain Resolution Using High Energy
X-Ray Diffraction: Matthew Miller1; Darren Pagan2; Mark Obstalecki1; 1Cornell
University; 2Cornell High Energy Synchrotron Source
Synchrotron-based High Energy X-ray Diffraction (HEXD) experiments
employing in situ loading and heating stages are changing the way polycrystalline
metals are being characterized. It is now possible to map the orientations of an
entire polycrystalline aggregate then track the reorientation and deformation
(lattice strain tensor / stresses) of every crystal during elastic-plastic deformation
– often without halting the loading. In this talk two HEXD experiments, designed
to understand strains and rotations within each deforming crystal are described. In
the first, the spreads of orientations and lattice strains are measured within each
crystal of a copper sample undergoing cyclic loading. These results are compared
to a finite element-based cyclic plasticity model. A copper single crystal aligned for
single slip is deformed in the second experiment. Strain localization (shear bands)
observed using Digital Image Correlation (DIC) on the specimen surface were
correlated to changes observed in single crystal orientation pole figures.
11:00 AM
Multiscale Investigation of Mechanical and Microstructural Properties
of Nickel-Based Superalloy Inconel 718 Manufactured by Powder-Bed
Selective Laser Melting: Thomas Gallmeyer1; Senthamilaruvi Moorthy1; Behnam
Aminahmadi1; Branden Kappes1; Aaron Stebner1; 1Colorado School of Mines
Process-structure-property relationships are the paradigm of materials science.
Additive manufacturing has led to novelty in exploiting these relationships
to garner unseen properties in mature materials systems. For the selective laser
melting (SLM) AM process of Inconel 718, rapid solidification and thermal cycling
give rise to an observed hierarchical microstructure and anisotropic mechanical
properties, demonstrating dislocation cells, grain orientations, and chemical
microsegregation as contributing factors to the observed material behavior. In
addition to the influence of processing parameters on the material, build orientation
and heat treatments play a role. We present a multiscale characterization study
examining the structure-property relationships of nickel-based superalloy Inconel
718 manufactured by powder-bed SLM, focusing on the influence of part build
orientation and of standard post-processing heat treatment on microstructural and
mechanical behaviors.
11:15 AM
On the Origin of Extraordinary Cyclic Strengthening of a New, Hightemperature Capable Austenitic Stainless Steel Sanicro 25 during Fatigue at
700°C: Milan Heczko1; Bryan Esser2; Yunzhi Wang2; Roman Gröger1; Timothy
Smith3; Premysl Beran4; Veronika Mazánová1; Tomáš Kruml1; Jaroslav Polák1;
Michael Mills2; 1Institute of Physics of Materials ASCR; 2The Ohio State
University; 3NASA Glenn Research Center; 4Nuclear Physics Institute ASCR
Cyclic loading of the highly alloyed austenitic stainless steel Sanicro 25 at
700°C leads to extraordinary increase of strength with a remarkably high saturated
cyclic stress. Microstructural studies revealed that along with substantial change
of dislocation structure, two distinct populations of nanoparticles nucleate. Fully
coherent and homogeneously dispersed Cu-rich nanoparticles precipitate rapidly
as a result of thermal exposure, along with nanometer-sized incoherent NbC
carbides that nucleate dynamically on dislocations during the cyclic loading at
high temperature. The atomic structure of the nanoparticles was investigated by
probe-corrected high-angle annular dark-field scanning transmission electron
microscopy imaging. Compositional analysis of the nanoparticles was conducted
using high spatial resolution energy dispersive X-ray spectroscopy combined with
electron energy loss spectroscopy. Experimental observations were validated by
image simulations of the Moiré-like contrast exhibited by NbC carbides. Based
on the micro-scale modeling of dislocation-precipitate interaction, the important
role of both nanoparticle populations for the overall cyclic response is discussed,
and related to the statistical-theory-based analysis of the hysteresis loop shape
evolution. As a result of pinning effects and associated obstacles, dislocation
mobility is significantly retarded which prevents formation of substructures with
lower stored internal energy. With recovery processes heavily suppressed, forest
dislocation strengthening supported by precipitation and solid solution hardening

leads to the remarkable increase of cyclic strength at elevated temperatures.
11:30 AM
Segregation-mediated Strengthening Mechanisms in Nanotwinned Metals:
Zhiliang Pan1; Xing Ke1; Qiongjiali Fang1; Frederic Sansoz1; 1University of
Vermont
Nanotwinned metals have been known, both experimentally and theoretically,
to exhibit a maximum strength followed by softening, also known as Hall-Petch
breakdown, as the twin size decreases to the nanoscale. Atomistic simulations have
attributed this size-dependent behavior to a shift in deformation mechanism from
slip arrest at the intersection with coherent twin boundaries to grain-boundarymediated dislocation nucleation and detwinning. Twin boundaries, however, have
also proven to be inherently imperfect interfaces with sub-nanometer scale kinklike steps. These defects may give rise to alternative softening mechanisms affecting
twin stability and ductility in nanotwinned metals under stress. This talk will present
our recent work in using first-principles and embedded-atom-method atomistic
simulations to study solute atom segregation as a fundamentally new mechanism
for strengthening nanotwinned metals containing defective twin boundaries. Using
prototypical bicrystals of nanotwinned Ag with different metallic impurities, ab
initio calculations and hybrid Monte Carlo and molecular dynamics (MC/MD)
simulations predict that solute elements of Ni and Cu tend to segregate more
favorably to both grain boundaries and intrinsic twin-boundary kink-step defects.
Furthermore, using large-scale polycrystalline models with experimentally realistic
microstructures, our MC/MD simulations show that segregation of low Cu dopant
contents below 1 at. % can substantially increase both twin stability and maximum
strength at 300 K. This finding suggests that microalloying may provide a route
for designing new nanotwinned metals with higher strength and structural stability
than the current limits. Specifically, the present talk will discuss the atomic-scale
mechanisms governing the segregation-mediated strength of nanotwinned Ag.
11:45 AM
On the Dislocation Transfer through Phase Boundaries during Creep of NiAlbased In-situ Composites: M. Dudova1; Hongbin Bei2; C. Somsen3; Easo George2;
Antonin Dlouhy4; 1Institute of Physics of Materials, Academy of Sciences of the
Czech Republic; 2Oak Ridge National Laboratory; 3Ruhr University; 4Academy of
Sciences, Institute of Physics of Materials
We report on formidable high temperature strength of Ni-45.5Al-9Mo, NiAl33.5Cr-0.5Mo and NiAl-31Cr-3Mo (at%) directionally solidified alloys related to
regularly distributed fine eutectic Mo- or Cr-rich phases. These eutectics exhibited
minimum creep rates that were up to seven orders of magnitude lower than the
corresponding minimum creep rates of both the Ni-45.2Al matrix alloy and pure
Mo or Cr single phases. Our transmission electron microscopy data show that Mo
and Cr constituents of the eutectic systems contain essentially no dislocations
before creep and appropriate dislocation densities after creep. These initially
dislocation-free phases support the load transferred from the plastically deforming
NiAl matrix up to the point when they yield. A statistically relevant yielding of the
Mo or Cr phases is associated with a transfer of dislocations through the NiAl-Mo
and NiAl-Cr phase boundaries and with a gradual increase of overall composite
creep rate with accumulated creep strain. We characterize the phase interfaces in
detail and discuss mechanism of the associated dislocation transfer. It is suggested
that the mechanisms which provide creep strength to the investigated class of insitu composites are generally similar to dislocation processes operating during
creep in Ni-based superalloy single crystals, in spite of the reverse topology in our
case, namely, intermetallic matrix with metallic reinforcement.

Fracture and Fatigue III
Tuesday AM		
July 17, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chair: Angus Wilkinson, University Of Oxford
10:30 AM Invited
Ultrasonic High Cycle Fatigue Testing at the Microscale: Arutyun Arutyunyan1;
Jicheng Gong1; Angus Wilkinson1; 1University of Oxford
We have developed a methodology for testing small volumes of materials to
failure in the (very) high cycle fatigue regime. At the micron and sub-micron
lengthscale focused ion beam (FIB) is used to cut triangular cross-section
cantilevers into the surface of a bulk sample block. EBSD analysis is used to
select grains and cantilever alignments that target specific slip systems. Cyclic
deflections are excited in the cantilevers through vibration of the sample block
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using a high power ~20 kHz ultrasonic generator. Dynamic, elastic finite element
analysis (FEA) simulations are used to design the micro-cantilever shapes widened
at the free end to increase inertia and thus achieve stress amplitudes in the hundreds
of MPa range. The high test frequency also allows testing into the extremes of the
giga-cycle HCF regime. Intermittent SEM imaging of the micro-fatigue test pieces
shows that discrete slip events occur intermittently with significant blocks of cycles
giving no detectable change in the sample surface features. Fatigue life responses
of the micro-cantilevers will be compared to data for bulk samples taken from the
literature, and size effects based on both sample dimensions and grain sizes will
be discussed. The sample size effect will also be compared to size effect data
for static bend strength in the micro-scale. At larger lengthscales of 50-200 µm
samples can be cut by laser micro-machining into thin metallic foils. This allows
testing of patches of microstructure which are small enough to be readily mapped
in their entirety by EBSD and then monitored using in situ optical microscopy to
monitor crack initiation and short crack growth during testing. Results from testing
campaigns on Ti alloys (commercially pure, and Ti-6Al-4V) will be presented.
11:00 AM
Cyclic Deformation and Fatigue of Two High Strength Mg Alloys: Jie Dong1;
Dong shuai1; Jiang Yanyao1; Jin Li1; 1Shanghai Jiao Tong University
The deformation and fatigue behavior of extruded and aged GW83 and ZK60
alloys were experimentally studied. For GW83 alloy, the aging process significantly
enhances the monotonic strengths under both tension and compression. The cyclic
stress-strain curve of the aged GW83 is much higher than that of the corresponding
extruded state. The strain-life fatigue curve of the aged GW83 is similar to that of
the extruded GW83, but the stress-life fatigue curve of the aged GW83 is much
higher, indicating an improved fatigue strength due to the aging process. For ZK60
alloy, the aging process had a significant influence on the stress-strain response
and the fracture stress and strain under both monotonic tension and monotonic
compression but a marginal influence on the stabilized cyclic deformation and
fatigue of the material. The precipitates in aged GW83 strongly impede basal
slips, while the precipitates in aged ZK60 have no obvious effects on basal slips.
Similar to the other Mg alloys, a kink point in the strain-life which demarcates the
activation of bulk and persistent twinning/detwinning during cyclic deformation
fatigue curve was identified for both GW83 and ZK60 alloys. When the strain
amplitudes are below 0.8%, aged GW83 alloy has a longer fatigue life than that of
extruded GW83 alloy at an identical strain amplitude, which can be attributed to the
fragmented PSBs and the inhibition of microcracks by the precipitates. The aging
treatment has marginal influence on fatigue properties of ZK60 alloy. The different
aging effects in GW83 and ZK60 alloy can be ascribed to the different precipitate
shapes in these two Mg alloys.
11:15 AM
Ratcheting Fatigue Behavior of Zircaloy-2: Santhi Srinivas N C1; Rajpurohit R
S1; Vakil Singh1; 1Indian Institute of Technology (Banaras Hindu University)
Materials designed for engineering components which must be resistant to fatigue
are usually tested in laboratory with symmetric cyclic loading (R= -1). However,
reduction in fatigue life was observed due to asymmetric cyclic loading in actual
conditions. Cyclic loading at non-zero mean stress leads to accumulation of cyclic
plastic strain which is known as ratcheting fatigue. At high loads, under ratcheting
fatigue, components yield and accumulate plastic strain in each cycle and undergo
rapid failure. Zirconium alloys, which are used in nuclear core applications undergo
uniaxial and multiaxial stressing from internal pressure and external cooling
during their service as nuclear cladding. In addition, neutron irradiation, thermal
and mechanical stresses also cause serious damage. In the present investigation,
Zircaloy-2 was subjected to asymmetric cyclic loading by varying four parameters
such as mean stress, stress amplitude, stress rate and temperature. Testing was done
at RT, 300 and 400°C. All the tests were conducted with different combinations of
mean stress, stress amplitude and stress rate respectively by varying one parameter
at a time and keeping the other two constant. Results showed decrease in fatigue
life with increase in mean stress and stress amplitude, and improvement in fatigue
life with increase in stress rate at all the temperatures, except at lower stress rate
of 30 MPa/s at 400°C where inverse stress rate effect was observed. As alloy
showed tendency for dynamic strain ageing (DSA) in the range of 300 to 450°C,
the fatigue life was found to be increased at elevated temperatures compared to that
of room temperature. Deformation study revealed increase in dislocation density
with increase in mean stress and stress amplitude at all the temperatures, whereas
corduroy structure was observed at lower stress amplitudes at all the temperatures.
11:45 AM
Micromechanics of Biaxial Cold Dwell Fatigue in Ti-7Al Using Far-Field
High-Energy Diffraction Microscopy: Garrison Hommer1; Jun-Sang Park2; Peter
Collins3; Adam Pilchak4; Aaron Stebner1; 1Colorado School of Mines; 2Advanced

Photon Source, Argonne National Laboratory; 3Iowa State University; 4Air Force
Research Laboratory
Alpha phase titanium alloys have limited deformation mechanisms due
to hexagonal close-packed (HCP) crystal structure. Additionally, twinning
deformation, observed in many HCP alloys, is suppressed by adequate aluminum
content. Critically resolved shear stress anisotropy between remaining slip systems
gives rise to soft grains preferentially oriented for slip, and hard grains that are
not. Dwell fatigue, where prolonged peak load is applied each cycle, is known
to adversely affect life compared to regular cyclic fatigue for uniaxial loading. It
is generally accepted that this dwell debit is due to load shedding between soft
and hard grains that occurs because of low hardening and propensity to creep at
low temperatures. However, biaxial dwell fatigue life and mechanisms, relevant to
loading of aircraft turbine compressor discs, lack understanding. These topics are
being studied using a custom planar biaxial load frame and far-field high-energy
diffraction microscopy, enabling grain scale reconstruction, orientations, and stress
tensors.

High-temperature Deformation and Creep III
Tuesday AM		
July 17, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chairs: Yunzhi Wang, Ohio State Univ; Karthikeyan
Subramanian, Indian Institute of Science
10:30 AM Invited
Investigation of Deformation Mechanisms of Ordered Intermetallic Phases in
Superalloys: Longsheng Feng1; Duchao Lv2; Robert Rhein3; Donald McAllister1;
Michael Titus4; Tresa Pollock3; Michael Mills1; Yunzhi Wang1; 1Ohio State Univ;
2
CompuTherm LLC; 3University of California, Santa Barbara; 4Purdue University
A rich variety of deformation microstructures have been observed in Ni-base,
Co-base, Co-Ni-base and IN718 superalloys by advanced TEM characterizations,
including APB shearing, SISF shearing, SISF ribbon shearing and SISF islands. In
order to understand the formation mechanisms of these deformation microstructures,
a multiscale modeling approach is established by combining ab initio calculations
and phase field simulations to study detailed dislocation – precipitate interactions
and fault formation. The effects of alloy composition, precipitate shape and spatial
arrangement of gamma prime/gamma double prime co-precipitates, impurity
segregation at stacking faults and local GSF landscape on deformation mechanisms
and deformation microstructures are investigated. CRSS for different deformation
modes are documented. This work is supported by NSF under DMREF program.
11:00 AM
New Results from Double Shear Creep Testing of Ni-Base Superalloy Single
Crystals in the Low Temperature High Stress Creep Regime: David Bürger1;
Antonín Dlouhý2; Gunther Eggeler1; 1Ruhr-Universität Bochum; 2Institute of
Physics of Materials
In the present work a double shear creep test technique is used to investigate
creep in the low temperature (< 800°C) and high stress (> 600 MPa) creep regime.
Details on the specimen design and on the geometry of the double shear specimen
and on shear creep testing have been published in the literature [1-3]. In the past
this double shear creep test technique was used at high temperatures (˜ 1000°C) and
low stresses (< 200 MPa) to investigate the activation of dislocation slip systems,
to study high temperature ’ phase cutting, to characterize high temperature low
stress shear creep deformation in different macroscopic crystallographic shear
systems and to explore the effect of stress state on rafting. In the present work
the technique will be used in the low temperature high stress creep regime where
the creep behavior of the two macroscopic shear systems [01-1](111) and [11-2]
(111) will be compared. The results support recent conclusions by Wu et al. [4] on
the importance of climb and glide of -channel dislocations in the nucleation of
planar faults during low temperature and high stress creep of Ni-base single crystal
superalloys. [1] C. Mayr, et al., Double shear creep deformation of superalloy
single crystals, in: Strength of Materials, Proceedings of the 10th International
Conference on Strength of Materials, Japanese Institute of Metals, 1994, pp. 709712. [2] C. Mayr, et al., Double shear creep testing of superalloy single crystals
at temperatures above 1000°C, Mat. Sci. Eng., A199 (1995) pp. 121-130. [3]
G. Peter, et al., Finite element stress and strain analysis of a double shear creep
specimen, Matwiss. Werkstofftech., 28 (1997) pp. 457-464. [4] X. Wu, et al., On
the nucleation of planar faults during low temperature and high stress creep of
single crystal Ni-base superalloys, Acta Mater., 144 (2018) pp. 1-14.
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11:15 AM
How Reliable are Yield Strength Anomaly Predictions from First Principles
Calculations Done at 0K?: K V Vamsi1; S. Karthikeyan1; 1Indian Institute of
Science
Yield strength anomaly (YSA), wherein yield strength increases with temperature,
has been extensively studied in a variety of intermetallic compounds, particularly
A3B compounds with L12 structure. YSA in these compounds arises due to an
increase in the density of cross-slip related locks with temperature. It has been
long understood that the feasibility of YSA depends on a combination of planar
fault energies (PFEs) and elastic moduli. Criteria incorporate PFEs and elastic
moduli have been proposed to predict the viability of YSA in L12 compounds.
Given the paucity of experimental data, researchers have frequently resorted to first
principles electronic structure calculations to estimate PFEs and elastic constants,
which are then used to test the criteria for YSA. While the predictions on YSA
viability using first principles data are consistent with experiments for several A3B
compounds including Ni3Al, Pt3Al and Fe3Ge, for yet others including Ni3Si and
Ni3Ge, predictions do not match experiments. Specifically, experiments reveal that
the latter two compounds exhibit a strong YSA while first principles calculations
predict otherwise. In this work, we explored the hypothesis that these discrepancies
are due to the application of PFEs and elastic constants calculated at 0K to a high
temperature phenomenon. Towards this, we estimated high temperature PFEs
and elastic moduli using first principles calculations in Ni3Al, Ni3Si and Ni3Ge
by accounting for configurational and vibrational entropy. Configurational entropy,
i.e., degree of disorder, was addressed in the framework of the Bragg–Williams
approximation taking the ordering energy as the relevant parameter. Vibrational
entropy was accounted for by calculating the phonon density of states. It was found
that the vibrational contribution was particularly sensitive to atomic relaxations
at the PFEs. We report a significant improvement in the prediction of YSA by
employing high temperature PFEs.

was found that both, thermal and thermo-mechanical pre-exposures downgrade
creep performance in a significant way.

Mechanical Behavior Associated with Phase Transformations III
Tuesday AM		
July 17, 2018		

Room: Barbie Tootle
Location: The Ohio Union

Session Chairs: Alejandro Hinojos, The Ohio State University; David
Fullwood, Brigham Young Univ
10:30 AM Invited
Cause and Effect of Retained Austenite Transformation in High Strength Q&P
Steel: David Fullwood1; Derrik Adams1; Jeff Cramer1; Stephen Cluff1; Michael
Miles1; Eric Homer1; Tyson Brown2; Raj Mishra2; 1Brigham Young Univ; 2General
Motors Research Laboratory
Quenched and partitioned steels represent a relatively recent advanced high
strength steel (AHSS) that relies, at least in part, on the transformation induced
plasticity (TRIP) effect; retained austenite (RA) grains transform to martensite
during plastic deformation, providing extra ductility via the transformation event.
Understanding the factors involved in RA transformation and the impact on
deformation behavior, under different strain paths, is therefore key to optimizing
the microstructure of these steels. This research seeks to increase understanding
of the correlations between microstructure and RA transformation in Q&P steels,
while simultaneously mapping the transformation process across the forming limit
diagram (FLD). In-situ tensile tests and ex-situ limiting dome height biaxial and
plane strain tests are examined via electron backscatter diffraction (EBSD). With
this information, it is hoped that the questions of when and why transformation
occurs can be answered, while also illuminating its effect on deformation. It is
hoped that an improved model of the transformation process can be created for
further optimization of these advanced materials.

11:30 AM
Strain Rate Sensitivities of Deformation Mechanisms in Magnesium Alloys
and Rate Dependent Behaviors: Huamiao Wang1; Dayong Li; 1Shanghai Jiao
Tong University
Strain rate sensitivity (SRS) is an important material property that governs the rate
dependent mechanical behaviors associated with deformation rate changes, creep,
stress relaxation, formability, etc. SRS of magnesium and its alloys exhibits strong
dependency on loading path, e.g. in tension and compression, because different
deformation mechanisms are activated under different loading paths, which implies
that various deformation mechanism have their own SRSs. However, a single SRS
is commonly employed to describe the rate dependent behaviors of magnesium
alloys, which disregards the distinction of SRSs of different deformation
mechanisms. In this paper, different SRSs for various deformation mechanisms
are employed to investigate the strain rate dependent behaviors of magnesium
alloys at room temperature. First, the SRSs for various deformation mechanisms
are determined based on the compressive stress relaxation tests on AZ31 alloy
plate. Second, the determined SRSs are applied to interpret internal elastic strain
evolution of the same magnesium alloy. Last, the determined SRSs are applied
to investigate the deformation of another magnesium alloy AZ31 under various
deformation paths and strain rates. Good agreement between the experiments and
simulations reveals the importance and necessity of using different SRSs for the
deformation mechanisms involved. The rate dependent behaviors of magnesium
and its alloys can be better described by using multiple SRSs associated to each
operative deformation mechanism.

11:00 AM
Monitoring Martensitic Transformation during Tensile Test in TRIP Steels
Using Neutron Diffraction: Stefanus Harjo1; Noriyuki Tsuchida2; 1Japan Atomic
Energy Agency; 2University of Hyogo
TRIP-aided multiphase steels with different carbon contents (0.2 and 0.4
mass%) were analyzed in situ during tensile deformation by time-of-flight neutron
diffraction to clarify the deformation induced martensitic transformation behavior
and its role on the strengthening mechanism. The difference in the carbon content
affected mainly the difference in the phase fractions before deformation, where the
higher carbon content increased the phase fraction of retained austenite. However,
the changes in the relative fraction of martensitic transformation with respect to the
applied strain were found to be similar in both steels since the carbon concentrations
in retained austenite were similar regardless of different carbon contents. The
the relative fraction of martensitic transformation were also found to increase
with increasing of retained austenite phase stress. The phase stress of martensite
was found much larger than that of  or bainitic ferrite since the martensite was
generated at the beginning of plastic deformation. Stress contributions to the flow
stress were evaluated by multiplying the phase stresses and their phase fractions.
The stress contribution from martensite was observed increasing during plastic
deformation while that from bainitic ferrite hardly changing and that from retained
austenite decreasing.

11:45 AM
Influence of Thermal and Thermo-Mechanical Pre-Exposures on the Creep
Life of Single Crystal Superalloys: Philip Wollgramm1; Gunther Eggeler1; 1RuhrUniversitaet Bochum
Microstructural evolution is one of the key concerns in superalloy single crystal
technology, where turbine blades for GT applications must withstand mechanical
loads at extremely high temperatures. In the present study we investigate the
influence of thermal (1000°C for 1000 h) and thermo-mechanical (creep at 750°C
and 1050°C up to 2%) pre-exposures on the y/y’-microstructure of a CMSX-4
type single crystal superalloy. The annealing leads to coarsening of the cuboidal
y’-precipitates. The degree of coarsening differs between the prior dendrite cores
and the prior interdendritic regions. The creep pre-deformation at low temperature/
high stress introduced planar faults into the y’-precipitates and dislocations into
the y-matrix, while in the high temperature/low stress regime the directional
coarsening, known as rafting, occurred and dislocation networks formed at the y/y’interfaces. Microstructures were assessed on different length scales by scanning
and transmission electron microscopy. Additional creep testing was performed on
the annealed and pre-deformed specimens in both stress/temperature regimes. It

11:15 AM
Grain Size Effect on the Strain Hardening Behavior of Fe-24Ni-0.3C
Metastable Austenitic Steel Studied by In-Situ Neutron Diffraction: MAO
Wenqi1; Si Gao1; Wu Gong1; Myeong-Heom Park1; Yu Bai1; Akinobu Shibata1;
Nobuhiro Tsuji1; 1Kyoto University
Deformation induced martensitic transformation (DIMT) during plastic
deformation of metastable austenitic steels plays an important role in enhancing
their strain hardening, leading to an outstanding combination of strength and tensile
ductility. In this study, Fe-24Ni-0.3C metastable austenitic steel specimens having
mean grain sizes ranging from 1.3 µm to 35 µm were fabricated by cold rolling and
subsequent annealing processes. The effect of the grain size on the strain hardening
behavior and DIMT in the material was investigated by tensile test at room
temperature with in-situ neutron diffraction. Results obtained by the in-situ neutron
diffraction showed that the enhanced strain-hardening rate was caused not only
by the increase of the volume fraction of martensite but also by the rapid increase
of the internal stress within martensite. When the grain size changed within the
coarse grained region (35 µm to 4 µm) the influence of the grain size on the stress
partitioning between austenite and martensite was relatively small, thus the workICSMA18 Abstracts...20

hardening behavior was mainly determined by the increasing rate of the volume
fraction of martensite. However, when the grain size decreased down to ultrafine
grain regime (smaller than 2 µm), the internal stress in martensite significantly
increased, which resulted in the increasing work-hardening rate. The increasing
stress in martensite in the ultrafine grained specimens is explained by the enhanced
elastic stress associated with the incompatibility between martensite and austenite
phases.
11:30 AM
Suppressed Martensitic Transformation under Biaxial Loading in Low Stacking
Fault Energy Metastable Austenitic Steels: Efthymios Polatidis1; Wei-Neng
Hsu2; Miroslav Smid1; Tobias Panzner1; Prita Pant3; Helena Van Swygenhoven2;
1
Paul Scherrer Institute; 2Paul Scherrer Institute/École polytechnique fédérale de
Lausanne; 3IIT Bombay
The effect of uniaxial/biaxial loading on the martensitic transformation of a low
stacking fault metastable austenitic stainless steel was studied by in-situ neutron
diffraction on both cruciform and dogbone-shaped samples. Uniaxial loading
favors the martensitic transformation following the sequence ea’, where at
low strains e-martensite is the precursor of a. During equibiaxial loading, the
evolving texture suppresses the formation of e-martensite and considerably less
a-martensite is observed at high strains. In both loading states, the grains that
contain martensite belong to orientations for which the leading partial dislocations
have higher Schmid factor than the trailing partial dislocations. The martensitic
transformation is suppressed during equibiaxial loading as a consequence of the
different textures formed during deformation [Scripta Mat. 147 (2018) 27].This
research is performed within the ERC Advanced Grant MULTIAX (339245).
11:45 AM
Strain Induced Transformations and Additive Manufacturing - A Pathway
to Develop Multiphase Materials: Niyanth Sridharan1; Maxim Gussev1; Kurt
Terrani1; Sudarsanam Babu2; 1Oak Ridge National Laboratory; 2University of
Tennessee, Knoxville
Strain induced phase transformations have been used for more than a century
to improve the performance of structural materials. This presentation will focus
on how basic alloy design theory developed in the 70’s when combined with
with the site specific nature of additive manufacturing (AM) can be used to
accelerate development of radically new materials that were not possible using
conventional manufacturing. Here we leverage the site specific nature of AM to
fabricate multiphase materials with engineered interfaces to trigger a martensitic
transformation on loading. In situ SEM coupled with EBSD and digital image
correlation techniques show that it is possible to engineer the interfaces at micro
scale to trigger strain induced martensitic transformations resulting in enhanced
strength and ductility of structural steels. The work demonstrates that additive
manufacturing could be used for developing new classes of multi phase materials
with superior mechanical properties.

Hael Mughrabi Honorary Symposium: Session I
Tuesday AM		
July 17, 2018		

Room: Cartoon 2
Location: The Ohio Union

Session Chair: Jaafar El-Awady, John Hopkins Univ
10:30 AM Invited
Rate Processes in Dislocation Dynamics: Effects on Dislocation Microstructure
and Comparison with Experimental Data: Anter El-Azab1; 1Purdue Univ
We tackle this question of temporal coarse graining in dislocation dynamics,
with a special attention to cross slip and dislocation reaction rates. The time series
approach was used to analyze the statistical properties of these processes. The
statistical data required to perform this analysis is obtained using the method of
dislocation dynamics simulation. The temporal correlations and correlation times
of cross-slip and short-range reactions were computed. The correlation time was
used as a coarse graining time-scale in continuum dislocation dynamics. Using this
mesoscopic time-scale, a coarse grained stochastic representation of cross slip and
dislocation reactions has been achieved and implemented in continuum dislocation
dynamics. The effects of these rate processes on dislocation pattern formation will
be discussed in light of a comparison TEM data. (The numerical results presented
here were obtained by my former doctoral student Shengxu Xia).

11:00 AM Invited
In-Situ Investigations of Microstructural Changes during Cyclic Deformation
of Aluminium by High Resolution Reciprocal Space Mapping: Annika
Diederichs1; Ulrich Lienert2; Wolfgang Pantleon1; 1Technical University of
Denmark; 2Deutsches Elektronen Synchrotron
Material failure due to fatigue is one of the most dominant failure reasons in
structural components. The detailed microstructural changes occurring during cyclic
deformation of metals have remained largely unidentified because of limitations of
the available characterization techniques as well as challenges in performing insitu experiments. With high resolution reciprocal space mapping using high energy
x-rays the microstructure of grains located in the bulk of a metallic sample can
be investigated in a non-destructive manner during different loading conditions.
The technique allows to identify and follow individual subgrains during ongoing
deformation such as loading in tension and compression, continuous cycling or
during individual load cycles while simultaneously monitoring macroscopic stress
and strain. Insight in the structural reorganization within single grains is gained
by in-situ monitoring of the characteristic intensity distribution of individual
diffraction peaks during cyclic deformation of commercially pure polycrystalline
aluminium. By high resolution reciprocal space mapping and simultaneous analysis
of the radial and the azimuthal information, a large number of individual subgrains
are resolved and their fate, their individual orientation and elastic stresses, tracked
during progressing cyclic deformation as well as during individual load cycles
with different strain amplitudes. In this manner, the microstructural evolution in
the bulk of polycrystalline specimens is traced and linked directly to the changing
mechanical loads during cyclic deformation. The consequential refinement of
Mughrabi’s composite model for deformation structures is discussed.
11:30 AM Invited
Micro-Indentations As 3D X-Ray Microscopy Mesoscale Deformation
Laboratories: Bennett Larson1; Jonathan Tischler2; Yanfei Gao3; Anter El-Azab4;
1
Oak Ridge National Laboratory; 2Argonne National Laboratory; 3University of
TN-K/ORNL; 4Purdue University
Formulating a predictive understanding of deformation in ductile materials
represents a scientific grand challenge ultimately involving the statistical dynamics
of dislocations as “filamentary”, interacting, defect structures on mesoscopic length
scales (tens of nanometers to tens of micrometers). The inherent localization of
deformation near-to and under indentations provides a “mesoscale deformation
laboratory” in which detailed lattice curvature and geometrically necessary
dislocation (GND) investigations can be performed over the entire deformed
volume – experimentally with 3D x-ray microscopy (3DXM) and computationally
by finite-element constituitive law simulations enabling a detailed spatiallyresolved assessment of deformation models. We have performed submicrometer
resolution (0.5 µm) 3DXM measurements of local lattice rotations under sphericaltip (100-µm radius) micro-indentations (100 mN load) in <001> oriented Cu and
we have made direct quantitative comparisons between the 3DXM measurements
and continuum strain gradient crystal plasticity indentation simulations. Results of
the experiment-simulation comparisons will be presented and discussed in terms
of the level of agreement and disagreement between the measured and simulated
lattice rotations and GNDs as a function of depth below the indent surface.
*Work supported by the U.S. Department of Energy, Office of Science, Basic
Energy Sciences, Materials Sciences and Engineering Division. The experimental
measurements were performed using the Sector 34 ID-E 3DXM facility at the
Advanced Photon Source, a U.S. Department of Energy (DOE) Office of Science
User Facility operated for the DOE Office of Science by Argonne National
Laboratory under Contract No. DE-AC02-06CH11357

John P. Hirth Honorary Symposium: Session I
Tuesday AM		
July 17, 2018		

Room: Cartoon 1
Location: The Ohio Union

Session Chair: David Embury, McMaster University
10:30 AM Invited
Dislocations and Grain Boundaries in Colloidal Crystals: Frans Spaepen1;
1
Harvard School of Engrg & Appl Sciences
Colloidal particles in suspension form liquid, crystalline and glassy phases
similar to those formed by atoms. Since the particles are “fat” (~1µm) and
“slow” (~10Hz), they can be individually tracked in space and time by confocal
microscopy. Dense colloidal systems therefore serve as “analog computers” to
study the dynamics of crystals, and provide a direct look, at the particle level,
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of the behavior of crystal defects and the interaction. Examples to be discussed
include: the imaging of dislocations; the formation and spreading of misfit
dislocations; the nucleation of dislocations under an indenter; the custom design
of grain boundaries; the interaction of a dislocation with a grain boundary; and
the determination of the boundary stiffness from thermal fluctuations in highangle grain boundaries.Using a recently developed method, based on coupling the
colloidal crystals to a calibrated gel of known stiffness, it is possible to measure
the stress during deformation, and to produce stress-strain curves. The features of
those curves (elastic deformation, yield, plastic deformation, stress relaxation) can
be related to specific defect motion in the samples.
11:00 AM Invited
Atomic-scale Investigation of Dislocations and Interfacial Line Defects in
Layered Chalcogenides: Douglas Medlin1; 1Sandia National Laboratories
Layered chalcogenides have important applications in a variety of lowdimensional functional materials and devices, including thermoelectrics and
topological insulators. The highly anisotropic crystal structures, bonding, and
mechanical properties in such materials give rise to complex dislocation structures
and behavior. Here, I will present examples from our work investigating the
atomic- and nanometer-scale structures and arrangements of dislocations in layered
chalcogenides. As one set of examples, I will discuss our atomic resolution electron
microscopic observations of dislocations in Bi2Te3 and ZrTe5. These dislocations
exhibit complex, dissociated core structures that result from the relief of strain
associated with the very large Burgers vectors in these systems. In addition to crystal
lattice dislocations, I will also discuss the behavior of line defects at chalcogenide
interfaces, focusing on the mediation of misfit strain and phase-transformations
by interfacial disconnections during growth of Sb2Te3 precipitates.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.
11:30 AM Cancelled
Q-Carbon Harder than Diamond: A New Frontier in Materials Science:
Jagdish Narayan1; 1North Carolina State Univ

Advanced Characterization of Deformation Processes IV
Tuesday PM		
July 17, 2018		

Room: Traditions
Location: The Ohio Union

Session Chairs: Martin Heilmaier, KIT Karlsruhe; Andrew Minor, UC
Berkeley and LBNL
1:30 PM Invited
New Modes of Imaging for In Situ TEM Nanomechanical Testing: Andrew
Minor1; 1UC Berkeley and LBNL
This talk will highlight recent advances with in situ Transmission Electron
Microscopy (TEM) nanomechanical testing techniques that provide insight into
small-scale plasticity and the evolution of defect structures in materials. In addition
to measuring the strength of small-volumes, measuring the evolution of strain
during plastic deformation is of great importance for correlating the defect structure
with material properties. Here we demonstrate that strain mapping can be carried
out during in-situ deformation in a TEM with the precision of a few nanometers
without stopping the experiment. Our method of local strain mapping consists of
recording large multidimensional data sets of nanodiffraction patterns using a highspeed direct electron detector. This dataset can then be reconstructed to form a
time-dependent local strain-map with sufficient resolution to measure the transient
strains occurring around individual moving dislocations. This talk will describe our
recent results from in situ TEM nanomechanical testing that provide insight into
multiscale metallurgical phenomena using these techniques.
2:00 PM
Strong Neighbour Effects on Grain Resolved Stress Distributions in Hexagonal
Metals: Hamidreza Abdolvand1; Jonathan Wright2; Angus Wilkinson3; 1Western
University; 2ESRF; 3University of Oxford
Three-dimensional synchrotron x-ray diffraction (at ESRF ID11) was used to
evaluate the state of deformation in individual grains of commercially pure Zr
and Ti samples deformed in-situ to small strains. The centre-of-mass, orientation,
elastic strain, stress, and volume of several thousand grains were followed through
four deformation states: pre-load, onset of plasticity (0.6%), maximum strain
(1-1.2%), and eventually after unloading. Grain centroid positions, and volume
estimates were used in a weighted Voronoi tessellation to reconstruct the initial
microstructure which was imported into a crystal plasticity finite element model
to simulate deformation. A statistical analysis of the grain resolved stresses
was then conducted which showed strong influence of grain orientation, and
adjacent neighbour grain orientations on the local stress state. Grains adjacent
along the loading axis (ie acting in series) had a markedly stronger influence on
normal stresses in that direction than neighbour grains adjacent along directions
perpendicular to the loading axis. These experimentally observed trends were well
captured by the CP-FEM simulations.
2:15 PM
The Role of Chromium and Cobalt Segregation at Dislocations on the γ
Dissolution in Nickel Based Superalloys: Paraskevas Kontis1; Jonathan Cormier2;
Dierk Raabe1; Baptiste Gault1; 1Max-Planck-Institut für Eisenforschung GmbH;
2
Institut Pprime
Fundamental insights into the role of ubiquitous crystalline imperfections on
the lifetime of nickel-based superalloys are crucial to develop material-design
strategies for the next generation of high performance materials required for
power generation and airplane propulsion. Superalloys derive their outstanding
strength from the L12 ordered γ precipitates. However, their dissolution kinetics
under extreme operational conditions are enhanced at elevated temperatures by
the presence of a high dislocation density. As a consequence, recrystallization
and directional coarsening of γ precipitates occurs leading to severely reduced
fatigue and creep performance. Although the dissolution of γ precipitates is often
investigated, the exact mechanism controlling this process is not clear. It is often
assumed, but not yet proven, that diffusion of solutes along dislocations via pipe
diffusion enhances the dissolution kinetics of γ precipitates. Utilising controlled
electron channelling contrast imaging (cECCI), we have identified high dislocation
density regions in a deformed single crystal and a polycrystalline superalloy and
analysed segregation to dislocations by atom probe tomography (APT). We will
present on quantitative, near-atomic scale segregation of chromium and cobalt at
dislocations and their diffusion along them via pipe diffusion. Direct observations
of the segregation of these particular -stabilizing solutes allows us to elucidate
the physical mechanism where pipe diffusion initiates the deleterious dissolution
of γ precipitates and subsequently degrades the properties of two superalloys of
industrial relevance.
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2:30 PM
Advanced TEM Characterization of High Strength Superelastic NiTiHf Alloys
for Biomedical Applications: Behnam Aminahmadi1; Thomas Gallmeyer1; Tom
Duerig2; Ronald Noebe3; Aaron Stebner1; 1Colorado School Of Mines; 2Confluent
Medical Technologies; 3NASA Glenn Research Center
NiTiHf-based shape memory alloys have the ability to recover large
deformations at high temperatures and/or stress levels, high damping capacity
and wear resistance. Precipitation strengthening (formation of coherent H phase
precipitates) without even initial cold work provides an exceptional strength and
stability. This behavior of NiTiHf alloys makes them a promising candidate for
biomedical implants produced by additive manufacturing. However, they still need
to be engineered in terms of strength, ductility and superelastic cyclic-behavior
for secure employment. This study investigates the effect of pre-aging (300 °C
for 12 h) after solution annealing at 1050 °C, on microstructure and superelastic
behavior in a series of Ni50.3Ti49.7-xHfx shape memory alloys (x = 6, 8, 8.5, 9 at.
%) prior to normal aging at 550 °C for 3.5 h. Pre-aging was found to promote the
homogeneous nucleation and distribution of nanosized H-phase precipitates and
improved the superelasticity, resulting in 4% recoverable strain without permanent
deformation. TEM results suggest that Hf or other atom clusters form during the
pre-aging treatment resulting in nucleation of a uniform distribution of nanosized H-phase when subsequently aged at 550 °C. However, the absence of preaging in these alloys typically causes heterogeneous nucleation of larger H-phase
precipitates on the grain boundaries in the lower Hf compositions (6 to 8 at.%).
The mechanisms of crack propagation inside both martensite and austenite phases
in NiTiHf were also studied. TEM analysis indicated that the crack propagates
along <011> type II twin planes in a zig-zag manner inside the martensite and
switches between different (11-1) twining planes once it encounters the H-phase
precipitates. Stress-induced amorphization around the crack edge in both austenite
and martensite was also detected. HRTEM examination of the crack tip and edges
also confirmed the formation of nanocrystals embedded in the amorphous regions
and larger areas of stress-induced martensite.
2:45 PM
Atom Probe Tomography Investigation of Diamantane in Bulk Nanocrystalline
Aluminum Alloys: Torben Boll1; Martin Heilmaier2; Walid Hanna3; Ali Yousefiani4;
Farghalli Mohamed5; James Earthman5; 1Karlsruhe Institute of Technology (KIT),
Institute for Applied Materials; 2Karlsruhe Institute of Technology (KIT); 3Military
Technical College; 4Boeing Research & Technology ; 5Univ of California
Independent studies have reported that diamantane, a diamond-centered molecule,
can confer remarkable thermal stability to nanocrystalline Al and Mg. This stability
has made it possible to produce bulk nanocrystalline products with exceptional
mechanical properties, including strength and ductility. Thermal exposure
experiments indicate that diamantane strongly inhibits grain growth, suggesting
that it is primarily located at grain boundaries (GBs). One of the challenges in
understanding how the presence of diamantane leads to this stability is determining
the location of the diamantane within the grain boundary structure. Atom probe
tomography (APT) was used in the present study to determine the exact locations
of diamantane within this structure. While it was difficult to image a GB directly, it
was discovered that Ga stemming from focused ion beam preparation could be used
to identify them. Another approach was to use spatial distribution maps and atom
vicinity to identify the crystallography of a certain region to indirectly identify a
GB. Based on our observations so far, one location that diamantane appears to
congregate is at GB triple junctions.
3:00 PM Break
3:30 PM
Detwinning Mechanisms for Growth Twins in Epitaxial Nanotwinned Cu:
Nan Li1; Richard Hoagland; John Hirth2; Jian Wang; Xinghang Zhang; Amit Misra;
1
Kyushu University; 2Los Alamos National Laboratory,
Using in situ nanoindentation in a transmission electron microscope (TEM),
we have studied the migration mechanisms of 3 {112} incoherent twin boundary
(ITB) in epitaxial nanotwinned Cu films. ITB’s migrate via the collective glide
of multiple twinning dislocations that form an ITB and the propagation steps or
disconnections are with heights of three or multiples of three {111} interplanar
distances. The migration may lead to de-twinning process of nanotwins in facecentered cubic metals. The transmission of a glide dislocation across an ITB is
shown to form a sessile dislocation in the ITB and locally pin the boundary at the
site of the slip transmission.
4:00 PM
Numerical Analysis of Void Closure by Large Plastic Deformation: Jong-Jin
Park1; 1Hongik University

Since voids in a billet or an ingot are in general detrimental to the strength of
materials, they are required to be closed by large plastic deformation. In general,
void closure is progressed through a combination of contraction and collapse. They
are governed by hydrostatic stress and deviatoric stress, respectively. In planestrain deformation, closure of a cylindrical void or through-hole was found to be
completed as the effective strain at the center of the void reached a certain value.
In the present investigation, this finding was further examined for different types of
deformation, in which the void was elongated or shortened in length. Since strain
components in length were irrelevant to description of cross sectional changes of
the void, a new concept of the planar effective strain and the planar hydrostatic
stress was introduced. As a result, a closure criterion was obtained as a function
of the planar effective strain and the planar hydrostatic stress in which the planar
effective strain decreased as the planar hydrostatic stress increased in magnitude.
3:45 PM
Evaluation and Application of a Shear Test Method for Characterization of
Ultrasonic Additive Manufactured Materials
: Tianyang Han1; M. Bryant Gingerich1; Leon Headings1; Aslan Miriyev2; Marcelo
Dapino1; 1The Ohio State Univ; 2Columbia University
Ultrasonic additive manufacturing (UAM) is an emerging rapid manufacturing
process for fabrication of near-net shape metallic parts without melting. During the
UAM process, metal foils are welded to previously deposited foils to create unique
material structures. The low temperature, solid-state welding process enables the
joining of dissimilar metals and embedment of temperature-sensitive sensors,
electronics, and reinforcements. Commercial UAM systems combine additive
ultrasonic metal welding and CNC subtractive machining, making it possible to
integrate dissimilar materials and electronic devices in situ. Peel and push-pin
tests have been reported in the literature for characterizing UAM-made materials.
However, these tests only provide comparative results and cannot be used to
benchmark against bulk material standards. Although Z- tensile testing has also
been demonstrated in the literature, these tests require time-consuming specimen
preparation without being able to elucidate the strength of a specific interface. It is
desirable to have a test method that can characterize absolute interfacial strength
between two layers of material, which is critical to the overall strength of the UAM
structure. In this work, a custom shear test procedure is presented to characterize
the mechanical strength of UAM samples. The shear test method was first validated
with solid cast Al materials. Then, a finite element (FE) model was developed to
examine the influence of different test conditions on the shear test results and the
failure mode of a sample. Finally, the shear test method was applied to characterize
UAM-fabricated steel, Al, and Al-ceramic structures.

Elementary Deformation Mechanisms I
Tuesday PM		
July 17, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chairs: Jaafar El-Awady, John Hopkins Univ; Christopher
Woodward, Air Force Research Lab
1:30 PM
Electronic and Atomic Structures of Dislocation Cores in Ductile Ionic
Crystals: Katsuyuki Matsunaga1; Masaya Ukita1; Tatsuya Yokoi1; Atsutomo
Nakamura1; 1Nagoya University
Ionically bonded crystals are generally very brittle at low temperatures.
This is mainly due to their ionic nature of bonding, because repulsive electrostatic
interactions between like ions limit available slip systems and also increase
resistance for dislocation motion during plastic deformation. However, there are
some exceptions that show ductile mechanical properties even at low temperatures,
which cannot be explained by a conventional viewpoint of ionic bonding. In order
to reveal a physical origin of plastic deformation ability of ductile ionic crystals,
this paper focused on edge and screw dislocations in ionic crystals such as alkali
and silver halides, and their electronic and atomic structures were investigated by
first-principles calculations. Regarding ionic crystals with the rock salt structure,
for example, available slip systems of sodium chloride is limited to {110}<110> at
low temperatures whereas silver chloride has several slip systems of {110}<110>,
{111}<110> and {100}<110> to be activated. From evaluation of generalized
stacking fault (GSF) energies ( surfaces) for the slip system of {110}<110>, it
was found that AgCl has a smaller GSF energy and the resultant smaller Peierls
stress than NaCl. This is due to enhancement of covalent bonds between Ag and Cl
across the slip plane. Such covalent bonds in AgCl also plays an important role for
stability of dislocations. In fact, it was found that self energies of edge and screw
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dislocations on the {110} plane in AgCl are much smaller than those in NaCl. This
indicates that dislocations can be more easily formed and manipulated in AgCl,
as compared to in NaCl, which may be closely related to the observed ductility of
AgCl.
1:45 PM
Room-temperature Plasticity of Sphalerite Zinc Sulfide Single Crystals in
Darkness: Yu Oshima1; Atsutomo Nakamura1; Katsuyuki Matsunaga1; 1Nagoya
University
It is essential to understand how materials deform and why they exhibit brittle
failure. Inorganic semiconducting materials tend to fail in a brittle manner when
subjected to an external force exceeding their strength. Here, the flow stress or
hardness of some inorganic semiconductors have been reported to be influenced
by light irradiation. However, little is known about the influence of light irradiation
on the brittle character of inorganic semiconductors. In the present study, therefore,
we focused on the mechanical properties in darkness concerning the cubic form
of sphalerite ZnS, a representative II-VI semiconductor. We performed roomtemperature compression tests of single crystalline ZnS samples under varying
light conditions. ZnS crystals immediately fractured when they deformed under
ordinary or ultraviolet light. This behavior is expected as ZnS is considered to be
brittle at room temperature. In this case, crystal twins were observed in samples
compressed under lights. This indicates that the plastic deformation under light
exposure involves deformation twinning. On the other hand, it was found that ZnS
samples can be plastically deformed up to a true strain of 45 % when deformed
along the [001] direction in complete darkness even at room temperature. Moreover,
the yield and flow stresses were much smaller in samples compressed in complete
darkness compared to samples compressed under lights. It is remarkable that the
plastic deformation in darkness was caused by slip deformation involving glide and
multiplication of dislocations. That is, the deformation mechanism is quite different
depending on light conditions. It is suggested that glide dislocations in ZnS become
extremely mobile in complete darkness although they lose mobility under light
irradiation. It is interesting that ZnS can exhibit extraordinary plasticity in complete
darkness. Inorganic semiconductors may not be necessarily intrinsically brittle.
2:00 PM
Density Functional Study of Pipe Diffusion in Ni: Luke Wirth1; C. Woodward2;
Amir Farajian1; 1Wright State University; 2Air Force Research Laboratory
Vacancy-mediated pipe diffusion can significantly contribute to creep-induced
deformation in metals across many engineering applications. Here, this process
is studied along a <1 -1 0> screw dislocation in fcc Ni using a density functional
theory approach. Accurate geometrical configurations of partial screw dislocation
cores are prepared using a lattice Green’s function technique. Then, the activation
energy of vacancy exchange as a function of distance to a core is calculated with
the climbing nudged elastic band method. Vacancy migration along these pathways
is shown to be over 0.2 eV energetically more favorable than diffusion in the bulk.
Time permitting, an approach styled after the five-frequency model will be adapted
to determine diffusion coefficients along the cores of the partial dislocations.
2:15 PM
First Principles Calculations of Screw Dislocations in Model Engineering
Alloys (Ni, Ni3Al, hcp-Ti): Christopher Woodward1; Satish Rao2; Anne Zhao Hui3;
Dallas Trinkle3; Brahim Akdim2; 1Air Force Research Lab; 2UES Inc.; 3University
of Illinois
In order to understand the “chemistry of deformation” an adequate description
of the strain field near the center (core) of dislocations is required. While continuum
elasticity methods have been very successful in describing long-range stress fields
of dislocations these methods diverge in the core region. Atomistic methods
have shown that the forces produced at the dislocation core and their coupling
to the applied stress can have a dramatic effect on plasticity. However, atomistic
methods are limited by the fidelity of the assumed interaction model and for this
reason are at best semi-empirical. Here a flexible boundary-condition method, the
Lattice Greens Function, is used with Density Functional Theory to calculate the
equilibrium core structure of isolated screw dislocation in four model-engineering
alloys. These include Ni, L12 Ni3Al, and a c+a pyramidal dislocation in hcp
Ti. Time permitting, will review strategies for simulating dislocations in high
concentration solid solutions.
2:30 PM
On the Competition between Slip and Twinning in Very Low Stacking-Fault
Energy Cu-Al Alloy Single Crystals: Maciej Szczerba1; Marek Szczerba2;
1
Institute of Metallurgy and Materials Science; 2AGH University of Science and
Technology
In this work by studying soft oriented single crystals of single phase Cu-Al alloys
loaded in tension, a dual role of stacking-fault energy on the activation of twinning

and twinning stress was found. The single crystals of stacking-fault energy between
4mJ/m2 and 7.5mJ/m2, or alternatively of a solute content between 11.5at.%Al
and 7.5 at.%Al, were able to twin during room temperature tensile deformation
performed at a strain rate of 10-4s-1. For other stacking-fault energy values, the
crystal lattice shear was produced by slip. It is also shown, that the twinning stress
increases upon lowering of stacking-fault energy which is of course opposite to the
common belief. On the basis of specially designed experiments of stacking-fault
energy controlled slip to twin shear changeover it is shown, that as the stackingfault energy decreases from ~7mJ/m2 down to ~3mJ/m2, the twinning stress
increases from 90MPa to 110MPa and for lower values below ~3mJ/m2 is expected
to exceed 160MPa. To rationalize the existence of the stacking-fault energy window
and the inverse dependence of twinning stress against the stacking-fault energy, a
conversion of mutual work hardening rates of twinning and slip was found via
latent hardening type experiments. It is postulated that the conversion results from
the stacking-fault energy controlled transformation of forest dislocations from unextended into extended configurations.
2:45 PM
Towards an Understanding of Shear Band Formation in Nanocrystalline and
Ultrafine-Grained Single Phase FCC Materials: Oliver Renk1; Pradipta Ghosh1;
Reinhard Pippan1; 1Erich Schmid Institute of Materials Science, Austrian Academy
of Sciences
The limited strain hardening capacity of nanocrystalline (nc) or ultrafinegrained (ufg) materials reduces their ductility compared to the coarse grained
counterparts. This reduction in ductility is often caused by strain localization along
macroscale shear bands. Interestingly, shear band formation can even be observed
during compression or cold rolling where no geometric softening occurs. Although
frequently observed, detailed understanding of the formation conditions is still
incomplete. A variety of nc and ufg materials, synthesized by high pressure torsion
and further deformed by cold rolling, was studied to understand the conditions for
shear band formation. The samples were rolled along different orientations with
respect to the rolling coordinate system. Only materials with a specific starting
orientation with respect to the rolling coordinate frame exhibit macro shear band
formation. Therefore, it is possible to suppress macroscopic shear band formation
in such high strength materials by an appropriate choice of the sample orientation.
3:00 PM Break
3:30 PM
Is Deformation Twinning Important for Twinning-Induced Plasticity Steel?:
MingXin Huang1; 1Univ of Hong Kong
The present work re-evaluate the role of deformation twins on the mechanical
properties of twinning-induced plasticity (TWIP) steels. It is found that the
dislocation density in a TWIP steel is very high and the corresponding dislocation
strengthening accounts for ~90% of the flow stress increment after yielding.
Deformation twins contribute less than 10% of the flow stress. Furthermore, it
is found that the work hardening rate and dislocation density in the TWIP steel
deformed at 473 K are comparable to that deformed at 298 K, but deformation
twins are considerably prohibited at 473 K. In other words, deformation twins
are not the dominant mechanism for the high work hardening rate and excellent
mechanical properties of TWIP steels. High dislocation density induced by dynamic
strain aging is the main mechanism responsible for the high work-hardening rate
of TWIP steels.
3:45 PM
Mechanical Properties of Hetero-Nanostructured Duplex Stainless Steels:
Hiromi Miura1; Masakazu Kobayashi1; Chihiro Watanabe2; Yoshiteru Aoyagi3;
Yojiro Oba4; 1Toyohashi University of Technology; 2Kanazawa University;
3
Tohoku University; 4JAEA
Duplex stainless steels with different volume ratio of ferrite/austenite were
heavily cold rolled to 90%. They exhibited lamellar-structure where plain ferrite
and complicated austenitic hetero-nanostructure were alternatively stacked.
The latter was composed of nano-lamellar, shear bands and “eye-shaped” nanotwin domains [1]. The average boundary spacing in the latter lamellar and the
twin domains was about 30 nm and 37 nm respectively. The width of the shear
bands was approximately 90 nm. However, it of ferrite was much larger to be
roughly around 500 nm. The characteristic twin domains having {111} texture
contributed to suppress sharp {101} texture evolution in austenite. The volume
fraction of nano-twin domains in the austenite was about 15% at maximum. The
tensile strength along rolling direction gradually increased with increasing volume
fraction of austenite from 1.4 GPa to 1.5 GPa, whereas further increased along
transvers direction from 1.6 GPa to 1.8 GPa. The tensile strength was more raised
by ageing at around 773 K up to 2.3 GPa at best. The hetero-nanostructured
duplex stainless steels possessed moderate ductility from 5 % to 10 % even such
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high tensile strength. The excellent mechanical properties should be induced by
suppression of strong texture evolution and strengthening by “eye-shaped” twin
domains. [1] H. Miura, M. Kobayashi, Y. Todaka, C. Watanabe, Y. Aoyagi, N.
Sugiura, N. Yoshinaga, Scripta Mater., 133 (2017) 33.
4:00 PM
Strengthening Mechanisms in Severe Plastically Deformed Metals and Alloys:
Satyam Suwas1; 1Indian Institute of Science, Bangalore
Over the last few decades severe plastic deformation process are being used for bulk
fabrication of fine, ultra-fine grained and nano-crystalline materials. The processed
materials exhibit good combination of enhanced and unique mechanical properties
such as high strength with reasonable ductility. The reports on perceived origin of
such properties are widely varied. In the present investigation, a number of metals
and alloys, for example, strain hardenable and precipitation hardenable aluminium
alloys, copper and nickel alloys, processed through severe plastic deformation
are evaluated for tensile properties and their micro-mechanisms are analysed to
find a correlation between different microstructural attributes and strengthening
mechanisms. The samples are processed by Equal Channel Angular Pressing
(ECAP), Accumulative Roll Bonding (ARB) and High Pressure Torsion (HPT).
The microstructural features like, dislocation density, grain size, grain boundary
character distribution, misorientation distribution and bulk crystallographic texture
have been examined, and their contribution towards mechanical properties has
been analyzed. The grain size and dislocation density have been determined by
X-ray diffraction line profile analysis. The experimentally determined strength of
deformed samples having different Mg content was correlated with a model based
on additive effect of Hall-patch, Taylor and solid-solution strengthening in the
material. The grain size strengthening appears to be the major strengthening source
in the alloys, irrespective of the composition.
4:15 PM Cancelled
Designed Hierarchical Microstructure of a High Manganese TwinningInduced Plasticity Steel with Unexpected Strength-Ductility Combinations:
Xuejun Jin1; Wei Li1; Yu Li1; Huibin Liu1; 1Shanghai Jiao Tong University
4:30 PM Cancelled
Underlying mechanisms for strengthening in annealed Ni rods: Girish
Bojjawar1; Satyam Suwas1; Atul. H Chokshi1; 1IISc, Bengaluru
4:45 PM
The Effect of Hydrogen on the Deformation of Face-Centered Cubic
Microcrystals: Three-Dimensional Discrete Dislocation Dynamics Simulations:
Yejun Gu1; Jaafar El-Awady1; 1John Hopkins Univ
We present a new framework to quantify the effect of hydrogen on dislocations
using large scale three-dimensional (3D) discrete dislocation dynamics (DDD)
simulations. In this model, the first order elastic interaction energy associated with
the hydrogen-induced volume change is accounted for. The three-dimensional
stress tensor induced by hydrogen concentration, which is in equilibrium with
respect to the dislocation stress field, is derived using the Eshelby inclusion model,
while the hydrogen bulk diffusion is treated as a continuum process. This newly
developed framework is utilized to quantify the combined effects of crystal size,
initial dislocation density and hydrogen concentrations on the response of Ni
single crystal pillar-like microcrystals. It is shown that the effect of hydrogen is
negligible with decreasing crystal size and initial dislocation density. However, for
above a critical dislocation density the flow strength of the microcrystal increases
with increasing hydrogen concentration. In addition, deformation transitions from
slip on a small number of planes to a more uniform plastic response at higher
concentrations. The results are compared with published experimental studies.

High-temperature Deformation and Creep IV
Tuesday PM		
July 17, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chairs: Walter Milligan, Michigan Technological Univ; Gunther
Eggler, Ruhr-Universitat Bochum
1:30 PM Invited
From Atoms to Turbine Blades: Challenges for Scale Bridging Materials
Science in the Field of Co- and Ni-base Single Crystal Superalloys: Gunther
Eggeler1; 1Ruhr-Universität Bochum
Ni-base superalloy single crystals (Ni-base SX) are used to make blades for
gas turbines, which are used in power plants and aero engines. They must have
a good creep, high temperature fatigue and corrosion resistance, because they

must withstand mechanical loads at high temperatures in aggressive atmospheres.
Creep, the time dependent plastic deformation of materials, shows a strong stress
and temperature dependence. The creep resistance of Ni-base SX is strongly
influenced by alloy chemistry and microstructure. Material properties and
processes on all length scales are important. A few examples are given for the
importance of properties/processes on the nm-, µm- and mm-scales. Achievements
and challenges for experimental and theoretical work on these size scales are
highlighted and the need for scale bridging materials research, from atoms to
turbine blades, is emphasized. Some new results on the behavior of superalloys
under multiaxial stress states are presented and it is shown how basic materials
research can benefit from taking a closer look at processing. All examples shown
represent new results from the collaborative research center SFB/TR 103 funded by
the Deutsche Forschungsgemeinschaft. In SFB/TR 103, researchers from the RuhrUniversität Bochum (RUB) and the Friedrich-Alexander-Universität Erlangen
Nürnberg (FAU) join forces with external partners from MPIE Düsseldorf, DLR
Köln and FZ Jülich to the scientific basis for the development of the next generation
of single crystal superalloys (see: www.sfb-tr103.de).
2:00 PM
On the Interplay between Vacancies, Dislocations, and Pores during Low
Stress High Temperature Creep of SX Superalloys: Alain Jacques1; Roxane
TREHOREL1; Thomas SCHENK1; 1IJL/CNRS
During stage II of high temperature creep of single crystal superalloys ([001]
tensile axis), the plasticity of the ’ rafts is believed to take place by the entry into
the rafts of pairs of dislocations with a’.<100> total Burgers vector. These pairs
then climb to the extremity of the rafts and annihilate with dislocations at the /’
interface. Dislocations with a a’. [001] Burgers vector are sensitive to the applied
stress and emit vacancies during climb, while a’. [100] and a’. [010] are sensitive
to the s’xx and s’yy components of the internal stress tensor and absorb vacancies.
A concentration of vacancies higher than the equilibrium concentration will cause
an osmotic force which will slow down the former and push the latter. Assuming
that the entry of dislocation pairs requires the overcoming of a threshold stress, we
show here that, depending on the values of the applied and internal stresses, no
dislocation, only dislocations with a a’. [001] Burgers vector, or all dislocations
will enter the rafts. In the second case, the climb of the a’. [001] dislocations will
generate a supersaturation of vacancies which can be alleviated only by their
diffusion to the pores within the material or to the specimen’s surface: the creep rate
is controlled by vacancy diffusion to the pores. As plastic strain takes place only
in the [001] direction, the increase of the specimen’s volume will be compensated
by the growth of existing pores and/or the nucleation of new ones. Using a mean
field approach, we show that the absorption rate of vacancies by the pores depends
on their density and on their diameter. The increase of the pores’ size and of their
density will thus cause a continuous acceleration of the creep rate until the onset
of stage III.
2:15 PM
Influence of \947\8242–\947\8243 Co-Precipitation on the Mechanical Properties
and Coarsening Kinetics of Alloy718 Variant Superalloys: Christopher Zenk1;
Semanti Mukhopadhyay1; Robert Hayes2; Reza Sharghi-Moshtaghin3; Richard
DiDomizio3; Yunzhi Wang1; Michael Mills1; 1The Ohio State University; 2Metals
Technology Inc; 3General Electric Global Research Center
The constant drive for increased energy efficiency of heavy duty gas turbines
will require wheel materials capable of operating at temperatures above 650\176C.
However, the major strengthening phase (\947\8243) of the most widely used Nibased superalloy, Alloy 718, and related alloys are unstable in this temperature
regime at the very long lifetimes required. The use of superalloys with higher
temperature capability, typically employing \947\8242 as the primary strengthening
phase, is also limited by excessive coarsening of the \947\8242 precipitates during
the slow cooling associated with the processing of large turbine wheels used in
land-based power generation. By control of Al, Ti, and Nb content, it is possible
to alter the \947\8242 and \947\8243 morphologies that form upon cooling. While
monolithic precipitates or co-precipitate sandwich structures are typically observed
in Alloy 718, the “compact” co-precipitate morphology consisting of cuboidal
\947\8242 coated by \947\8243 on all six faces can become favored for certain
compositions. The effect of heat treatment and a variation of cooling rate on the
stability and morphology of this microstructure was characterized by STEM.
The results show that even after extremely slow cooling from high temperatures,
this structure remains very fine (< 100 nm), presumably because the \947\8243
layer acts as an effective diffusion barrier and slows \947\8242 growth rates.To
be a viable heavy-duty gas turbine wheel material, a co-precipitation strengthened
superalloy must withstand a wide range of temperatures and stresses that occur
from the wheel bore to the rim. Thus, properties such as tensile strength, low cycle
fatigue resistance, crack growth resistance, toughness, and creep resistance are
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of great importance. Results for tensile and creep behavior will be presented and
compared to conventional turbine disk materials. Post-deformation TEM analysis
have also been conducted to reveal initial insights into the associated deformation
mechanisms operative for these unique microstructures.
2:30 PM
Quantification of the Susceptibility to Ductility Dip Cracking in Welds of NiBased Alloys: Samuel Luther1; Boian Alexandrov1; 1Ohio State Univ
Ductility dip cracking (DDC) in high-chromium nickel-based alloys has been a
challenge facing several industries for about three decades, and a unified mechanism
for DDC has been elusive. There are several damage mechanisms associated with
these alloys that need to be balanced with DDC, including solidification cracking
and stress corrosion cracking. The ideal alloy would have resistance to all three
types of failure. The prevailing theory describing DDC is based on observations of
grain boundary (GB) sliding, microvoid formation, and the effect of GB tortuosity.
To expand on this, several experiments have been devised to test the hypothesis
that GB sliding is initiated by localized, microscopic strains unique to FCC
materials. These strains are to be quantified by a critical strain parameter (CSP)
that will identify the relative displacement leading to failure. Experimentation
began with initial Gleeble (TM) - based testing designed to replicate the thermophysical histories in multilayer overlays supplemented by digital image correlation
(DIC) and finite element analysis (FEA). 52M Ni-based filler metal and 310
stainless steel were both tested to demonstrate applicability of the test across two
different DDC-susceptible alloy systems. The testing will induce GB sliding in
the samples and ultimately lead to DDC failure, and subsequent DIC and FEA
enables the quantification of strain. Samples from this testing as well as previous
experiments carried out at OSU will be used in characterization work to produce
new microstructural results. Failed samples from laboratory work as well as actual
failed samples will be used in failure analysis and fractography for test validation.
Future work will involve in situ observation of microscopic material behavior
during thermo-mechanical testing to better understand the dynamic behavior of
Ni-based alloy microstructure during welding.
2:45 PM
Elementary Processes which Govern Microstructural Evolution During HIP
Rejuvenation Treatments of As-Processed and Pre-Crept Single Crystal
Superalloys: Oliver Horst1; Benjamin Ruttert1; David Bürger1; Werner Theisen1;
Gunther Eggeler1; 1Ruhr-Universität Bochum
In the present, we study the influence of HIP rejuvenation heat treatments on
the evolution of microstructures and on the creep properties of a single crystal
Ni-base superalloy. We use secondary electron and backscatter scanning electron
micrographs to assess the parameters which characterize the /’-microstructure
and the distribution of cast and creep pores in the single crystal superalloy after
(i) processing (P), (ii) processing and creep to different degrees of strain (PC),
(iii) PC with a subsequent rejuvenation HIP treatment (PCH), and (iv) additional
creep loading of the PCH state (PCHC). We use a manual line interception method
to assess the microstructural parameters that characterize the /’-microstructure
and show how distributions of -channel widths and ’-particle edge length
evolve from the as processed condition (P) during creep and HIP treatments (PC,
PCH and PCHC). We use quantitative image analysis to characterize the evolution
of the number density and the size distributions of pores in all material states.
The objective of the present work is to find out how well HIP heat treatments can
re-establish original creep properties. Special emphasis is placed on the question
of whether different degrees of pre-creep deformations can still be recognized
after a HIP rejuvenation treatment. We show that a HIP treatment improves the
creep properties of pre-crept materials even though the creep properties of the asprocessed new material prior to creep cannot be fully re-established. We also show
that different amounts of pre-creep deformations can still be recognized after HIP
rejuvenation heat treatments. We discuss the mechanical results on the basis of our
quantitative metallographic data and in the light of results which were previously
reported in the literature. AcknowledgementsThe authors acknowledge funding by
the Deutsche Forschungsgemeinschaft (DFG) through projects A1/B4 of SFB/TR
103.
3:00 PM Break
3:30 PM Invited
Dislocation Multiplication within the  Channels of a Single Crystal
Superalloy during Stage II of High
temperature Creep: Thomas Schenk1; Roxane Trehorel1; Laura Dirand2; Alain
Jacques1; 1Institut Jean Lamour; 2Universidad del País Vasco
During stage II of their high temperature creep, single crystal superalloys have
a rafted microstructure, where semi coherent platelets of the hard L1 2 ’ phase
(rafts) are embedded within a soft fcc  matrix. The a’/2 . <110> dislocations are

assumed to penetrate the  channels between the rafts when the Von Mises stress
(i.e. the difference between the applied load s a and the internal stress s xx ) is larger
than the Orowan stress. The internal stress is the sum of the coherency stresses
generated by the lattice mismatch between the temperature dependent free lattice
parameters of the  and ’ phase and the stresses generated by the dislocation
segments which decorate the /’ interface planes. This stress and the plastic strain
of both phases can be evaluated with a good precision through high resolution
diffraction experiments. We present here the results of in situ creep experiments
using far field 2D and 3D imaging of the (200) diffraction spot performed at the
ID11 beamline of the ESRF. This new technique allows recording an integrated
2D image of the peak in 8 seconds, allowing real time measurements. By analysis
of the experimental data (Von Mises stress and plastic strain of the  channels), it
is possible to determine the Orowan stress with a good precision. The strain rate
increases steadily during a test, even under a constant or decreasing Von Mises
stress. This can only be explained by a multiplication ofthe mobile dislocation
segments during plastic strain.
4:00 PM
Effects if Ni3Ti Eta Phase on the Performance of High Temperature NickelBase Alloys: Walter Milligan1; John Shingledecker2; Paul Sanders1; Calvin White1;
Ninad Mohale1; 1Michigan Technological Univ; 2Electric Power Research Institute
Eta phase (Ni3Ti) precipitates in many common nickel base alloys after long
exposures in service. There is no broad agreement in the literature concerning
whether these precipitates are deleterious to performance or not. In this program, we
have produced alloys based broadly on Nimonic 263, but tailored the compositions
to produce alloys containing only eta and no gamma prime. The high temperature
tensile and creep behavior, as well as deformation mechanisms, were determined.
Finally, a current program is studying these alloys along with Nimonic 263 that
was pre-exposed to contain various volume fractions of eta prior to creep testing.
4:15 PM
The Effect of Temperature on the Suppression of Twinning in A-axis Textured
Magnesium and Magnesium Alloys: Roshan Plamthottam1; Steven Lavenstein2;
Suhas Eswarappa Prameela; Xiaolong Ma; Timothy Weihs; Jaafar El-Awady;
1
Johns Hopkins University; 2Johns Hopkins Univ
Magnesium and its alloys have great potential as structural materials due to their
low weight and high specific strength. However, the poor formability of Mg at room
temperatures is one of the main reasons hindering its widespread use in industry. At
high temperatures, competition from thermally activated slip systems dramatically
increase the formability of magnesium and magnesium alloys. Therefore, there is
a need to quantify the effect of temperature on the competition between slip and
twinning in polycrystalline Mg. In this work, we will present experimental results
from a series of high temperature bulk compression studies on a-axis textured
polycrystalline pure Mg to determine the transition between dominant deformation
mechanisms with varying temperatures. It is found that with increasing temperature
twinning is suppressed and the strain hardening dramatically decreases. To
determine the effect of alloying on this temperature dependent transition, Mg-Al
alloys were also tested under a similar set of conditions. These results provide
a first step in fundamentally understanding the deformation of Mg at elevated
temperatures as well as the effects of alloying elements on its high temperature
properties.
4:30 PM
The Influence of the Base Elements on the Deformation Mechanisms in Single
Crystalline Co/Ni-base Superalloys: Nicklas Volz1; Christopher H. Zenk1; Steffen
Neumeier1; Mathias Göken1; 1Lehrstuhl für Allgemeine Werkstoffeigenschaften
Since the discovery of a L12 phase in the Co-Al-W system in 2006
\947\8242-hardened Co-base superalloys obtain more and more scientific
interest. Ni- and Co-base superalloys exhibit the same two-phase microstructure,
consisting of a fcc matrix and cubic shaped precipitates. However, despite their
similarities in microstructure there are also many differences in a variety of other
properties. To study the changes when Ni is replaced by Co in \947\8242-hardened
superalloys systematically, a Co/Ni-Al-W-Cr model alloy series where only
the Co and Ni content is varied gradually was developed and investigated.It is
shown that fundamental properties like the \947\8242 solvus temperature, the
partitioning behavior of the elements and the lattice misfits change from the Nirich side towards the Co-rich side of the alloy series. Compression creep tests at
900°C revealed that the creep strength varies strongly depending on the Co/Nicontent. Presumably, changes in rafting behavior and particularly in deformation
mechanisms are responsible for this effect. Therefore, SEM and TEM analysis on
the crept microstructures were performed, indicating that the rafting direction in
Ni- and Co-rich alloys is contrary due to the changing misfit. While the rafts form
parallel to the stress axis in the Ni-rich alloys, they form perpendicular to the stress
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axis in Co-rich alloys. Deformation in the matrix channels and rarely cutting of the
\947\8242 precipitates by coupled dislocations is present on the Ni-rich side. This
mechanism changes with the addition of Co to deformation by SISFs and also a
recently published mechanism was found, where a SISF is embedded in an APB.
The further increase in Co content leads to the formation of extended APBs. These
results demonstrate that the type of deformation mechanisms plays a crucial role
for the further development of high-creep-resistant Co/Ni-base superalloys.
4:45 PM
A Phenomenological Creep Model for Ni-Base Single Crystal Superalloys at
Intermediate Temperatures: Siwen Gao1; Philip Wollgramm2; Gunther Eggeler3;
Anxin Ma4; Juergen Schreuer5; Alexander Hartmaier1; 1Interdisciplinary Centre for
Advanced Materials Simulation (ICAMS); 2Institute of Materials, Ruhr-University
Bochum ; 3Institute of Materials, Ruhr-University Bochum; 4IMDEA Materiales;
5
Institute of Geology, Mineralogy and Geophysics, Ruhr-University Bochum
For the purpose of good reproduction and prediction of creep deformation of Nibase single crystal superalloys at intermediate temperatures, a phenomenological
creep model is developed, which is based on the typical \947/\947’ microstructure
and the individual thermally activated elementary processes in different phases. The
internal stresses from \947/\947’ lattice mismatch and deformation heterogeneity
are introduced through an efficient method. The strain hardening, the Orowan
stress, the softening effect due to dislocation climb along \947/\947’ interfaces and
the formation of <112> dislocation ribbons, and the Kear-Wilsdorf-lock effect as
key factors in the main flow rules are formulated properly. By taking the cube slip
in <110>{100} slip systems and <112>{111} twinning mechanisms into account,
the creep behavior for [110] and [111] loading directions are well captured.
Without specific interaction and evolution of dislocations, this model achieves
good agreements with experimental creep results and reproduces temperature,
stress and crystallographic orientation dependences. It can also be used as a basic
material point in finite element calculations with complicated boundary conditions
in various components of superalloys to predict creep behavior and local stress
distributions.

Mechanical Behavior Associated with Phase Transformations IV
Tuesday PM		
July 17, 2018		

Room: Barbie Tootle
Location: The Ohio Union

Session Chairs: Amit Shyam, Oak Ridge National Laboratory; Florian
Fox, Institute for Materials, Ruhr University Bochum
1:30 PM Invited
Alloy Design by Dislocation Engineering: MingXin Huang1; 1Univ of Hong Kong
The Materials Science community has spent tremendous efforts on developing
ultrahigh-strength alloys with good ductility for lightweight structural application.
However, improving the strength of alloys frequently results in a reduction in
ductility, which is known as the strength-ductility trade-off in metallic materials.
Current alloy design strategies for improving the ductility of ultrahigh-strength
alloys mainly focus on the selection of alloy composition (atomic length scale)
or manipulating ultrafine and nano-grained microstructure (grain length scale).
The intermediate length scale between atomic and grain scales is the dislocation
length scale. A new alloy design concept based on such dislocation length scale,
namely alloy desgin by dislocation engineering, is illustrated in the present work.
This dislocation engineering concept has been successfully substantiated by the
design and fabrication of a deformed and partitioned (D&P) steel with a yield
strength of 2.2 GPa and an uniform elongation of 16% [1]. In the D&P steel, high
dislocation density can not only increase strength but also improve ductility. High
dislocation density is mainly responsible for the improved yield strength through
dislocation forest hardening, whilst the improved ductility is achieved by the
glide of intensive mobile dislocations and well-controlled transformation-induced
plasticity (TRIP) effect, both of which are governed by the high dislocation density
resulting from warm rolling and martensitic transformation during cold rolling.
The new alloy design strategy is also proposed for warm-rolled Quenching and
Portioning steels [2] REFERENCE [1] B.B. He, B. Hu, H.W. Yen, G.J. Cheng,
Z.K. Wang, H.W. Luo, M.X. Huang 2017 “High dislocation density induced large
ductility in deformed and partitioned steels”, Science, 357, 1029[2] M.X. Huang,
B.B. He, “Alloy design by dislocation engineering”, Journal of Materials Science
and Technology, in press, 2017, DOI: 10.1016/j.jmst.2017.11.045
2:00 PM
Very Strong Medium-Carbon Low Alloy Steel by Ultrafine-MetastableAustenite Decomposition at Nano-Scale: Liming Fu1; Lifeng Lv1; Han Zheng1;

Aidang Shan1; 1Shanghai Jiao Tong Univ
Grain or microstructure refinement has been proved to be most effective method to
improve both strength and toughness of metal materials. In this paper, a very strong
steel was fabricated by heavily asymmetrical-rolling of the metastable austenite
and subsequent heat-treating. The obtained steel exhibited excellent mechanical
properties with ultimate tensile strength of above 2500MPa, uniform elongation
of above 7% and great enhancement in work hardening ability. It was found that
the combination of ultrahigh strength and high ductility is primary attributed to
the united effects of nano-scale retained austenite , ultrafine lamellar-structured
martensite plates and nano-twin structured marteniste laths that are transformed
from metasable nano/ufg austenite by heavily deformation processing. Such
process to produce nano-structured steels is carried out by rolling and heat-treating,
which is the most suitable way to produce large-sized sheets and has a potential
for practical structural applications, as compared with other SPD techniques.
Keywords: Ultrahigh strength nano-structured steel; Phase transformation; Nanoscale austenite decomposition; Microstructures and Properties
2:15 PM
Tensile Behavior of Ultra-Fine Grained SUS304 Stainless Steel Fabricated
by Cold Rolling and Annealing Processes: Si Gao1; Ruixiao Zheng1; Yu Bai1;
Akinobu Shibata1; Nobuhiro Tsuji1; 1Kyoto Univ
Commercial SUS304 stainless steel having fully recrystallized and ultra-fine
grained (UFG) microstructures with a minimum average grain size of 0.8 micrometer was successfully fabricated by simple cold rolling and subsequent annealing
processes. Tensile test at room temperature revealed excellent combinations of
tensile strength and uniform elongation in the UFG specimens in comparison
with the coarse grained counterpart, which was attributed to the grain refinement
strengthening in austenite and the occurrence of deformation induced martensitic
transformation during the tensile test. On the other hand, it was noteworthy that
the UFG specimens exhibited yield point phenomena with Lüders-band-type
deformation while their coarse-grained counterparts showed continuous yielding.
The yield point phenomena became more prominent as the grain size decreased,
accompanying with the dramatically increased Lüders strain which was measured
by the digital image correlation (DIC) technique. SEM-EBSD was employed to
characterize the microstructures within the Lüders band. The prominent Lüders
deformation was explained in terms of the grain size effect on plastic instability
(necking) of austenite and the enhanced strain hardening rate by the deformation
induced martensitic transformation.
2:30 PM
Metastability of Austenitic Stainless Steels: Marek Smaga1; Annika Boemke1;
Tobias Daniel1; Shayan Deldar1; Matthias Walfred Klein1; 1Institute of Materials
Science and Engineering, University of Kaiserslautern
At ambient temperature, a large number of technically relevant chromium/
nickel austenitic stainless steels exhibit fcc austenite in a metastable state. These
steels, due to plastic deformation, transform from the paramagnetic fcc gammaaustenite to a more stable microstructure, i.e. paramagnetic hcp epsilon-martensite
and/or ferromagnetic bcc alpha´-martensite. The deformation induced martensite
formation depends on several factors, i.e. chemical composition, temperature,
degree of plastic deformation, grain size, strain rate and stress state. Hence, several
empirical determined equations for calculation of Stacking Fault Energy (SFE),
MS- and Md30-temperature were employed for characterization of austenite
metastability, but even for the same value of SFE, MS- and Md30-temperature
and the same grain size a different rate of alpha´-martensite formation during
monotonic and cyclic loading can be observed. Since martensite formation leads
to mechanical hardening and consequently influences significantly monotonic and
cyclic strength of metastable austenitic steels, it is important to have a reliable
method to determine the tendency of deformation induced martensite formation.
In this study, metastability of several austenitic steels in solution annealed state:
AISI 304, AISI 321 and three batches from AISI 347 were investigated in detail.
Beside conventional characterization of metastability by calculation of SFE, MSand Md30-temperature, a new method to determine the tendency of deformation
induced alpha´-martensite formation was developed. This method is based on
application of the local plastic deformation on metastable austenite and non
destructive micro magnetic measurements. The local plastic deformation is applied
by Poldi hardness test device. In the plastically deformed area, X-ray phase analyzes
and micro-magnetic measurements for determination of magnetic Barkhausen
noise, incremental permeability and eddy current loss using a Micromagnetic
Multiparameter, Microstructure and stress Analysis (3MA) system were
determined. Additionally, the microstructural changes and phase transformation
were characterized using optical microscopy and color etching, Scanning Electron
Microscopy (SEM) with Electron Backscatter Diffraction (EBSD) technique.
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2:45 PM
Decomposition of the CrMnFeCoNi High-Entropy Alloy and Effects on
Mechanical Properties: Florian Fox1; Yordan Kalchev1; Sondre Berglund1;
Guillaume Laplanche2; Aleksander Kostka2; Gunther Eggeler1; Easo P. George3;
Easo P. George4; 1Institute for Materials, Ruhr University Bochum; 2Center
for Interface-Dominated High Performance Materials; 3Materials Science and
Technology Division, Oak Ridge National Laboratory; 4Materials Science and
Engineering Department, University of Tennessee
The high-entropy alloy CrMnFeCoNi has some remarkable mechanical properties,
including high ductility, strength and toughness at cryogenic temperatures, when
tested in the single-phase, solid-solution state. However, recent studies have shown
that it decomposes and forms multiple intermetallic phases when exposed to longer
term heat treatments at temperatures between 450°C and 750°C [1-3]. Here, we
quantify the kinetics of these processes, addressing the evolution of precipitate
volume fractions as a function of time and temperature, and the effects of grain
size on the transformation kinetics. Microstructural analyses were performed
using scanning electron microscopy, energy dispersive X-ray spectroscopy, and
transmission electron microscopy. Tensile properties were measured after long-term
anneals. Depending on the amount and type of intermetallic compound formed,
strength was found to increase to varying degrees with concomitant decreases in
ductility. Financial support by the German Research Foundation, DFG (FF, GL,
GE; SFB/TR 103 projects B5 and B7) and the U.S. Department of Energy, Office
of Science, Basic Energy Sciences, Materials Sciences and Engineering Division
(EPG) is gratefully acknowledged. [1] B. Schuh, F. Mendez-Martin, B. Völker, E.P.
George, H. Clemens, R. Pippan, A. Hohenwarter, Acta Mater. 96 (2015) 258–268.
[2] E.J. Pickering, E. Munoz-Moreno, H.J. Stone, H.G. Jones, Scr. Mater. 113
(2015) 106–109.[3] F. Otto, A. Dlouhy, K.G. Pradeep, M. Kubenova, D. Raabe, G.
Eggeler, E.P. George, Acta Mater. 112 (2016) 40–52.
3:00 PM Break
3:30 PM Cancelled
Achieving Ultra-high Strength by Compositional Inhomogeneity in Bulk
Nanocrystalline Shape Memory Alloys: Kaiyuan Yu1; Lishan Cui1; Hui Zhang1;
Zhiyuan Ma1; Yang Ren2; Daqiang Jiang1; Jian Wang3; 1China University of
Petroleum-Beijing; 2APS, Argonne National Laborotary; 3University of NebraskaLincoln
3:45 PM
Improved Ductility of High Pressure Die-cast Mg-xCe-yAl-0.5Mn Alloys by
Modifying Al/Ce Ratio: Dejiang Li1; Chuangye Su1; 1Shanghai Jiao Tong Univ
The ductility and microstructure of high-pressure die-cast alloys Mg-xCe-yAl0.5Mn (Al/Ce atomic ratio equals 0, 1.4, 2.1, 2.8, 3.7, 6.1, 8.7) were investigated.
The elongation of Mg-xCe-yAl-0.5Mn alloys increases remarkably with the
increasing Al/Ce atomic ratio, while tensile yield strength exhibits little change.
The elongation of the alloy with an Al/Ce atomic ratio of 3.7 reaches the maximum
14%, which improves 1300% than that (1.0%) of the alloy with an Al/Ce atomic
ratio of zero. Then the elongation decreases slightly when the Al/Ce atomic ratio
continues to increase. The improvement of the ductility results from the type and
morphology of the intermetallic compounds. For the microstructure of the alloy
with an Al/Ce atomic ratio of zero, the a-Mg matrix is surrounded by continuous
network Mg12Ce intermetallics, which is incoherent with the a-Mg matrix.
The amount of Mg12Ce intermetallics decreases, while the amount of acicular
Mg11Ce3 intermetallics increases gradually with the increasing Al/Ce atomic ratio.
The secondary phases in the alloy with an Al/Ce atomic ratio of 3.7, are almost
acicular Mg11Ce3 intermetallics with a diameter of 100nm and a length to diameter
ratio of over 10, which can pin the dislocations and block the grain boundary
sliding effectively. Coarse and isolated polygonal Mg17Al12 intermetallics form
when the Al/Ce atomic ratio continues to increase, and cracks are easily formed
in the a-Mg/Mg17Al12 interface, therefore the elongation decreases slightly. It is
concluded that the alloy with an Al/Ce atomic ratio of 3.7, which approximates that
of Al11Ce3 intermetallic, exhibits the highest elongation.
4:00 PM
Solute Interfacial Segregation as an Elevated Temperature Strengthening
Mechanism in Precipitation Hardened Alloys: Amit Shyam1; Patrick Shower1;
Dongwon Shin1; Yukinori Yamamoto1; James Morris1; Lawrence Allard1; Jonathan
Poplawsky1; James Haynes1; 1Oak Ridge National Laboratory
This presentation will highlight the role of solute interfacial segregation in
improving the elevated temperature stability of precipitation hardened alloys.
Example alloy systems where interfacial segregation is harnessed to improve the
elevated temperature coarsening response will be provided with a focus on Al-Cu
alloys. Results from a phase field modeling effort to delineate the thermodynamic
and kinetic factors that are modified as a result of interfacial segregation and

subsequently determine the elevated temperature stability of ’ precipitates will be
summarized. The results will be compared with experimental segregation profiles
at the coherent and semi-coherent interfaces of ’ precipitates that were determined
by atom probe tomography. Finally, the unexpected interaction between interfacial
and partitioned solutes for coarsening resistance and elevated temperature
strengthening will be demonstrated through results on model alloys. Research
was sponsored by the Laboratory Directed Research and Development Program of
Oak Ridge National Laboratory.
4:15 PM
Effect of Grain Refinement on Mechanical Properties of Si-Added 22Mn-0.6C
Steel: Sukyoung Hwang1; Yu Bai1; Si Gao1; Akinobu Shibata1; Nobuhiro Tsuji1;
1
Kyoto University
High-Mn austenitic steels are well known for their outstanding mechanical
properties managing both high strength and large ductility. However, there are
still barriers for practical applications of high-Mn austenitic steels. The low yield
strength is one of the issues of high-Mn steels, which derives from their FCC
structure. Grain refinement could be an effective strengthening method to improve
the yield strength of high-Mn steels, according to the Hall-Petch relationship. It has
been also reported that the grain refinement can suppress martensitic transformation
to e-phase, especially in high-Mn steels with a low stacking fault energy (SFE)
[1,2]. It has been known that an addition of Si lowers stacking fault energies of
high-Mn austenitic steels [3]. In the present study, a 22Mn-0.6C-3Si steel having
fully recrystallized ultrafine grain (UFG) microstructures was successfully
produced through high pressure torsion (HPT) and subsequent annealing processes.
It was found that not only the strength but also the ductility were simultaneously
improved by the grain refinement. Mechanical properties at room temperature will
be discussed in relation to the change of the dominant deformation mechanism in
the presentation. References [1] S. Takaki et al. Mater. Trans., JIM, 34, 489-495
(1993) [2] J. Jun et al. Mater. Sci. Eng., A, 257, 353-356 (1998)[3] R. Xiong et al.
Mater. Sci. Eng., A, 598, 376-386 (2014)
4:30 PM
Temper Bead Welding for Weld Overlays: Jeff Stewart1; Boian Alexandrov1;
1
Ohio State Univ
Major industries such as Oil and Gas, Power Generation, and Petrochemical
utilize Ni-base overlays and cladding on low alloy steel base metals. Due to the
mechanical properties formed in the heat-affected zone (HAZ) of these weldments,
it is often necessary to perform a post-weld heat treatment (PWHT). PWHT is
often time consuming and expensive. Temper bead welding has been introduced as
a potential replacement for PWHT. During a temper bead welding procedure, the
heat from subsequent weld passes is used to temper the HAZ. The temperatures
reached during this tempering affect the final properties of the HAZ significantly.
There are temper bead procedures used in industry, but they are not optimized and
can require a lot of resources to qualify with the applicable standards. The objective
of this research is to develop a methodology to quantify the tempering response
that is seen in the HAZ of typical multi-pass welds. This quantification will then
be implemented into a computational FEA model to allow for the development
of optimized temper bead welding parameters. Work presented will detail the
approach and results of the tempering response quantification. This will include
insight into how phase transformations during multipass welding influence the final
mechanical properties of the HAZ, in particular hardness and impact toughness.
Efforts to implement this into a computational model towards the generation of
optimized temper bead welding parameters will also be presented.

Hael Mughrabi Honorary Symposium: Session II
Tuesday PM		
July 17, 2018		

Room: Cartoon 2
Location: The Ohio Union

Session Chairs: John Allison, Univ of Michigan; Brad Boyce, Sandia
National Labs
1:30 PM Invited
Cyclic Deformation Behavior and -a´-Phase Transformation of Metastable
Austenite AISI 347: Dietmar Eifler1; Tilmann Beck1; Marek Smaga1; 1University
of Kaiserslautern
At temperatures around ambient temperature (AT), plastic deformation of
metastable austenitic steels may result in a phase transformation from paramagnetic
austenite into ferromagnetic a´-martensite. Since fatigue damage often initiates at
the surface, new surface treatments are of special interest to increase the fatigue life
of metastable austenite. A cryogenic turning process with carbon dioxide cooling
ICSMA18 Abstracts...28

in the cutting zone was used to modify the morphology of the metastable austenite
AISI 347 (X6CrNiNb1810) at the specimen surfaces during net shape machining.
The investigations are focused on the realization of different morphologies of
a´-martensite layers near to the specimen surface as well as the resulting fatigue
behavior. Additionally to conventional stress-strain-hysteresis measurements
continuous in-situ measurements with electromagnetic acoustic transducers
(EMATs) were used to characterize the cyclic deformation behavior at ambient
and elevated temperatures in the LCF- and HCF-regime. A very high sensitivity
concerning cyclic deformation behavior is shown by the time of flight (tof) of
ultrasonic waves. In analogy to stress-strain-hystereses tof-t-hystereses provide
information about the cyclic hardening and/or softening processes as well as
micro- and macro-crack initiation. With TEM, EBSD, SEM, FERITSCOPE® and
x-ray investigations it could be shown that the changes in the measuring quantity
tofmean are correlated with the formation of a´-martensite at AT, changes of
the dislocation density and arrangement as well as changes of the topography.
The cyclic deformation behavior of the investigated austenite is described by the
development of the stress amplitude sa, the ferromagnetic martensite fraction 
and the change in the mean value of time of flight tofmean versus the number of
cycles N. After a load dependent number of cycles N, the formation of a´ martensite
starts and increases continuously with increasing number of cycles until specimen
failure.
2:00 PM Invited
Why does the Fatigue Endurance Limit scale with Ultimate Tensile Strength?:
Nathan Heckman1; Brad Boyce1; 1Sandia National Labs
The ratio of the fatigue endurance limit to the ultimate tensile strength is nearly
constant for many metals and alloys. In ferrous alloys, copper, and nickel, the
ratio is typically ~0.4. However, the mechanistic rationale for such a correlation
is unclear. The two quantities represent extremely different loading conditions.
The endurance limit is associated with stresses far below the yield strength and is
governed by emergent plasticity processes such as slip extrusions that govern crack
nucleation. In contrast, the ultimate tensile strength occurs far beyond yielding and
is controlled by a material’s resistance to the onset of necking (Considère criterion).
In this presentation, we examine the high cycle performance of micron-scale thin
films with grain sizes ranging from ~40-600 nm. Through an effort to understand
the grain size effect on endurance limit, a foundational scaling relationship with the
tensile work hardening rate has been rationalized. This scaling relationship appears
to collapse fatigue data onto a master curve, and provides a basis for understanding
the correlation to the ultimate tensile strength. The potential applicability of this
scaling relationship to all metals, including coarse grained conventional alloys, is
postulated. 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.
2:30 PM Invited
Probabilistic Prediction of Dwell Fatigue Lifetime in Microtextured Ti-6Al4V: Adam Pilchak1; Sushant Jha; Reji John1; James Larsen1; 1US Air Force
Research Lab
Dwell fatigue at relatively low temperatures has been identified as an important
failure mechanism in some titanium alloys, especially when the microstructure
contains microtextured regions (MTRs). Previous studies have shown significant
debits in life under dwell fatigue when compared to continuous fatigue cycling.
The debit in life has been attributed to faster small crack growth through suitably
oriented MTRs via a faceted crack growth mechanism. In order to accurately predict
the distribution in small crack growth behavior under dwell fatigue and the debit
in probabilistic life limit in a microtextured titanium alloy, the spatial variation in
MTRs needs to be captured in the analysis. Significant progress has been made in
quantitative characterization of MTRs using the electron back-scattered diffraction
(EBSD) data. In this study, the MTR characterization inputs were incorporated
in a Markov Random Process based method to represent the spatial variation of
MTRs along the crack path. The small crack growth behavior and the distribution
in life were simulated by using random instantiations of the Markov process. The
results were compared to the experimental data on both random and microtextured
materials, with and without the application of dwell time.

(VHCF) behavior under torsional and axial loading at different mean loads is
studied. The defect tolerance of martensitic stainless steel (17 4PH, AISI403/410
and AISI420) is investigated by introducing small artificial defects (circumferential
notches, corrosion pits and drilled holes) into test specimens. Furthermore, shot
peened spring steel specimens – which were prepared based on SWOSC-V
composition with intentionally increased number and size of inclusions – are tested.
Most tests are performed using ultrasonic fatigue testing under torsional and axial
loading at load ratios between R = -1 and R = 0.4. Under axial loading condition,
it is found that aluminate-inclusions are the preferential sources of fatigue crack
initiation at all load ratios. Under torsional loading, fatigue cracks are initiated at
the smooth surface in martensitic stainless steels at all R-ratios and in spring steels
with shot peened surface at R = -1, respectively. In contrast, internal aluminateand MnS-inclusions are the crack initiation sites at load ratios of R = 0.1 and R =
0.35 for spring steel. Fracture mechanics principles are used to quantify the effect
of defects and non-metallic inclusions on the VHCF strength under torsional and
axial loading condition and at different load ratios. Methods have been developed
to predict the torsional fatigue strength in presence of inclusions and other small
defects by using axial loading data.
4:00 PM Invited
Predicting Fatigue Behavior in Metals and Alloys: The PRISMS Center
Fatigue Use Case: John Allison1; J. Wayne Jones; Veera Sundararaghavan; Jacob
Adams; Shardul Panwar; Aeriel Murphy; Mohammadreza Yaghoobi1; 1University
of Michigan
For over 150 years, fatigue researchers have conducted studies to improve our
understanding of this important and fascinating phenomenon. With the advent of
the Materials Genome Initiative, we have the opportunity and onus to turn this
understanding into predictive capabilities to accelerate materials development. The
Center for PRedictive Integrated Structural Materials Science (PRISMS Center) is
creating advanced open-source simulation codes and a framework for accelerated
predictive materials science. One demonstration of this capability is in our Fatigue
Use Case, which deals with the influence of alloying and microstructure on cyclic
deformation, low cycle fatigue, very high cycle fatigue and small crack fatigue
crack growth (at ultrasonic frequencies) in magnesium and its alloys. This Use
Case combines simulations from the new PRISMS-Plasticity crystal plasticity finite
element analysis code with results from advanced experimental techniques such
as in-situ ultrasonic fatigue scanning electron microscopy and high energy x-ray
diffraction. This talk will review our progress in understanding and predicting the
influence of twinning and detwinning on cyclic stress strain response and the role
of grain boundaries in retarding the growth of small fatigue cracks. Opportunities
and challenges for the future will be outlined.
4:30 PM
Atomistic Simulation of Dislocation Dipole Transformation and Their Effects
on the Deformation and Fracture of some Metals: Dongsheng Xu1; Hao Wang1;
Rui Yang1; 1Institute of Metal Research, Chinese Academy of Sciences
Professor Mughrabi proposed in the 1970s that dislocation dipoles formed in
metals during fatigue will annihilate when its height is below a certain value, but
the atomic details of the annihilation process and the debris structures as well as
their implications to the mechanical behavior of metals puzzled us for a long time.
Molecular dynamics simulations were carried out in our group to investigate the
dislocation nucleation and reaction in selected metals and intermetallic compounds,
and the long time evolution of dislocation microstructure was studied using the
Activation Relaxation Technique (ART). The dipole transformation simulation
under different conditions revealed that some of the structures formed during
annihilation are rather stable, and may stay in the lattice and cause hardening of the
metals and may serve as anchor for the formation of dislocation walls. The effects
of dislocation dipole debris on other dislocation motion, crack nucleation and the
link between debris microstructure formed and the Persistent Slip Band (PSB)
formation process are discussed. Factors influencing dislocation microstructure
change and their implications to the dwell fatigue of titanium alloys are analyzed
on the basis of the dislocation simulation.

3:00 PM Break
3:30 PM Invited
Influence of Inclusions and Small Defects on Cyclic Torsion and Cyclic Tension
Very High Cycle Ffatigue of Martensitic Steels: Bernd Schönbauer1; Ulrike
Karr1; Michael Fitzka1; Herwig Mayer1; 1BOKU University Vienna
The influence of inclusions and small defects on the very high cycle fatigue
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Session Chairs: Hussein Zbib, Washington State Univ; Ronald Armstrong,
University of Maryland
1:30 PM Invited
Connections with John Hirth and Dislocation Mechanics: Ronald Armstrong1;
1
University of Maryland
Personal connection with John Hirth and mutual interests in dislocation
mechanics began in the mid-1950s during graduate student days at Carnegie
Institute of Technology. Here, an appreciative account is given of relationship to
only a few of the many leading advancements made in dislocation theory by John
with colleagues and students, including yield point behavior, dislocation pile-ups,
grain boundary obstructions, thermal activation and deformation twinning.
2:00 PM Invited
Predicting the Unpredictable with Superdislocations: The Hall-Petch Effect,
Nonlinear Pre-yield Stress-Strain, and Bauschinger Effect: Robert Wagoner1;
John Hirth2; Myoung-Gyu Lee3; Hojun Lim4; Ji Kim5; Hyuk Bong6; Brent
Adams2; David Fullwood7; Eric Homer7; 1Ohio State University; 2Retired; 3Korea
University; 4Sandia National Laboratory; 5Pusan National University; 6Pacific
Northwest National Laboratory; 7Brigham Young University
Typical crystal plasticity (CP) models infer single-crystal properties from
macroscopic experiments such as tensile tests. Unfortunately, the single-crystal
properties obtained in this manner reflect the shortcomings of the models and
do not agree with physical measurements. A new approach incorporating elastic
dislocation-dislocation interactions via superdislocations (SD) uses independently
known micro properties and predicts macro behavior without undetermined,
adjustable, or fit parameters. The SD Model will be outlined and several firstever quantitative predictions will be compared with experiments for phenomena
including the Hall-Petch Effect, nonlinear pre-yield stress-strain behavior and the
Bauschinger Effect.
2:30 PM Invited
Crystalline Boundary Mediated Dislocation Behavior: Yuntian Zhu1; 1North
Carolina State University
Prof. John Hirth’s contributions to the field of dislocations have influenced
generations of materials scientists. I will present our recent work on crystalline
boundary mediated dislocation behavior, some of which have been guided and
advised by Prof. Hirth. Crystalline boundaries such as grain boundaries and
heterogeneous domain boundaries can interact with dislocations and significantly
affect dislocation behavior, especially at small grain sizes and under high stresses.
When the grain size is below 100 nm, grain boundaries may become the primary
source for dislocation emission, and annihilation, which leads to activation of partial
dislocation slip and grain size effect on twinning. In heterostructured materials with
mixed nanocrystalline and coarse-grained domains, the domain boundary may act
as dislocation barrier or dislocation source to promote the pile up of geometrically
necessary dislocations. This produces kinematic long-range back stress and strong
Bauchinger effect, which can be used to design strong and tough metals.
3:00 PM Break
3:30 PM Invited
Multiscale Dislocation-based Plasticity: Hussein Zbib1; 1Washington State
University
Over the past few decades, experimental and theoretical developments have
established that macroscopic properties of crystalline materials are derivable, at
least in principle, from the behavior of their constituent defects such as dislocations
(line defects), and their interaction with vacancies, interstitials and impurity
atoms (point defects), grain boundaries, heterogeneous interfaces and cracks
(planar defects), chemically heterogeneous precipitates, twins and other straininducing phase transformations (volume defects). However, this fundamental
understanding has not been fully translated into a continuum theory of plasticity.
The major difficulty in developing such a theory is the multiplicity and complexity
of dislocation mechanisms that make it impossible to develop a quantitative
analytical approach. The problem is further complicated by the need to trace the
spatiotemporal evolution of a very large number of interacting dislocations over
relatively very long periods of time. To this end, an effort has been devoted towards
the development of a multiscale dislocation-based plasticity framework coupling
discrete dislocation dynamics (DDD) with continuum dislocation-based plasticity.

In this framework, and guided by DDD, a continuum dislocation dynamics (CDD)
plasticity model involving of a set of spatio-temporal evolution equations for
dislocation densities representing mobile and immobile species is developed. The
evolution laws consist of a set of components each corresponding to a physical
mechanism that can be explicitly evaluated and quantified from DDD analyses.
In this framework, stochastic events such as cross-slip of screw dislocations and
uncertainties associated with initial microstructural conditions are explicitly
incorporated in the continuum theory based on probability distribution functions
defined by activation energy and activation volumes. The result is a multiscale
dislocation-based plasticity model which can predict not only the macroscopic
material mechanical behavior but also the corresponding microscale deformation
and the evolution of dislocation patterns, size and gradient-dependent deformation
phenomena, and related material instabilities at various length and time scales.
4:00 PM Invited
Mechanisms of <100> Interstitial Loop Formation in Irradiated Iron: Richard
Kurtz1; Ning Gao2; Fei Gao3; Wahyu Setyawan1; 1Pacific Northwest National
Laboratory; 2Chinese Academy of Sciences; 3University of Michigan
Iron-base alloys are common structural materials in existing nuclear reactors
and are the most technologically mature option for advanced reactor applications.
Structural materials in advanced nuclear systems will be bombarded by highenergy neutrons, which generate a cascade of atoms displaced from their lattice
positions. Nearly all the displaced atoms eventually recombine with a vacant site,
but a small fraction do not. The long-time evolution of the surviving vacancy
and self-interstitial atom (SIA) point defect clusters can lead to significant material
property degradation. Numerous computer simulations and experimental studies
have been performed to understand the formation and evolution of SIA loops in
irradiated iron. SIA loops having both ½<111> and <100> Burgers vectors have
been observed. These loops possess different characteristics and impact material
properties differently. The formation mechanism of ½<111> loops is well
established and these loops are known to be glissile parallel to their Burgers vector
with an energy barrier of ~0.1 eV. Therefore, ½<111> loops are highly mobile
at all temperatures and can easily diffuse to and interact with microstructural
features such as lattice dislocations, grain boundaries, precipitates, voids, and free
surfaces In contrast, <100> loops are sessile at low temperatures and may be more
efficient sinks for migrating point defects due to their larger Burger vector. These
loops may also produce greater hardening by more effectively blocking lattice
dislocation movement. While <100> loops are often observed in irradiated ironbase alloys, their formation mechanism remains a subject of intense investigation.
Here we summarize recent computational studies of nanoscale loop interactions/
transformations and show there are a variety of possible <100> loop formation
mechanisms that depend on irradiation temperature and local stress state.
4:30 PM
How Finite Numbers of Dislocations in Slip Bands Affect Deformation
and Fracture in Metals: Ioannis Mastorakos1; Stephen Antolovich2; Ronald
Armstrong3; 1Clarkson University; 2Georgia Institute of Technology; 3University
of Maryland
The effects of finite numbers of dislocations in a slip band are examined by
two computational techniques: (1) Mathcad calculations of dislocation positions
and stress distributions using classical isotropic elasticity equations and (2) a
molecular dynamic (MD) approach in which anisotropic effects are inherently
included. The first approach was used to investigate the conditions for which a
dislocation pile-up may essentially become a cleavage crack. Computations were
made for pileups containing 3, 5, 10, 20, and 50 dislocations. Results are presented,
first, for the determination of kC (the microstructural stress intensity parameter)
based on a sufficiently large number of piled-up dislocations needed to produce a
continuum-type description of the stress concentration ahead of a cleavage crack.
Connection is then made with a determination of kC obtained by employing a
gradient elasticity theoretical (GET) modification of a mode III crack description.
Lastly, the Cottrell mechanism of cleavage fracture occurring in a body-centered
cubic lattice by dislocation reaction at a double pile-up is re-examined. A modified
Hall-Petch equation and significantly lowered value of kC are realized. This case
and others are discussed relative to the fracturing of nano-scale grain size materials;
transgranular cleavage is predicted not to occur. In the second approach, the effects
of stacking fault energy (SFE), crystal structure, number of dislocations and “stress
leakage” through the slip band were studied. Leakage through the slip increases
as the number of dislocations decreases. “Stress leakage” is directly related to
the strength of the stress singularity ahead of the slip band. It was also shown
that pile-ups of screw dislocations are inherently unstable via cross slip and slip
bands become stabilized with decreasing SFE. Also, the lower SFE reduces the
stress leakage though the slip band which affects the microstructural stress intensity
parameter.
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Plenary Session III
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Advanced Characterization of Deformation Processes V
Room: Archie Griffin East Ballroom
Location: The Ohio Union

Wednesday AM		
July 18, 2018		

Room: Traditions
Location: The Ohio Union

Session Chairs: Marc Legros, CEMES-CNRS; Martin Heilmaier, KIT
Karlsruhe

Session Chairs: Josh Kacher, Georgia Tech; Dipankar Banerjee, Indian
Institute of Science

8:15 AM Plenary
Micromechanics of Highly Cross-linked Thermosets: Laurence Brassart1;
1
Monash University
Highly-crosslinked epoxies are widely used as matrix material in highperformance fibre-reinforced composites, governing several aspects of their
behaviour. Yet, attempts to model their viscoplastic response have been limited,
as compared to thermoplastic polymers. However, the viscoplastic response of
highly cross-linked thermosets, in particular under compression, is very similar to
glassy thermoplastics below their glass-transition temperature, exhibiting complex
features such as strain- and temperature-sensitivity, post-yield softening followed
by rehardening, and severe non-linearity upon unloading. These phenomena can in
principle be captured by advanced constitutive models for glassy polymers mixing
phenomenological and micromechanical elements. However, this often comes at
the price of a very large number of parameters (sometimes more than 30), while
the physical basis of such models remains limited. In this work, we develop a
micromechanical model to describe and predict the viscoplastic behaviour of the
RTM6 epoxy resin. The model relies on the concept of STZ’s (Shear Transformation
Zones) as the elementary carriers of plasticity, whose activation is sensitive to
the local stress, temperature and microstructural state. STZ’s interact through
the (possibly polarized) elastic stress field, resulting in overall viscoplastic flow.
This model involves only 5 parameters to identify, all with a physical meaning.
It is rich enough to quantitatively capture all the experimental trends, even the
complex rate-reversal phenomenon observed during creep tests performed after
plastic deformation at intermediate stress levels. While such a model cannot replace
closed-form constitutive models for the treatment of large-scale components,
it provides physical insights into the small-scale mechanics and is also useful to
identify the parameters in macroscopic models.

10:30 AM Invited
Dynamic Strain Aging during Constant Strain Rate and Creep Tests in Near-a
Ti Alloy – IMI 834: Priyanka Agrawal1; S Karthikeyan1; Dipankar Banerjee1;
1
Indian Institute of Science
The current work explores the mechanical behaviour in IMI 834 in the temperature
range of 350-500C for a microstructure consisting of 80% equiaxed a. Constant
strain rate tensile tests carried out at 10-6-10-2 /s show dynamic strain aging (DSA)
in the temperature range of 400-450C. Tensile creep tests conducted in a similar
temperature range reveals primary creep behavior at 350C with a relatively high
stress exponent (>10). At 400C, the creep rates were remarkably less sensitive to
stress with a stress exponent of 2-3. Conventional three-stage creep is observed
with a high stress exponent (>10) at 500C and higher. TEM observations reveal
jogged screw dislocations in slip bands dominating the dislocation structure in both
constant strain rate and creep conditions. The experimental work was supported
by modeling the interaction of solutes with dislocations. It was estimated that
deformation over this domain of temperature and strain rate space is controlled
by the motion of jogged screw dislocations. The interaction of solute atoms (both
static and diffusing) with gliding jogs was modelled to predict the observed
temperature and strain-rate dependence. With increasing temperature (and lower
strain rates), the mechanism controlling the glide velocity of jogs transitioned
from (a)thermally-activated glide over static solute (Al and Sn) obstacles, to (b)
formation of atmospheres of diffusing solutes (Si and C) and breakaway from these
atmospheres, to (c)drag of Si and C solute atmospheres. Among the two diffusing
solutes, Si is rate controlling at lower strain rates and higher temperatures, while
C dominates at higher strain rates and lower temperatures. The match between
experiments and model predictions is good. This work establishes a continuum
of dislocation mechanisms based on jogged screw dislocation glide determining
mechanical behavior over a wide range of strain rates ranging from 10-2 to 10-9 /s
and temperatures from 350-500C in engineering titanium alloys.

8:55 AM Question and Answer Period
9:05 AM Plenary
Metallurgical Aspects of Fatigue Crack Growth Resistance in Steel: How Can
We Improve it through Microstructure Control?: Kaneaki Tsuzaki1; Motomichi
Koyama1; Hiroshi Noguchi1; 1Kyushu University
Fatigue failures create enormous risks for all engineered structures and human
lives, motivating a large number of safety factors in design and inefficient use of
resources. To increase the fatigue strength of steel – the most common ductile
structural metal – it is important to consider the growth of microstructurally small
cracks from three perspectives. First, the fatigue limit does not correspond to the
critical stress for crack initiation but rather that for crack propagation. Namely, nonpropagating fatigue cracks can exist at the fatigue limit after more than 10 million
cycles. Second, the bulk of fatigue life is mostly in the small crack growth stage.
Third, the growth of small cracks within steels can be controlled by designing
the microstructure and plasticity. Three factors are considered when discussing
crack growth behavior in a ductile metal during one loading cycle at a given stress
amplitude: (1) crack-tip-deformation mechanisms; (2) plastic deformation around
the crack tip; and (3) internal stress evolution in the crack tip and wake. In most
metals and alloys, dislocation emission at the crack tip is responsible for crack tip
opening and namely crack growth. Thus, we can suppress the crack growth rate
by repressing dislocation slip in the region of the crack tip. Regarding internal
stress evolution, the formation of compressive stress can suppress crack opening.
This presentation introduces some of our recent examples of microstructure control
in the vicinity of the crack tip to improve the fatigue crack growth resistance in
steels; these include (a) strain-age hardening through dislocations and interstitial
carbon atoms interaction in an Fe–C binary steel; (b) nitrogen-enhanced dislocation
planarity in a nitrogen-added stainless steel; and (c) martensitic transformation with
volume expansion in a TRIP maraging steel.
9:45 AM Question and Answer Period
9:55 AM Break

11:00 AM
Direct Characterization of Atomic-Scale Crack Propagation Path along
a Dopant-Segregated Grain Boundary: Shun Kondo1; Eita Tochigi2; Naoya
Shibata2; Yuichi Ikuhara2; 1Elements Strategy Initiative for Structural Materials,
Kyoto University; 2Institute of Engineering Innovation, The University of Tokyo
In many ceramics, grain boundary fracture always limits their practical capability.
Since the fracture is the sequential atomic bond-breaking process, the atomic-scale
crack propagation path and the relationship between the fracture path and the grain
boundary structure are of primal importance for fundamental understanding of
grain boundary fracture mechanisms. There are many possible propagation paths
along a grain boundary, especially in the case that the grain boundary core has
complicated structures such as dopant-segregated grain boundaries. However, it is
still a major experimental challenge to characterize the grain boundary fracture path
in atomic scale. In this study, we carried out nanoindentation experiments inside
a TEM to introduce a sub-micro scale crack along the dopant-segregated Al2O3
grain boundary, and then observed the atomic structures of as-fracture surfaces
using scanning TEM (STEM) to determine the atomic-scale crack propagation
path. We prepared bicrystals including the Zr-doped Al2O3 Σ13 grain boundary.
The TEM nanoindentation experiments were performed with a conventional
TEM (JEM-2010, JEOL Ltd.), equipped with the double-tilt TEM-Nanoindenter
holder (Nanofactory Instrument AB.). For the atomic-scale structural analyses,
the aberration-corrected STEM (ARM-200CF, JEOL Ltd.) was used.In the TEM
nanoindentation experiments, we introduced a crack along the grain boundary
with the length of ~400 nm, and successfully obtained as-fractured surfaces. The
atomic structures of the as-fractured surfaces as well as the unfractured grain
boundary were directly observed by STEM. Comparing the two structures, the
atomic-scale fracture path was determined, where the crack propagated in zigzag
within the segregated Zr atom layer. Also, the first-principles calculations reveal the
experimentally determined fracture path has the minimum cleavage energy for this
grain boundary. The relationship between the atomic-scale crack propagation path
and the grain boundary structure will be discussed in the presentation.
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11:15 AM
Correlating Dislocation Configurations to Deformation Behavior in Cyclically
Loaded Additive Manufactured IN718: Josh Kacher1; Yung Yoo1; Todd Book2;
Michael Sangid2; 1Georgia Tech; 2Purdue University
Additive manufactured materials show great promise in rapid machining of
complex parts, but their long-term deformation behavior remains poorly understood.
This study focuses on correlating deformation analysis across length scales using
digital image correlation (DIC), electron backscatter diffraction (EBSD), and
transmission electron microscopy (TEM) in IN718 and Ti-6Al-4V. EBSD-based
orientation mapping and DIC analysis were used to identify regions of interest
such as high strain regions and deformation band interactions with grain boundaries
in cyclically deformed samples. Focused ion-beam (FIB) machining was used to
selectively fabricate samples for in depth dislocation characterization and chemical
mapping. Discussion will focus on insights into the mechanics of crack formation
as well as the effectiveness of using macroscales deformation mapping techniques
to understand local dislocation configurations.
11:30 AM
In Situ X-Ray Diffraction of a High Work-Hardening Ti-6Al-4V Prepared by
Electron-Beam Melting: Karl Sofinowski1; Solange Vivés2; Steven Van Petegem1;
Stéphane Godet2; Helena Van Swygenhoven1; 1Paul Scherrer Institute; 2Université
Libre de Bruxelles
There is a strong interest in additive-manufactured (AM) titanium alloys for
structural applications in aerospace. Here, Ti-6Al-4V prepared by electronbeam melting (EBM) and a novel heat treatment is examined. The alloy has a
primarily a + a’ dual-phase microstructure, resulting in higher strength, higher
ductility, and a work hardening 2-3 times greater than both standard wrought
alloys and traditionally-heat treated AM alloys. In this work, in situ x-ray powder
diffraction during mechanical testing are presented. Digital image correlation
was used simultaneously so that the macro-strain could be compared directly
to the microstructural evolution during deformation. The source of the muchimproved hardening behavior is discussed with respect to load-sharing between
the phases. Samples prepared by a range of annealing temperatures were tested to
study the effect of a’ martensite volume fraction on the microstructure evolution.
Additionally, the anisotropy between the build direction and transverse directions
is examined through both uniaxial and multiaxial tests.This research is performed
within the ERC Advanced Grant MULTIAX (339245).

Elementary Deformation Mechanisms II
Wednesday AM		
July 18, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chairs: W Curtin, EPFL; Peter Gumbsch, Fraunhofer IWM
10:30 AM Invited
Programmable Materials - Tuning Effective Materials Response: Peter
Gumbsch1; Chris Eberl; Claudio Findeisen2; Alexander Butz1; Jan Pagenkopf1;
1
Fraunhofer IWM; 2Fraunhofer IWM and Institute for Applied Materials (IAM)
Karlsruhe Institute of Technology
The design of materials and materials microstructures to specific materials
properties requires mechanistic materials modelling over multiple length scales
to avoid tedious trial-and-error procedures and excessive experimentation. The
feasibility of such multiscale modelling has now been demonstrated in several cases
including the explicit modelling of the microstructural evolution during processing.
One example is the manufacturing process of a steel component, for which the
local microstructure and the resulting material properties after deep drawing can
be predicted. On the component level, locally different processing conditions result
in locally different materials properties which are often dealt with as a nuisance.
I would like to take this further and ask whether we are able to design materials
such that their locally varying properties are used for component functionality.
Conceptually this can be regarded as locally programming a material to achieve
component functionality. It will require large-scale structural optimization,
predictive materials models for materials with significantly varying properties. I
will give examples how this can be achieved. The approach can most easily be
demonstrated using additively built metamaterials. With such metamaterials one
can even go further and design them such that their effective materials properties
can still be changed after manufacturing to achieve intrinsically programmable
materials.

11:00 AM
Ductility of Alloys from Nonlinear Elasticity: Ian Winter1; Daryl Chrzan1;
1
University of California, Berkeley
The direct computation of the ideal strength of an alloy is confounded by the
lack of formal crystalline symmetry. A simple analytical method to estimate the
ideal strength and to study intrinsic ductility of a crystalline solid using higherorder elastic constants is presented. Since the method is rooted in parameters that
are easily calculated, even for disordered systems, it can be applied to study the
properties of alloys. This method estimates the stress and strain associated with
elastic instability and yields the detailed mode of the instability. It is noted that
ductility and brittleness are relative. A parameter gauging the relative intrinsic
ductility of a material is introduced, and is shown to be consistent with experimental
measurements of elongation for a number of materials. Finally, the model is applied
to the study of a chemically complex alloy, W-Nb-Mo-Ta-V, and is used to suggest
shifts in composition that will increase the ductility of the alloy. The work is
supported by the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences, Materials Sciences and Engineering Division under Contract No.
DE-AC02-05-CH11231 (Materials Project program KC23MP).
11:15 AM
Mechanism of Enhanced Ductility in Mg Alloys: W Curtin1; Z. Wu2; R. Ahmad1;
B. Yin1; 1EPFL; 2IHPC
Pure Mg has low ductility due to strong plastic anisotropy and due to a transition
of <c+a> pyramidal dislocations to a sessile basal-oriented structure [1]. Alloying
generally improves ductility; for instance, Mg-3wt.%RE (RE=Y, Tb, Dy, Ho, Er)
alloys show relatively high ductility [2], and typically larger than most commercial
Mg-Al-Zn alloys at similar grain sizes. Possible concepts for ductility in alloys
include the reduction of plastic anisotropy due to solute strengthening of basal
slip, the nucleation of <c+a> from basal I1 stacking faults, the prevention of
the detrimental <c+a> transformation to sessile structures, and the weakening of
strong basal texture by some solute/particle mechanisms. To investigate possible
dislocation-level mechanisms of ductility in Mg alloys, first-principles density
functional theory (DFT) calculations are used to compute the basal and pyramidal
stacking fault energies as a function of solute type for many solutes in the dilute
concentration limit [3,4]. The stacking fault energies for basal and pyramidal
faults versus concentration and solute type for “ductilizing” solutes (e.g. Y) and
“non-ductilizing” solutes (e.g. Zn, Al) suggest that existing proposed concepts are
not operative [3]. Differences between Y and Zn suggest a new mechanism for
enhanced ductility that will be presented conceptually, developed theoretically,
and applied successfully to understand ductility across a wide range of binary,
ternary, and quaternary alloy compositions [4]. The new mechanism then points in
directions for achieving enhanced ductility across a range of non-RE alloys. [1] Z.
Wu, W.A. Curtin, Nature 526 (2015) 62-67 [2] S. Sandlobes, et al., Acta Materialia
59 (2011) 429-439; Acta Materialia 70 (2014) 92–104 [3] B. Yin, Z. Wu, and W.
A. Curtin, Acta Materialia 136 (2017) 249-261[4] Z. Wu, R. Ahmad, B. Yin, S.
Sandlobes, and W. A. Curtin, to appear in Science (2018).
11:30 AM
Stabilized <c+a> Dislocations Cores in AZ31 Mg Alloy: Luoning Ma1; Kelvin
Xie1; Kevin Hemker1; 1Johns Hopkins University
Mg is a potential lightweight metal for structural applications, but it exhibits
low ductility and poor formability, which are related to the reduced immobility of
<c+a> dislocations under c-axis compression. The reason for the low mobility of
<c+a> dislocations in single-crystalline pure Mg and some Mg-RE alloys has been
attributed to a two-step glissile-to-sessile transformation. It has been shown that
<c+a> dislocations can bow on the basal plane and dissociate into partial dislocations
that are sessile on the basal plane. In polycrystalline Mg, <c+a> dislocation bowing
and dissociation were also observed. By contrast, <c+a> dislocations in AZ31 have
been observed to bow out on the basal plane but are not observed to dissociate into
partials. These lack of dissociation is attributed to the effect that Al and Zn alloying
has on the atomic structure of <c+a> dislocation cores in the AZ31 alloy. The
observation that polycrystalline AZ31 has better ductility than pure Mg is attributed
to the fact that the <c+a> dislocation core does not dissociate but remains compact.
The effect of alloying on the <c+a> dislocation core structures appears to have a
profound effect on dislocation mobility. The results of TEM observations of pure
Mg will be compared and contrasted with AZ31 and other Mg-RE alloys in this
presentation.
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11:45 AM
Orientation-Dependent Slip in bcc Metals from Atomistic Simulations and
Experiments: Roman Gröger1; Zdenek Chlup1; Ivo Kubena1; Tomas Kruml1;
1
CEITEC IPM, Academy of Sciences of the Czech Republic
Plastic deformation of all bcc metals is strongly affected by non-planar cores of
screw dislocations which give rise to non-trivial dependences of the Peierls stress on
both the orientation and character of the applied load. Atomistic simulations made
in the past two decades have been indispensable in unraveling these dependencies
and in developing physically justified yield and flow criteria that predict the onset
of slip in bcc metals for a wide range of temperatures and plastic strain rates. We
have recently started an experimental program to validate these theories using
low-temperature uniaxial tests on millimeter-sized single crystals of all five nonmagnetic bcc metals (V, Nb, Ta, Mo, W). In this presentation, we will summarize
our experimental findings and correlate the slip activity of individual {110}<111>
systems with the predictions made from the Schmid law as well as from the
previously constructed effective yield criteria developed with the help of atomistic
simulations. For each material we considered at least three directions that cover
different orientations within the standard stereographic triangle. Detailed slip trace
analyses have been performed using both electron and scanning probe microscopy.
The lattice rotation was determined using the EBSD analysis of sample orientations
before and after deformation. We demonstrate that the plastic deformation of these
materials is not only different from fcc metals, but that there are also significant
differences between the group VB and VIB metals. The observed slip traces agree
well with the predictions of our yield criterion.

Micro- and Nanoscale Mechanical Testing I
Wednesday AM		
July 18, 2018		

Room: Barbie Tootle
Location: The Ohio Union

Session Chairs: Janelle Wharry, Purdue University; Timothy Rupert,
University of California Irvine
10:30 AM Invited
Assessing Mechanical Properties of Irradiated Materials by Nanomechanical
Testing: Janelle Wharry1; Kayla Yano1; Priyam Patki1; Haozheng Qu1; Yaqiao Wu2;
1
Purdue University; 2Boise State University & Center for Advanced Energy Studies
The objective of this talk is to demonstrate the utility of transmission electron
microscopic (TEM) in situ nanomechanical testing for qualitative and quantitative
assessment of mechanical performance of irradiated materials. Conventional
mechanical testing typically requires large specimen volumes with homogeneous
properties and microstructures throughout that volume. But these geometries
are unfeasible for volume-limited materials such as shallow ion irradiated layers
or radioactive materials. Instead, TEM in situ nanomechanical testing offers a
potentially transformative method to meaningfully evaluate mechanical properties
in a specimen less than a few cubic micrometers in volume. Depth-sensing TEM
in situ mechanical testing also offers the distinct advantage of enabling concurrent
TEM-resolution imaging/video with quantitative mechanical testing, enabling one
to directly link plastic phenomena with quantitative mechanical properties.We
demonstrate in situ TEM mechanical testing on two ion irradiated alloys: a model
Fe-9Cr oxide dispersion strengthened (ODS) alloy and a nanocrystalline Cu-10Ta
alloy. We investigate four test configurations: pillar compression, cantilever bend,
lamella indentation, and four-point bend. Compression and cantilever tests provide
a meaningful approach to measuring yield and flow stress, respectively. In both
configurations, the specimen size effect is a function of the microstructure of the
material, and can sufficiently be overcome by the high number density of defects
produced by irradiation. As such, irradiation enables meaningful quantitative
property measurement by TEM in situ approaches. Lamella indentation tests enable
one to discern relative strengths of microstructural barriers to dislocation plasticity.
Specifically, we show that mobile, irradiation-induced dislocation loops interact
with moving dislocations during plastic deformation. Finally, four-point bend
geometries provide insight into the relative fracture performance of the materials.
11:00 AM
Micro-tension Testing and Micro-scale Strengthening Mechanisms of
Lightweight Alloys: Zhi Liang1; Emre Cinkilic1; Xuejun Huang1; Jiashi Miao1;
Alan Luo1; 1The Ohio State University
Small-dimension mechanical examination is becoming increasingly important,
since micro-scale testing provides quantitative relationship between specific
microstructural features and mechanical behaviors of test materials. In this study,
a micro-tension test was designed for several lightweight alloy systems, including

titanium, aluminum, and high entropy alloys, to obtain tensile properties from
small scale specimens. The micro-tension behaviors of new titanium and high
entropy alloys were investigated to understand the relationship between smallscale microstructure morphology and mechanical properties. The capability of
obtaining location-specific properties from micro-tension test was illustrated in a
cast aluminum alloy. This technique was used to distinguish the contributions of
skin and core regions to the macro-scale strength of aluminum casting produced
in high pressure die casting (HPDC). This investigation presents an ongoing effort
to apply the micro-dimension test to understand the micro-scale strengthening
mechanisms in lightweight alloys.
11:15 AM
Grain-Scale Investigation of the Anisotropic Dependence of Plastic Instability
in AZ91: Henry Ovri1; Erica Lilleodden1; 1Helmholtz Zentrum Geesthacht
It is well known that plastic instability, otherwise known as the Portevin-Le
Chatelier (PLC) effect, is a type of material instability that results in severe strain
localization, reduction in ductility and formation of surface striations during forming
operations. Various aspects of plastic instability, particularly the influence of strain
rate, temperature and precipitation on the phenomenon have been investigated. Such
investigations give insights into the underlying governing mechanisms and provide
the basis for developing mechanistic and numerical models for these mechanisms.
One aspect that is yet to be understood is the influence of anisotropy on plastic
instability. So far, experimental efforts aimed at understanding this influence have
been focussed on the influence of sample orientation and texture. However, direct
measurement of the response of single crystals during uniaxial testing is essential
for accurate characterization of the influence of anisotropy. Yet, such an endeavour
is largely limited by the difficulty of producing single crystals of technical alloys.
Insight into the anisotropic dependence of plastic instability is thus achieved in
this work with a combination of spherical nanoindentation of single grains of Mg
AZ91 and local orientation image analysis of cross sections of the nanoindents. Our
results indicate that the local stresses arising from the underlying mechanisms that
govern plastic instability in this alloy are strongly orientation dependent. In this
talk, we will highlight the origin of the orientation dependence and the influence of
twinning, and discuss the implications for macroscopic deformation.
11:30 AM
Benchmarking Multi-Scale Models with Microtensile Experiments and 3D
Microstructural Characterization of René 88DT: David Eastman1; Paul Shade2;
Michael Uchic2; George Weber1; Akbar Bagri1; Will Lenthe3; Tresa Pollock3; Kevin
Hemker1; 1Johns Hopkins University; 2Air Force Research Lab; 3University of
California, Santa Barbara
Microstructure-dependent multi-scale crystal plasticity models require
microstructural characterization and constitutive properties for calibration, in
addition to experimentally obtained benchmarks at salient length scales. Traditional
methods for validating mechanical response models with bulk experiments miss
microstructural details. A variety of techniques, including wire electrical discharge
machining (EDM), focused ion beam (FIB) and femtosecond laser machining,
have been employed for machining micro-scale samples of polycrystalline René
88DT superalloy across multiple length scales. Corresponding microtensile tests
have been developed and are being used to elucidate microstructure-property
relations. Loading in uniaxial tension yields the full stress-strain behavior and
local strain accumulation on the surface of the sample through the use of digital
image correlation (DIC) of oligocrystalline samples with well-defined boundary
conditions and computationally tractable numbers of grains. In addition, the scale
of these experiments allows for 3D characterization, via serial sectioning and
electron backscatter diffraction (EBSD), of tested samples through collection of
critical microstructural data, including size, shape and orientation of grains and
twins within the tested volume. Experimentally capturing explicit microstructures,
at a scale that is also computationally tractable in crystal plasticity modeling,
and their attendant mechanical behavior provides quantitative metrics for model
development. The effect of sample size has also been studied to determine an
appropriate representative volume element for modeling mesoscale properties of
René 88DT. It was found that average sample strength decreases with size owing
both to reduced constraints in surface grains of a sample and a finite sampling
of grain orientations with a biased distribution of Schmid factor values. These
oligocrystal results both highlight the stochastic nature of plasticity in small
volumes and provide explicit benchmarks for crystal plasticity simulations.
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Strength of Biomedical and Bio-inspired Materials
Wednesday AM		
July 18, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chairs: David Dean, The Ohio State University; Nikolaos
Bouklas, Cornell University
10:30 AM
Modeling of Anisotropic Fracture in Soft Biological Composites: Nikolaos
Bouklas1; 1Cornell University
A framework to model fracture of anisotropic soft biological composites is
proposed. In many soft biological composites, such as cartilage, there exists an
underlying anisotropic microstructure. For example, in cartilage, the distribution of
collagen fiber orientations, contributes significantly in the mechanical response of
these soft composites. Here we focus on the failure mechanisms, and specifically
on fracture for these materials. In some cases the anisotropic microstucture leads to
strongly anisotropic fracture characteristics. Studying fracture in soft composites of
different degrees of anisotropy, one understands some of nature’s design criteria,
which have important implications in modern engineering applications resilient
soft materials are required. Here we extend the phase-field method for strongly
anisotropic fracture to finite deformations and study the fracture behavior of some
bilayer soft composites inspired by the internal structure of cartilage. The effects of
initial defect distributions in the soft tissue are also examined.
10:45 AM
An Optical Trap Method to Measure Scale-Dependent Properties of Soft
Materials: David Gutschick1; Tyler Heisler-Taylor1; David Yeung1; Gunjan
Agarwal1; Heather Powell1; Peter Anderson1; Gregory Lafyatis1; 1The Ohio State
University
We present a method which measures the coupling between optical trap force on
one bead and displacement of other beads embedded in a gel, enabling extraction
of scale-dependent material properties. The force-displacement relationship can be
framed as eight different elastic and viscous coupling modes, allowing extraction
of several material properties from each driver-receiver bead pair. For example,
we have measured trends in Poisson’s ratio and viscoelastic shear modulus versus
bead separation in polyacrylamide and collagen gels. The values we obtained at
bead separations of around 10 micrometers were statistically indistinguishable
from macroscopic data. However, viscous effects became more prominent with
increasing bead separation in both gels, contrary to expectations of convergence
at longer length scales. Measurement of driven bead displacement also allowed us
to directly observe bead-gel interface effects that have been known to bias results
from single-bead microrheological studies. These observations in two widely
used gel systems suggest promising avenues of exploration with high force active
optical trapping.There is complex interplay between cells and the mechanics of
their 3D microenvironment, with major implications for biomedical research.
Optical traps are able to apply localized forces of ~100 piconewtons within a gel,
and therefore are uniquely well-suited for micromechanical characterization of
biomedically relevant soft materials. Despite that, microrheological studies more
frequently use displacements from sub-piconewton thermal forces to characterize
mechanical properties. The characterization of gels with stiffness consistent
with tissue engineering or natural matrices is impeded by the low amplitude of
thermal forces, along with the complication of bead-gel interface effects that can
bias results. High force active trapping enables precise measurement of distant
bead displacement and the material properties underlying that force-displacement
coupling, and is insensitive to bead-gel interface effects. Use of this technique
presents new possibilities, such as accurately and precisely measuring mechanics
as cells remodel a matrix.
11:00 AM
A Magnesium Alloy and Post-Fabrication Techniques Towards Biodegradable
Implants: Hamdy Ibrahim1; Andrew Klarner2; Alan Luo2; David Dean2;
Mohammad Elahinia1; 1The University of Toledo; 2Ohio State University
Mg and its alloys possess intrinsic properties that have recently made them
attractive for various biomedical applications such as skeletal fixation. In addition
to their low density and modulus of elasticity, close to bone, Mg and its alloys are
biodegradable. Such biodegradable nature offers a unique advantage for developing
biomedical devices that are expected to degrade and bioresorb completely in-vivo
after the healing of the body tissue. The relatively low mechanical strength, fast
corrosion rate, and toxicity of some alloying elements remain as the main challenges
hindering the development of such biodegradable devices. We have determined
that a Mg alloy produced using biocompatible alloying elements (Zn, Ca and

Mn) is likely to provide the needed mechanical stability and biodegradation rate
after implementing proper post-fabrication techniques. A Mg-1.2Zn-0.5Ca-0.5Mn
(wt.%) alloy was carefully designed and heat-treated using solution treatment and
age hardening techniques. After the heat treatment process, a composite ceramic
coating was created on the surface of the samples using micro arc oxidation (MAO)
and sol-gel techniques. The coating was composed of biocompatible compounds
including calcium phosphates and titanium dioxide (TiO2). An in-vitro immersion
mechanical integrity test was performed on compression test specimens according
to ASTM E9-09 standard and using an Instron-5569 universal testing machine.
The developed heat treatment process resulted in a significant increase in the
alloy’s mechanical strength. Also, the proposed coating technique successfully
provided the heat-treated alloy samples with the needed protection for 8 weeks
before the start of any strength or mass loss. On the other hand, the untreated alloy
samples lost almost half of their strength after 8 weeks of immersion. The use of
the proposed heat treatment followed by MAO/sol-gel coating may be beneficial
for the fabrication of Mg-based biomedical devices with controlled biodegradation
rates.
11:15 AM
Corrosion of Heat- and MAO-Treated Mg-1.2Zn-0.5Ca-0.5Mn: A Candidate
Alloy for Bioresorbable Skeletal Fixation: David Dean1; Hamdy Ibrahim2;
Andrew Klarner1; Janet Meier1; Alan Luo1; Rigoberto Advincula3; Alicia Bertone1;
Ian Valerio1; Peter Larsen1; Hany Emam1; Roman Skoracki1; Michael Miller1;
Mohammad Elahinia2; 1The Ohio State University; 2University of Toledo; 3Case
Western Reserve University
Standard of care skeletal fixation devices use Ti-6Al-4V (Surgical Grade 5
titanium). In most cases, these devices are left permanently in the body which
can lead to biofilm formation, infection, irritation of adjacent soft tissues, and/or
alteration of the bone’s loading pattern and healing process. Our patent-pending,
alloy Mg-1.2Zn-0.5Ca-0.5Mn is likely to reliably resorb following the healing of a
reconstructed skeletal segment. Our goals are to use: (1) heat treatment to bring about
sufficient fixation strength for healing and (2) Micro Arc Oxidation (MAO) and Sol
Gel coating to delay device corrosion (weakening) for 4-6 months.^1 METHODS:
We heat-treated Mg-1.2Zn-0.5Ca-0.5Mn cylindrical coupons to achieve significant
mechanical strength and MAO-coated them to achieve corrosion resistance. Our
patent-pending, heat treatment method is described in a separate submission to this
conference. Finally, these specimens were placed in simulated body fluid (SBF)
solution for 3, 7, 14, 21, and 28 days (N=3 at each time point) to study degradation.
Sol gel biphasic Hydroxyapatite/Tricalcium phosphate coating was studied for its
effect on tightly binding a thickened ceramic coating. RESULTS: MAO-coated
coupons show pitting and pores, a common observation following MAO coating,
and tight junction with Sol Gel ceramic coatings. Immersion test results found that
the MAO-coated coupons corroded more slowly than heat-treated coupons which
themselves had a lower corrosion rate than the as-cast coupons. DISCUSSION &
CONCLUSIONS: Heat treatment strengthened and reduced corrosion of the Mg
alloy coupons. Ceramic coatings were effective at slowing corrosion. The use of
heat treatment followed by ceramic coating may be beneficial for the fabrication of
Mg-1.2Zn-0.5Ca-0.5Mn skeletal fixation devices with predictable resorption rates.
REFERENCES: ^1 H. Ibrahim, SN Esfahani, B Poorganji, D Dean, M Elahinia
(2017) Resorbable bone fixation alloys, forming, and post-fabrication treatments.
Materials Science and Engineering: C 70:870-88.
11:30 AM
Characterization of Microstructure, Mechanical and Corrosion Properties of
Mg-Zn-Y Based Alloys with Low Fraction of LPSO Phase: Daria Drozdenko1;
Michiaki Yamasaki2; Naoya Kizu3; Shin-ichi Inoue2; Yoshihito Kawamura2;
1
Magnesium Research Center of Kumamoto University and Department of Physics
of Materials of Charles University; 2Magnesium Research Center; 3Kumamoto
University
Mg alloys containing Zn and Y in the range of 1-2 at.% (ZW21 and WZ21) exhibit
high ductility and comparatively high ultimate tensile strength. Therefore, such
materials are considered as promising biological materials. The characterization
of the set of Mg alloys with a variation of Zn/Y content: Mg97.25Y2Zn0.75,
Mg97.44Y1.5Zn0.56, Mg98.2Y1.25Zn0.47, Mg98.62Y1Zn0.38, (in at.%) will
be presented. Investigated materials were fabricated by rapid solidification and
subsequently extruded with an extrusion ratio of R10 at 350 °C. The microstructure
was analyzed by scanning and transmission electron microscopy, including electron
back-scattered diffraction (EBSD). All alloys are characterized by a homogeneous
microstructure with an average grain size of 0.5-1 µm. In alloys, the Y and Zn
forms a long-period stacking ordered (LPSO) phase. However, low content of
alloying element results in low volume fraction of the LPSO phase. In order to
investigate the mechanical properties samples were subjected to tensile loading
along ED at room temperature and at a constant strain rate of 5 x 10-4 s-1. The
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relation between corrosion performance and microstructure of the alloys with a low
amount of LPSO phase has been also clarified.
11:45 AM
Durability and Sustainability of Guayule Natural Rubber Filled with Eggshell
and Precipitated Silica Reinforcing Fillers: Xianjie Ren1; Katrina Cornish1; 1The
ohio state university
Fatigue and aging of rubber products are unavoidable and the main causes
of deterioration of performance and service life. Also, as a thermoset material,
rubber composites are difficult to recycle. Thus, improving their fatigue and aging
resistance is important to protect the environment by extending product life. In
order to develop environmentally- sound and durable rubber products, sustainable
natural rubber and fillers are both necessary. In this research, guayule natural
rubber (GNR) was used as the rubber matrix and compounded with different
fractions of precipitated silica (PS) and micro-eggshell (ES) fillers at 50, 60 and
70 parts per hundred rubber (phr) filler loadings. The energy consumption of
compounding reduced with increasing ES fraction and with reducing filler loading.
The tensile strength and elongation at break increased with increasing ES fraction
in filler. At 50 phr filler loading, fatigue treatment did not significantly affect the
tensile strength of any GNR composites, but did reduce composite tensile strength
when loaded with 60 and 70 phr, perhaps due to the lower mobility of guayule
natural molecules at the higher loadings. The modulus at 300% strain of all GNR
composites was increased by fatigue treatment. The tensile strength of GNRcarbon black composites was the highest in unaged samples, but decreased the most
during oven aging, and all aged composites had similar tensile strength. Oven aging
results will be compared with real time aging. ES-filled GNR composites showed
uniform filler dispersion by SEM analysis, and strong rubber-filler interactions by
swelling tests to determine crosslink density. The ES-filled GNR composites with
excellent fatigue and aging resistance may open new sustainable materials markets,
and support increased production of this alternative natural rubber.

Hael Mughrabi Honorary Symposium: Session III
Wednesday AM		
July 18, 2018		

Room: Cartoon 2
Location: The Ohio Union

Session Chair: Jonathan Cormier, ENSMA - Institut Pprime - UPR CNRS
3346
10:30 AM Invited
New Insights Into Rate Limiting Deformation Processes in Ni-Base
Superalloys: Michael Mills1; 1Ohio State Univ
Polycrystalline Ni-based superalloys are vital materials for disks in the hot
section of aerospace and land-based turbine engines due to their exceptional
microstructural stability and strength at high temperatures. In the drive to increase
operating temperatures and hold times in these engines, hence increasing engine
efficiency and reduction of carbon emissions, creep properties of these alloys
becomes increasingly important. At these higher temperatures, new deformation
modes become active. Twinning and stacking fault shearing are important operative
mechanisms in the 600-800°C temperature range. Advanced characterization
techniques--based on scanning transmission electron microscopy using diffraction
contrast imaging, high resolution imaging, and energy dispersive spectroscopy-have been used to gain new insights into these mechanisms and the rate-limiting
processes during high temperature deformation. Several alloy compositions and
microstructure variants of commercial disk alloys are being explored to enhance
creep behavior models and provide insights that can lead to higher temperature
capabilities in these alloys.
11:00 AM Invited
Rafting and Deformation Mechanisms during Creep of a Single Crystal CoBase Superalloy: Steffen Neumeier1; Nicklas Volz1; Fei Xue1; Christopher Zenk1;
Lisa Freund1; Mathias Göken1; 1Univ of Erlangen Nuernberg
\947/\947’ Co-base superalloys exhibit very similar microstructures compared
to Ni-base superalloys, however the deformation mechanisms and \947/\947’
lattice misfit differ significantly in both classes of superalloys. In this study the
microstructural evolution and the creep deformation mechanisms in the high
temperature regime of a single crystal Co-base superalloy were investigated
to understand the alloy’s creep properties. Neutron diffraction measurements
revealed a large lattice misfit of +0.40% at 1000 °C, which leads to an initially
cuboidal \947’ morphology and a pronounced directional coarsening of the
\947/\947’ microstructure during high temperature creep above 900°C. The creep

curves of the Co-base superalloy show four distinct creep regimes at low applied
stresses including two creep rate minima, which has not been reported in Co-base
superalloys before. Interrupted creep tests were performed to study the different
mechanisms causing this atypical behavior. Initially a/2<110> type dislocations
glide in \947 channels and deposit at the \947/\947’ interface. <112> type partial
dislocations cut occasionally the \947’ phase and create stacking faults. At higher
strains, the vertical \947 channels get closed due to the rafting of the \947’ phase.
The creep rate decreases strongly until the vertical \947 channels were completely
closed and the rafted structure is well established at the global minimum. With
ongoing creep deformation the rafts coarsen continuously and become more
irregular and wavy and the creep rate increases again. The stacking faults start
to form in the early stages of creep, but they appear more frequent beyond the
global minimum at a large accumulated strain. The consecutive shearing by partial
dislocations, the diffusion of alloying elements and segregation to faults lead to the
formation of microtwins as well as to the formation of D019-Co3W phase during
the late stages of creep. These mechanisms may influence the creep behavior as
well which will be also discussed.
11:30 AM
The Effect of Strain Amplitude on Dislocation Microstructure Evolution
and Crack Initiation in Ni and Ni-Based Superalloy Microcrystals: Steven
Lavenstein1; Jaafar El-Awady1; 1Johns Hopkins Univ
Due to the stochastic and unpredictable nature of material failures under cyclic
loading, there has been a heightened demand for a more mechanistic approach to
fatigue studies that incorporates the effects of microstructural features. Here, a novel
experimental methodology is utilized to characterize dislocation microstructure and
crack initation in Ni and Ni-based superalloy microcrystals during cyclic loading.
In this methodology, in situ scanning electron microscopy (SEM) cyclic loading is
imposed on microcrystals using high frequency, uniaxial, fully-reversed tensioncompression loading. The mechanical properties are continuously monitored during
the cyclic loading using dynamic measurements and signal analysis. The tested
microcrystals exhibit size-affected superior fatigue lives as compared to their bulkscale counterparts. The cyclic mechanical response of Ni superalloys is also shown
to vary with the applied strain amplitude. This effect is attributed to dislocation
interactions with ordered precipitates. Furthermore, the dislocation microstructure
in the deformed samples is characterized using post-mortem transmission electron
microscopy (TEM). These dislocation microstructures along with the real-time
SEM observations of crack nucleation and propagation are utilized to propose
physical mechanisms that cause fatigue failure in microcrystals.

John P. Hirth Honorary Symposium: Session III
Wednesday AM		
July 18, 2018		

Room: Cartoon 1
Location: The Ohio Union

Session Chair: Robert Pond, University of Exeter
10:30 AM Invited
Atomic-Scale Structure and Dynamics of Phase Transformation Interfaces: A
Tribute to John P. Hirth: James Howe1; 1University of Virginia
Having researched the atomic structure, dynamics and mechanisms of interface
motion for most of my career, my work has been heavily influenced by the many
contributions of John P. Hirth to this area. In this talk I will present examples
of particular intersections between John’s work and my own, highlighting his
many seminal contributions to the field. Examples will include understanding
the dislocation and step structure of coherent and partly coherent interfaces in
diffusional and martensitic phase transformations, possible defect structures at
incoherent interfaces, the mechanisms and kinetics of motion of such interfaces,
and much more. This research was supported by NSF under Grants DMR-9908855
and 0554792.
11:00 AM Invited
Characterization of Twinning in HCP Materials: Carlos Tome1; Mariyappan
Arul Kumar1; Hareesh Tummala1; Laurent Capolungo1; Yue Liu2; Jian Wang3;
1
Los Alamos National Laboratory; 2Shanghai Jiaotong University; 3University of
Nebraska-Lincoln
The last ten years have seen a renewed interest in twin characterization and
in understanding the role of twinning in plastic deformation and fracture of
polycrystals. New experimental and computational techniques have helped to
enhance such understanding. In this talk we will concentrate on twinning in HCP
materials and emphasize the 3-dimensional character of twin domains. We will
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describe the statistical analysis of twins by means of EBSD, and the correlations
between twins and other microstructural features. We will show results of local stress
fields measured by X-ray diffraction in the vicinity of twins, and the implications of
those measurements in heterogeneous distribution of intragranular stress, and in the
role played by neighboring grains. We will discuss the microscopic characterization
of the lateral (screw) side of {10-12} twins, and the implications on twin mobility.
11:30 AM Invited
Dislocation Density Vectors and Plane Strain Bending of FCC Crystals: Craig
Hartley1; 1Florida Atlantic University
Dislocation density vectors (DDV) describe the density and character of the
monopolar, or Geometrically Necessary Dislocation (GND), populations on active
slip planes of deformed crystals. These vectors are related to the State of Dislocation
(Nye) tensor and Contortion (lattice curvature) tensor for each slip system and,
through them, to the corresponding resultant tensors of the crystal as a whole. The
deformation geometry and crystal orientation further constrain relationships among
the monopolar population on active slip systems.This work develops the analysis
by which measurements of the global lattice curvatures about the specimen axes of
a fcc single crystal deformed in plane strain bending provides information about the
component Nye tensors on active slip systems. Analyses of single crystals deformed
by slip on close-packed planes in plane strain bending about different crystal axes
provide information on the nature and amount of dislocation accumulation required
to accomplish bending. Experimental determination of the lattice rotation about
principal axes of rotation of the global specimen can thus provide information on
the density and character of the resultant dislocation distribution on active slip
planes.

Effects of Grain Boundaries and Interfaces I
Wednesday PM		
July 18, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chairs: Bastian Böhnlein, FAU Erlangen-Nuremberg; Ill Ryu,
University of Texas Dallas
1:15 PM Invited
Grain Boundary Dynamics/Deformation Coupling: David Srolovitz1; Jian Han1;
Spencer Thomas1; Kongtao Chen1; Yang Xiang2; Chaozhen Wei2; Luchan Zhang3;
1
University of Pennsylvania; 2Hong Kong University of Science and Technology;
3
National University of Singapore
There are many empirical relations that describe how grain boundaries (GBs)
affect the mechanical behavior of materials and how they respond to stresses. GBs
may slide, emit/absorb/transmit dislocations, migrate under the action of a load,
migrate when curved, roughen, … All of this depends on grain boundary geometry,
temperature, or how it is driven. The origins of these common phenomenon as well
as their variation with respect to GB crystallography, temperature, and driving may
ultimately be traced to their underlying structure and the mechanisms by which
GBs migrate. I will present a disconnection-based model for most GB dynamics
and compare predictions with atomistic simulation. Emerging from this will be
a theory for the transition from “welded” to “greased” GB behavior. Next, I will
demonstrate that GBs, by necessity, move differently in bicrystals and polycrystals.
This leads naturally to intrinsic coupling between GB dynamics and the deformation
mechanics of polycrystals. In particular, I will discuss how GB migration and
plastic deformation are both competing mechanisms for stress relaxation and yet,
are intimately coupled.
1:45 PM
Anisotropic Mobility of Faceted Grain Boundaries: Timothy Rupert1; 1Univ of
California Irvine
Grain boundary faceting is the lengthening of an interface that reduces the
overall free energy penalty due to the formation of low energy segments. Such
grain boundaries have interesting structures, but can also demonstrate unique
properties such as anti-thermal motion. In this talk, we discuss how the faceting of
S11 Ni grain boundaries leads to an anisotropic mobility under a variety of driving
forces. First, we use the synthetic driving force method to simulate grain boundary
migration in different directions, with the grain boundary plane varied to obtain
different interfacial structures. Next, we study shear-coupled motion of these
boundaries, where stress is the driving force for boundary migration. In general,
we find that grain boundary mobility is strongly influenced by local facet structure,
with order of magnitude changes being found in some cases. Finally, we explore
how grain boundary segregation and features of a polycrystalline grain boundary
network such as triple junctions affect these mobility trends.
2:00 PM
The Influence of Grain Size Distribution and Dislocation Density on the
Mechanical Properties of Interstitial Free Steel: Wei Li1; Jilt Sietsma1;
1
Department of Materials Science and Engineering, Delft University of Technology,
Mekelweg 2, 2628 CD, Delft, The Netherlands.
Knowing the relationship between microstructure features and mechanical
properties is of great significance for the improvement and specific adjustment
of steel properties. The relationship between mean grain size and yield strength
is established by the well-known Hall-Petch equation. But due to the complexity
in grain distribution of the materials, considering only the mean value cannot be
expected to completely represent the mechanical behaviour. In the present study,
systematic heat treatment routes are designed for Interstitial Free (IF) steel to achieve
ferritic microstructures that not only vary in mean grain size, but also in grain size
distribution, which is rarely studied in the literature. Both optical microscopy and
Electron Backscatter Diffraction measurements are adopted to determine the grain
size distribution. Meanwhile, cold rolling is applied on the hot-rolled plate in order
to increase the dislocation density, followed by various annealing heat treatment
to gradually decrease dislocation density. The measurement of dislocation density
is based on the analysis of broadening of XRD peak. In order to develop further
understanding on the relationship, hardness, tensile properties as well as deep
drawing properties are taken into account. The relationship will be analysed based
on the mean grain size, the quantified grain size distribution function, the dislocation
density and the selected properties. In further study, extended microstructure
features, such as dislocation structure, can be analysed.
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2:15 PM
Parallel Versus Perpendicular Interfaces to the Current Flow, and Their Role
on Formation of Kirkendall Voids in Cu/Sn/Cu Sandwich Interconnections,
a DFT Assisted Phase Field Study: Vahid Attari1; Thien Duong1; Raymundo
Arroyave1; 1Texas A&M Univ
Submicron Cu/Sn/Cu interconnection joints are demonstrated to experience
significant vacancy flux through the intermetallic layers under electrmigration
conditions, which manifests itself as rival and cooperative mass fluxes in cathode
and anode intermetallic layers, respectively. This effect is sufficient for generation
of compressive and tensile stress fields in the cathode and anode intermetallic
layers and the subsequent formation of small voids in the cathode side of the
interconnection. We have developed a computational framework encompassing the
thermodynamics (CALPHAD), the kinetics (Phase Field Model) of the reacting
system, coupled with the continuity of charge, and vacancy transport to address
the various aspects of microstructure evolution. The vacancy model is also coupled
with the Density Functional Theory (DFT) to address the vacancy transport in the
intermetallic layers. The Phase field module addresses the independent behavior
of the intermetallic layers during electromigration conditions. The framework
successfully infers the faster growth of the intermetallic layer at the anode and the
shrinkage at the cathode. Considering the crystal structure of the intermetallics,
the equilibrium point defect concentration in the intermetallics and solute site
preferences are also calculated and the vacancy accumulation in the cathode layer
is addressed. We show that the void formation phenomenon is due to the support of
the interfaces/grain boundaries which are parallel to the current flow, and limited
capacity of perpendicular interfaces on annihilation and generation of vacancies in
anode and cathode sides respectively.
2:30 PM Break
2:45 PM
The Potential of High-energy Milling to Produce Ultra-Fine Grained ZnFe2O4Spinel-Reinforced Aluminum and High-Entropy Alloys for Applications at
Elevated Temperatures: Ulrich Krupp1; Michael Harwarth1; Alexander Giertler1;
Hans-Ulrich Benz2; Henning Zoz2; 1University of Applied Sciences Osnabrück;
2
Zoz Group
Most engineering alloys show a substantial deterioration of the mechanical
properties when being applied at elevated temperatures, e.g. in process engineering,
power generation or mobility. This is attributed to creep degradation and the
gradual disappearance of the hardening effects by grain refining and strengthening
precipitates. By introducing small-sized non-metallic dispersoid by mechanical
alloying, coarsening and grain boundary migration can be hindered effectively.
In the present work, aluminum alloys (Al5083) and high-entropy alloys were
mechanically alloyed by high-energy ball milling in combination with non-metallic
zinc ferrite spinel (ZnFe2O4). This prosess leads to a transformation to ultrafinegrained 0.1 to 0.5mm size flakes with nano-sized spinel particles (as shown by
transmission electron microscopy (TEM) and electron back-scatter diffraction
(EBSD)). After hot isostatic pressing (HIP) of the flakes, the materials are hot
extruded and machined to cylindrical tensile, fatigue and creep specimens. It was
shown that the ultrafine-grained materials, with an average grain size of 250nm,
exhibit superior mechanical properties under monotonic and cyclic loading
conditions. As compared to the respective bulk materials, the yield strength was
increase substantially at sufficient ductility (up to 10% elongation at fracture). The
ultrafine grained structure is maintained at elevated temperature due to the presence
of very small ceramic particles that effectively pin the alloy grain boundaries. This
leads to a very promising creep response of the aluminum materials at temperatures
up to 300°C.
3:00 PM
Atomic Structure and Electrical Conduction Property of Dislocations in
Strontium Titanate: Atsutomo Nakamura1; Yuho Furushima1; Eita Tochigi2;
Yuichi Ikuhara2; Tatsuya Yokoi1; Katsuyuki Matsunaga1; 1Nagoya University;
2
University of Tokyo
Dislocations play an essential role not only in mechanical properties but also
in functional properties of crystalline materials. A dislocation has a dangling bond
array at its core, and a localized strain field is induced in the vicinity of the core.
As a result, the core structure of dislocations can affect a variety of properties in
crystalline materials such as electrical properties, optical properties and magnetic
properties. Therefore, it is of interest to clarify the relationship between dislocation
structures and properties. In this study, we fabricated SrTiO3 bicrystals with low
angle grain boundaries, and investigated the relationship between the atomic
structure of the boundary dislocations and their electrical conduction properties.
Observations using atomic resolution electron microscopy revealed that dislocation
structures formed at the low angle grain boundaries depend on the boundary

plane direction and the tilt and twist angles of the boundaries. It is remarkable
that (001)/[100] and (011)/[100] low angle boundaries of SrTiO3 exhibit distinct
electrical conductivities after reduction treatment. The conductivities tend to be
enhanced along dislocation lines at low angle tilt grain boundaries, and therefore
electrical conduction should originate from dislocations themselves. In addition,
the conductivity was more enhanced by adding a slight twist angle with the tilt
angle of boundaries. This unique electrical conductivity is believed to be due to the
characteristic dislocation core structure with a large Burgers vector induced by the
slight twist angle.
3:15 PM
Dislocation Interaction with the Grain Boundary in Bi-crystalline FCC
Micropillars: Ill Ryu1; 1The University Of Texas At Dallas
Nanostructured metals have attracted progressively more attention owing to
their remarkable mechanical properties of high strength, good ductility. Since
grain boundaries tend to play a key role in plastic deformation in nanostructured
metals, extensive studies have been undertaken to understand the role of interface
structure on dislocation plasticity. However, the understanding of the underlying
mechanisms that control the properties of nanostructured metals is still unresolved.
In general, the grain boundaries are believed to obstruct dislocation activity as
a barrier for dislocation motion at the bulk scale. Our atomistic models for bicrystalline nanopillars have shown that dislocations would nucleate at the grain
boundary at lower stress than nucleation stress in single crystalline counterparts,
which could imply that the grain boundary have the potential to be nucleation sites,
which could be a governing mechanism for plastic deformation at submicron scale.
We have performed dislocation dynamics simulation to investigate the size effect in
bi-crystalline FCC micropillars, taking account for the role of the grain boundary as
both a source and a sink. Our simulation results show the smaller size effect in bicrystalline micropillars, showing hardening for larger samples, softening in smaller
samples due to the existence of grain boundary.
3:30 PM
Mechanical Properties of Mg-8Gd-3Y-0.5Zr Alloy with Bimodal Grain Size
Distributions: Li Jin1; Jie Dong1; 1Shanghai Jiao Tong Univ
The Mg-Gd-Y-Zn-Zr alloys are representational and potential age-hardening
systems as reported in the past ten years, but their mechanical properties are still
dependent on the grain size and its distribution. The effect of bimodal structure
on mechanical properties of Mg-8Gd-3Y-0.5Zr alloy with bimodal grain size
distributions was investigated. The results suggested that the volume fraction of
fine grain (FG) and coarse grain (CG) could be controlled by combined processes
of hot forging, extrusion and annealing. And for the present alloys with bimodal
grain size distribution, the improvement of strength is still attributed to the grain
refinement. The morphology of bimodal grain size distribution has a marked
impact on the ductility of the alloy, i.e. with the increase of coarse grain volume
fraction, the elongation to failure increases at the beginning and then decreases. The
mechanism of the toughening effect of bimodal grain size distribution on the MgGd-Y-Zn-Zr alloys with bimodal grain size structure has been discussed.
3:45 PM
Influence of Alloy Composition, Extrusion Parameters and Heat Treatment on
Strength and Corrosion Resistance of Extruded 6xxx Series Al-Alloys: Bastian
Böhnlein1; Heinz Werner Höppel1; Mathias Göken1; 1FAU Erlangen-Nuremberg
Currently Al-alloys of the 6xxx series are widely used for chassis components
in automotive engineering. To produce these components, generally the extrusion
process is one of the most economical ways. Nevertheless, only a small amount of
extruded components can be found that are actually used for safety components in
automotive industry, which can be related to their high sensitivity to intercrystalline
corrosion due to inadequate production parameters. Type, size and distribution of
grain boundary precipitates with different electrochemical potentials than the Almatrix are assumed to govern this phenomenon. To investigate the influence of
chemical composition, extrusion parameters and subsequent heat treatment on
strength and corrosion susceptibility of these Al-alloys, extrusion profiles with
different production parameters and chemical compositions were fabricated.
Specifically, six compositions within the standard of the alloy EN AW-6082, two
billet heating temperatures, two ram speeds, two cooling rates and several subsequent
heat treatments were used. The sensitivity to intercrystalline corrosion was
evaluated by using a standard corrosion test for 6xxx series Al-alloys. Significantly
different corrosion depths are observed depending on the composition, cooling rate
and subsequent heat treatment. The processing parameters seem to mainly affect
the frequency of the observed corrosion attacks. Hardness measurements show that
a higher cooling rate after the extrusion process increases the strength significantly.
Billet heating temperature, ram speed, alloy composition and post-extrusion heat
treatments strongly influence the strength of the material if the extruded profiles are
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water-cooled. In parallel, the corrosion resistance is also affected by these issues.
It appears that strength and intercrystalline corrosion susceptibility are directly
correlated. The corresponding corrosion mechanisms are also discussed in this
paper.

Elementary Deformation Mechanisms III
Wednesday PM		
July 18, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chairs: Mikhail Lebyodkin, CNRS; Karl-Heinz Lang, Karlsruhe
Institute of Technology (KIT)
1:15 PM
Theory of Strengthening in BCC High Entropy Alloys: W Curtin1; F. Maresca1;
1
EPFL
The refractory BCC High Entropy Alloys (HEAs) in the class of Mo-Nb-Ta-V-W
are very strong (1-1.5 GPa) at room temperature and have exceptional retained
strengths of 400-500 MPa at 1600C. The mechanistic origin of these outstanding
properties is not yet understood, in spite of extensive experimental studies of these
and related alloys. Here, we present a parameter-free theory for the strength versus
temperature in this class of BCC HEAs. Excellent agreement with results from
direct large-scale atomistic simulations at T=0K is achieved for a range of alloys.
Moreover, very good agreement with experiments is achieved for the same alloys
at T=300C, and for the two alloys MoNbTaW and MoNbTaVW that have been
studied up T=1600C. The fundamental origins of the high retained strength are
explained. The theory then enables computationally-guided design of new alloy
compositions aiming for the highest retained strengths and strength-to-weight
ratios in this family of alloys, and several compositions are proposed.
1:30 PM
Effect of Elemental Combination on Friction Stress and Hall-Petch
Relationship in Face-Centered Cubic High / Medium Entropy Alloys: Shuhei
Yoshida1; Takuto Ikeuchi1; Tilak Bhattacharjee2; Yu Bai2; Akinobu Shibata2;
Nobuhiro Tsuji2; 1Kyoto Univ; 2Kyoto Univ / ESISM
In this study, we report the effect of the elemental combination on the friction
stress and Hall-Petch relationship in medium entropy alloys (MEAs) and high
entropy alloys (HEAs) which are defined as the alloys composed of less than four
and more than five principal elements, respectively, with equi-atomic or near-equiatomic concentrations. The MEAs, which are the subsystems of CoCrFeMnNi
HEA (CoCrFeNi, CoCrNi, etc.), were processed to very high strains by highpressure torsion (HPT) and subsequently annealed at different temperatures.
X-ray diffraction and scanning electron microscope equipped with a backscattered
electron detector were employed to characterize the microstructure of the materials.
The specimens with fully-recrystallized microstructures and FCC single phase
with various mean grain sizes down to sub-micrometer sizes were obtained.
Subsequently, tensile tests were performed at room temperature at a quasi-static
strain rate of 8.3 × 10-4 s-1 to obtain the Hall-Petch relationships and friction stress
of the MEAs precisely. Modified Labusch model, so-called mean field Labusch
model, for solution hardening was employed for screening to find an MEA with
high strength, and Co20(CrNi)80 was successfully predicted as the alloy with the
highest friction stress among the MEAs. The experimental values of friction stress
of the MEAs were found to fit with mean field Labusch model very well, indicating
that the strength of the alloys was closely related to entirely distorted crystal lattice
acting as high-density obstacles for dislocation motion. Also, the average lattice
distortion in the MEAs and HEAs was found to be the same as those in dilute alloys
whereas the severe lattice distortion state in HEAs has been believed as a reason for
the higher strength compared to dilute systems. Finally, a strengthening mechanism
by atomic rearrangement was introduced as an additional mechanism enhancing the
strengthening effect by lattice distortion in FCC HEAs and MEAs.
1:45 PM
Crossover in the Power-Law Statistics of Acoustic Emission during Jerky Flow:
Tatiana Lebedkina1; Mikhail Lebyodkin2; Youcef Bougherira3; Denis Entemeyer1;
Ivan Shashkov4; 1Université de Lorraine; 2CNRS; 3Université de Sétif1; 4Institute
of Solid State Physics RAS
Plastic deformation is an essentially self-organized process in the system of
dislocations, demonstrating various features encountered in complex systems. The
overall character of this statement is particularly clear in the studies of the statistics
of acoustic emission (AE) during plastic flow. The distributions obtained for various
materials demonstrate a ubiquitous scale-free nature and, therefore, qualify the
dynamics of dislocations as an intrinsically avalanche-like process. In most cases,

this avalanche dynamics is levelled off on the macroscopic scale of deformation
curves that are usually smooth. Jerky flow in alloys, or the Portevin-Le Chatelier
effect, is a striking example of self-organization of dislocations manifested even
on the macroscopic scale. Recent studies revealed power-law statistics of AE in
this case, too, thus justifying that the avalanche concept can also be applied to
jerky flow. However, the stress serrations themselves display various kinds of
statistics, from a power law in fast tests to peaked distributions at low enough
strain rates, the latter revealing a characteristic macroscopic scale. It was suggested
that synchronization of dislocation avalanches controls the transition between the
two scale ranges in the case of jerky flow and can explain the formation of highamplitude stress serrations. In the present work, the synchronization mechanism is
studied using statistical analysis of different subsets of acoustic events generated
during deformation of an Al-3%Mg. It is found that the statistics of AE events
detected during intervals of smooth and jerky flow generally coincide. This result
bears evidence to a similar nature of the elementary avalanches corresponding to
both regimes. A crossover in the power-law exponents is detected for the largest
of the AE events occurring during deep stress drops characteristic of low strain
rates. It is ascribed to a transition from chaining to superposition of dislocation
avalanches.
2:00 PM
Meso-Scale Modelling of the Anisotropic Slip Behaviors in a Reduced
Activation Ferrite/Martensite (RAFM) Steel: Haiting Liu1; Jiawei Ma1; Ao
Tang1; Yao Shen1; 1Shanghai Jiao Tong Univ
Reduced Activation Ferrite/Martensite (RAFM) steel is a candidate for structural
materials for fusion reactors, which features complex microstructures of tempered
lath martensite. Recent researches indicate that lath martensite steels experience
anisotropic slip behaviors during plastic deformation, e.g. the slip resistance
is lower along the slip directions in habit plane rather than other slip directions.
Such mechanics can consequently lead to unusual fracture and fatigue behaviors in
lath martensite steels, in contrast to those lath-free ferrite steels. In this study, we
propose a modified model in crystal plasticity framework to depict the anisotropic
slip mechanics during uniaxial tensile test in RAFM steel, and quantitatively
estimate such anisotropy by comparing simulation with experiment. The model
directly represents the meso-scale geometry of martensite blocks using EBSD
data, with the prior austenite grains reconstructed to determine the habit plane in
each block. In addition to the stress-strain curve, strain distribution tracked by insitu digital image correlation (DIC) is used as the fitting targets, because the fitted
parameters in crystal plasticity are not unique via the tensile curve only. Simulations
using the modified model show much better prediction for strain distribution than
using traditional isotropic-slip model, and estimate that the strength of in-plane
slip systems about 20% less than those of out-of-plane slip systems. The improved
predicting capability is expected to be helpful for future study of other mechanical
properties such as fracture and fatigue behaviors in RAFM steels.
2:15 PM
Role of Mesoscopic-Scale Self-Organization of Dislocations in Macroscopic
Characteristics of Jerky Flow: Mikhail Lebyodkin1; Nikolay Kobelev2; Tatiana
Lebedkina3; 1CNRS; 2Institute of Solid State Physics RAS; 3Université de Lorraine
One of the long-standing challenges for models of jerky flow in alloys, or
the Portevin-Le Chatelier (PLC) effect, concerns the prediction of the critical
strain for its onset. In early models, analysis of dynamical strain ageing (DSA) of
dislocations by solute atoms, the generally accepted mechanism of the PLC effect,
allowed for interpretation of “normal behavior” observed in the high strain-rate
limit as an ascending dependence of the critical strain on the applied strain rate.
The inverse relationship in the opposite limit required consideration of additional
mechanisms. Recently, such non-monotonic behavior was explained in the unique
DSA framework assuming physically sound strain dependences of the model
parameters. However, quantitative predictions remain very approximate despite
numerous model refinements. This difficulty puts on a question of collective
dislocations behavior that may control the transition between the microscopic
scale of a dislocation interacting with solutes and the macroscopic scale of a stress
serration requiring motion of hundreds of thousands of dislocations. The importance
of this question follows, e.g., from the observation of stress drop durations that may
be orders of magnitude shorter (at least, at low strain rates) than the characteristic
time describing stress relaxation kinetics in the DSA models. The present work
aims at experimental investigations of these problems. Strain dependences of DSA
parameters are determined from transient stress kinetics upon series of jumps in
the applied strain rate and are used to refine the comparison of theoretical and
experimental values of the critical strain. Acoustic emission technique is applied
to investigate collective dislocation behavior. It is shown that abrupt stress drops
observed in low strain-rate conditions are caused by clustering of acoustic events
which obey scale-free statistical distributions revealing avalanche-like character of
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dislocation dynamics. The possible effects of dislocation self-organization on the
critical strain are discussed.
2:30 PM Break
2:45 PM
Stirred Not Shaken: A Dislocation-Obstacle Analysis of a Friction Welded
Microstructure in an Age-Hardenable Aluminum Alloy: Olga Gopkalo1; Brad
Diak1; Adrian Gerlich2; 1Queen’s Univ; 2University of Waterloo
Friction stir welding (FSW) is a solid state joining process in which a
rotating tool is used to fold material about itself under severe plastic deformation
conditions. Heat is generated in the process by friction and deformation that affects
the ongoing plasticity and developing microstructures. Grain refinement is one of
the characteristic processes occurring in the stir zone of FSW processed materials,
but while reduced grain size can increase strength there are contrary reports of
whether the refined microstructure from this process can improve ductility. Slipbased deformation processes depend on the dislocation-obstacle interactions that
characterize the microstructure with engineering alloys containing a range of solid
solution and precipitate features that can be described respectively as thermal to
athermal obstacles relative to dislocations. The present work attempts to quantify
for the first time the state of the solid solution, clusters and precipitates in the
friction stir zone microstructure of the well-known, age-hardenable aluminum
alloy 7075. Mechanical characterization of the work hardening, precise strain rate
sensitivity, and ductility was done by tensile testing of the stir zone after processing
and comparing to the two extreme strengthening conditions in the 7075 agehardening cycle, fully solutionized and T6. Continuous and interrupted strain rate
change tensile tests were performed between 78 and 295K to obtain the necessary
data. The friction stir processed materials shows a significant reduction in yield
strength, increase in work hardening ability, and decrease in strain rate sensitivity
over the T6 material. Analysis of the obstacles controlling work hardening and
strain rate sensitivity of the friction stir processed material suggests the dissolution
of the eta’ phase and replacement with solid solution and G.P. zones describes the
microstructure. This knowledge is important in optimizing the age-hardening
response of the joint after FSW by subsequent heat treatment.
3:00 PM
Anisotropy of Static Strain Aging in a Fine-Grained Linepipe Steel: Qingquan
Lai1; Chad Sinclair2; Warren Poole2; 1Nanjing University of Science and
Technology; 2The University of British Columbia
The UOE process to produce linepipes involves a complex set of thermomechanical steps, including plastic deformation by bending, expansion and
crimping as well as thermal processing by welding and coating. A consequence
of these combined processing steps is static strain aging (SSA) following complex
deformation history. SSA is directional in nature, being affected by the distribution
of internal stresses that is characteristic of microstructure and the pre-straining step.
Following SSA, if the material is re-tested in the same sense as in pre-straining,
yield strength is increased with the appearance of yield-point phenomena. While
re-tested in the opposite direction, the material exhibits no yield point, but presents
a gradual elasto-plastic transition. The anisotropy of SSA response is important
for predicting the in-service behaviour of UOE linepipes that strain age in service.
In this study, experiments were conducted to evaluate the effect of SSA on the
yield strength asymmetry in torsion/torsion and torsion/reverse-torsion tests on
a fine-grained ferritic linepipe steel, using cylindrical hollow-tube specimens. A
physically-based Elasto-Plastic Self-Consistent model was developed to analyze
the monotonic and strain reversal responses, taking into account of the effect of
grain-size distribution of the fine-grained ferrite. The model was shown being able
to simulate the monotonic response and accurately predict the Bauschinger effect,
indicating a proper description of the distribution of internal stresses. An asymmetry
in magnitude of yield strengths during SSA was observed. While the evolution of
yield strength can be described phenomenologically by classic segregation kinetics,
the observed anisotropy of SSA call into question of directly using the CottrellBilby model. It is found that a normalization of the yield strengths resulted in an
overlapping of the SSA kinetics in both directions, which was discussed based on
the interpretation of yield strength along different strain paths.
3:15 PM
Room Temperature Stress Relaxation of a Quenchend and Tempered Steel:
Karl-Heinz Lang1; 1Karlsruhe Institute of Technology (KIT)
For decades, it has been known that metallic materials can exhibit creep or
relaxation effects even at very low homologue temperatures like room temperature.
For the vast majority of technical applications this is not relevant because the
effects are very small for typical construction materials and application-relevant
loadings and therefore not relevant for the failure of components. However, in
particular relaxation effects become important when e.g. a residual stress state or

the distortion state arising from local plastifications should be calculated. Such a
situations is given e.g. at shot peening or jigging of components. To investigate
the room temperature relaxation behavior specimen made of 42CrMo4 (AISI/
SAE 4140) in a quenched and tempered state were deformed up to different total
strains with different strain rates. Then the respective total strain was kept constant
for a hold time up to one hour. The stress relaxation occurring in the hold time
was recorded and analyzed. It turns out that even with small plastic deformations
significant relaxation effects occur. Regarding the relaxation rate a distinction must
be made between short-term and long-term behavior. Typically, long-term behavior
is observed for times over 30 seconds after the onset of the hold time. In this phase
stress relaxation can be described with an exponential approach. It suggests that
the long-term stress relaxation largely depends on the stress at the beginning of the
hold time. Depending on the strain rate which was used to settle the starting stress,
a more or less pronounced short-time relaxation is observed which in which the
stresses relax faster compared to the long-term behavior. This short-term relaxation
seems to depend essentially on the plastic strain rate which appears during settling
the starting stress. In the submitted article the measurements and analyzes are
presented and the physical reasons for the different relaxation behavior discussed.
3:30 PM Cancelled
An In-situ Study of Dynamic Strain Ageing in Iron and Iron Alloys: Daniel
Caillard1; 1CNRS
3:45 PM
High Temperature Mechanical Properties of Q390 Steel: YongTao Zhao1;
Zhihua Tian1; Junhui Dong2; Yonglin Ma1; 1Material and Metallurgy School,
Inner Mongolia University of Science and Technology; 2Materials Science and
Engineering school, Inner Mongolia University of Technology
Q390 steel have been received a great deal of attention in the last decade owing
to their excellent comprehensive properties of mechanical strength and corrosion
resistance. In this paper, a study in high temperature mechanical properties of Q390
steel is provided. By thermal simulation method, the high temperature tensile tests
of Q390 steel were carried out. The temperature-dependent stress-strain curves
were characterized in order to obtain the yield strength (s0.2), ultimate tensile
strength and area reduction. The as-received micro-structure of Q390 steel were
investigated in detail. The results showed that as-received micro-structure of Q390
steel was tempered troostite and that the dynamic recrystallization happened at
900 and beyond. Yield strength and ultimate tensile strength decreased with the
temperature increasing, and the minimum values of 17.213MPa, 22.54MPa were
received at 1300 , respectively. Q390 steel exhibited good thermal-ductility at
about 1000 , the area reduction was 77%, the elongation was about 26%. These
results can provide the guidelines for Q390 steel production craft.

Mechanistic Foundations for Multiscale Modeling
Wednesday PM		
July 18, 2018		

Room: Traditions
Location: The Ohio Union

Session Chairs: Dierk Raabe, Max-Planck-Institut; Peter Gumbsch,
Fraunhofer IWM
1:15 PM
DAMASK: The Düsseldorf Advanced Material Simulation Kit for Studying
Multi-Physics Crystal Plasticity Phenomena: Franz Roters1; Martin Diehl1; Su
Leen Wong1; Pratheek Shanthraj1; Dierk Raabe1; 1Max-Planck-Institut
Here we present DAMASK as a unified multi-physics crystal plasticity simulation
package. The solution of continuum mechanical boundary value problems requires
a constitutive response that connects deformation and stress at each material point.
This problem is solved in DAMASK on the basis of crystal plasticity using a
variety of constitutive laws and homogenization approaches. However, a purely
mechanics-based approach is no longer sufficient to study current advanced high
strength materials. In these materials deformation is strongly coupled with phase
transformation, significant sample heating, and damage evolution. Therefore,
DAMASK has recently been extended to treat multi-physics problems. Following
a modular approach additional field equations are solved in a fully coupled way
using a staggered approach. We discuss the implementation and demonstrate the
features of DAMASK on a number of case studies pertaining to the fields of TRIP,
TWIP and dual phase steels.
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1:30 PM Invited
AFOSR Requirements for Modeling and Assessing Multi-length Scale
Deformation Mechanisms across Diverse Material Interfaces: Jaimie Tiley1;
William Musinski2; Todd Turner2; Craig Przybyla2; 1Air Force Office of Scientific
Research; 2Air Force Research Laboratory
This presentation focuses on the discussion of current Air Force Office of
Scientific Research interests and requirements for verifying and validating
deformation mechanisms within composite and metallic materials.
This
includes the development of verification and validation methods for assessing
crack initiation and propagation across fiber matrix interfaces, grain boundaries,
and particle –matrix interfaces. Multi-length scale and scale-up issues will be
presented, along with concepts for capturing atomistic and mesoscale parameters
for integration into continuum level behavior models. Specific model results will
be presented. In addition, technical focus areas within the main research portfolios
addressing structural materials issues will be presented with emphasis on future
program directions. Research examples from both academic and government
laboratory organizations will be presented along with guidance on contacting Air
Force research contacts.
2:00 PM
A Micromechanical Modeling Scheme to Parameterize a Loading-PathDependent Hardening Model for DC06 Steel: Napat Vajragupta1; Srinivas
Kamath1; Till Clausmeyer2; Alexander Hartmaier1; 1Interdisciplinary Centre for
Advanced Materials Simulation/ Ruhr-Universität Bochum; 2Institute of Forming
Technology and Lightweight Construction (IUL)/ TU Dortmund University
Computer-based simulations are accepted as tools to enhance metal forming
processes. In this context, the material modeling becomes crucial, because it must
be able to reflect the mechanical behavior of a material. A recent material model is
adapted to consider hardening after loading-path-changes. The macroscopic model is
capable to account for such phenomena as the Bauschinger effect and cross hardening,
which affect metal forming processes. Conceptually such behavior is obtained by
changes in the yield surface resulting in isotropic, kinematic and cross hardening.
Despite a successful implementation of this loading-path dependent hardening
model along with the experimental guidelines to determine material parameters,
the relationship between such macroscopic model and important microstructural
features is not directly formulated. Such constraint is a great obstacle for material
development and microstructure design, because microstructural morphology
governs the deformation mechanism of materials. Hence, the micromechanical
modeling approach that considers important microstructural features could become
an effective solution to this missing link. This study proposes a micromechanical
modeling scheme to parameterize a loading-path-dependent hardening model for
DC06 steel sheet. First, a microstructure model of DC06 steel is generated using an
advanced dynamic microstructure generator (ADMG), which combines a particle
simulation method with radical Voronoi tessellation to construct proper grain size
and orientation distributions. Finite element simulations assuming the non-local
crystal plasticity model for the individual grains of the microstructure are then
conducted for various loading conditions including shear and reverse shear. In these
simulations, crystal plasticity parameters are adapted to match the experiments.
Afterwards, tension-shear condition is applied to the parameterized microstructure
model whereas the homogenized model response serves as input for determining
macroscopic material parameters. The parameterized model is validated for
different tension-shear loading paths. Finally, the influence of microstructural
features on deformation under tension-compression test is also studied.
2:15 PM
Optimization and Parametrization of Crystal Plasticity Model Using Efficient
Data-Driven Material Tools: Mengfei Yuan1; Stephen Niezgoda1; 1The Ohio State
University
Reliability assessment that is sensitive to all sources of uncertainty is necessary
for contemporary manufacturing and design frameworks such as Integrated
Computational Materials Engineering (ICME). A key factor to enhance product
performance at the component scale is to strengthen the management of material
variability at lower, microstructural and mesoscopic, length scales. Uncertainty
Quantification (UQ) can significantly help to manage and characterize the aleatory
and epistemic uncertainties in many physical systems. To statistically quantify
material uncertainties and impel the deployment of innovative materials in
engineering fields, the development of a robust data-driven tool is central to ICME.
To facilitate data mining of “processing-microstructure-properties” relationships,
this work uses machine learning algorithms to establish a “fast-acting reducedorder crystal plasticity model” for polycrystalline materials. The microstructural
features of material are parametrized by a dimension reduction technique, Principal
Component Analysis (PCA), which is mathematically linked to crystal plasticity
behaviors under different initial and boundary conditions. The computational

relationship between material microstructures and reduced-order crystal plasticity
model is validated and verified by sufficient computational data computed using
VPSC (Visco-plastic Self-consistent) modeling. Mechanical properties and
behaviors can be predicted through microstructure informatics and experimental
data, concurrently, the optimal crystal plastic model can be calibrated using the
proposed tool at the preliminary design stage.
2:30 PM
Modeling of Precipitation Microstructure and Yield Strength
of Mg-Al-Sn based Magnesium Alloys
: Jiashi Miao1; Chuan Zhang2; Weihua Sun1; Andrew Klarner1; Fan Zhang2; Alan
Luo1; 1The Ohio State University; 2CompuTherm LLC
Mg-Al-Sn based alloys, with better combinations of strength and ductility as
compared with conventional AZ (Mg-Al-Zn) or AM (Mg-Al-Mn) alloys, promise
lightweight applications in the transportation industries. Precipitation strengthening
plays a critical role in controlling the yield strength of Mg-Al-Sn based alloys.
In this work, concurrent precipitation of Mg17A12 and Mg2Sn phases in Mg-AlSn alloys were simulated using a Kampmann–Wagner numerical (KWN) model
coupled with a newly developed Mg mobility database and thermodynamic
database. The evolution of key microstructure features including volume fraction,
number density, and precipitate sizes at different aging temperatures and aging
times were predicted. The simulation results were verified by experimental results
obtained from quantitative microstructure characterization using transmission
electron microscopy. The yield strength of Mg-Al-Sn based alloys after different
heat treatments was simulated using a strengthening model including precipitation.
The precipitation and yield strength models developed in this study can greatly
accelerate the optimization of Mg-Al-Sn based alloys and their heat treatment for
industrial applications.
2:45 PM
Predicting Thermodynamic Forces from Atomistic Simulations: Mulaine Shih1;
Michael Mills1; Maryam Ghazisaeidi1; Peter Anderson1; 1Ohio State Univ
Movements of dislocations in crystals alter the macroscale mechanical properties
of materials. Knowledge of the thermodynamic forces on dislocations is essential in
predicting the evolution of plasticity and interpretation of atomic-scale images of
the microstructure. This study proposes an atomistic J-integral approach to obtain
the thermodynamic force at the atomic-scale. Apart from introducing our proposed
method, this study will also validate our atomistic J-integral by comparison with
the theoretical continuum J-integral concept. Our method is tested by applying
the proposed J-integral formalism to atomistic simulations of an edge dislocation.
Atomistic modeling gives the core structure of the dislocation and its response to
external loads. This study then compute the thermodynamic force on the dislocation,
using the atomic positions and forces and compare directly with simulations. In
addition, calculation of the J-integral from high resolution transmission electron
microscopy (TEM) results, will be discussed. This capability is an important
step towards quantitative interpretation of TEM images and reduces the error in
experimental measurements of defect properties.
3:00 PM Break

Micro- and Nanoscale Mechanical Testing II
Wednesday PM		
July 18, 2018		

Room: Barbie Tootle
Location: The Ohio Union

Session Chair: Daniel Gianola, UCSB
1:15 PM Invited
Rejuvenation of Nanocrystalline Metals using Femtosecond Laser Treatments:
Glenn Balbus1; McLean Echlin1; Charlette Grigorian2; Tim Rupert2; Tresa Pollock1;
Daniel Gianola1; 1UCSB; 2UC Irvine
Nanocrystalline metals are considered to be far-from-equilibrium materials owing
to the large fraction of atoms residing near grain boundaries that are disordered
relative to the crystalline grains. These materials share many commonalities
with fully disordered materials such as metallic glasses, both in terms of plastic
deformation and their dependence on processing history. For instance, relaxation
processes in nanocrystalline materials facilitate reconfigurations of grain boundaries
and confer lower interface energies. However, processes that raise the energy of a
nanocrystalline metal have not been observed, limiting the tunability of properties
and the prospect for suppressing shear localization. Here, we use femtosecond laser
processing to generate complex stress states due to its non-equilibrium nature of
energy deposition. Experiments on nanocrystalline Al-O and Cu-Zr alloys indicate
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that sub-ablation femtosecond laser pulses cause a dramatic reduction in hardness
accompanied by negligible changes in grain size, which can be ascribed to grain
boundary-mediated processes.
1:45 PM Invited
Anneal Hardening and High Temperature Strain Rate Sensitivity of
Nanostructured Metals and Their Relation to Intergranular Dislocation
Accommodation: Oliver Renk1; Verena Maier-Kiener2; Daniel Kiener3; Reinhard
Pippan1; 1Erich Schmid Institute of Materials Science, Austrian Academy of
Sciences; 2Montanuniversität Leoben, Department Physical Metallurgy and
Materials testing; 3Montanuniversität Leoben, Department Materials Physics
Nanocrystalline materials show various properties or phenomena not appearing
in the conventional grain size regime including enhanced strain rate sensitivity or
strength increase during recovery annealing. These peculiarities are associated
with the enhanced confinement of plasticity and accordingly the interaction of
dislocations with the numerous grain boundaries, the boundary state as well as
its local chemistry. Due to the various influencing factors, determination of the
dominant and rate controlling processes remains challenging. Here we present
a micromechanical study on selected nanostructured fcc materials in which
dislocation-grain boundary interactions have been studied earlier in their coarse
grained counterparts. High temperature nanoindentation experiments with implied
strain-rate changes from room temperature up to 0.5 Tm revealed for all materials
a pronounced increase of the strain rate sensitivity above a certain test temperature,
peaking at temperatures before significant grain growth occurs. Static annealing of
samples close to these peak temperatures, leads for samples with sufficiently small
grain sizes to a maximum hardness increase. Interestingly, despite the significantly
smaller grain size, these temperatures perfectly agree with those obtained earlier for
annihilation of lattice dislocations at grain boundaries in coarser grained samples.
This indicates that at elevated temperatures the rate controlling mechanism leading
to enhanced rate sensitivities is the thermally activated annihilation of lattice
dislocations. Measurements of activation energies being close to expected values
for grain boundary diffusion further support these results.
2:15 PM
Constrained Plastic Deformation in a Sub-Micron Sized Crystalline-Glass
Bilayer Leads to the Formation of Geometrically Necessary Stacking
Faults: Lakshmi Narayan Ramasubramanian1; Lin Tian2; Ming Dao3; Upadrasta
Ramamurty4; Zhiwei Shan2; Jimmy Hsia1; 1Carnegie Mellon University; 2Xi’an
Jiaotong University; 3Massachusetts Institute of Technology; 4Indian Institute of
Science
Although the yield strength and elastic strain limit of submicron sized single
crystals approach the theoretical limit, they exhibit minimal ductility compared
to their bulk counterparts. Under tensile loading, dislocations in smaller volumes
interact minimally with each other as they glide on remote and parallel slip planes
before exiting the sample surfaces. This diminishes their strain hardening ability
and instead promotes strain localization along a shear offset. Enhancing the ductility
of submicron sized single crystals is therefore a topic of significant technological
and scientific interest. In this work, we used focused ion beam (FIB) to fabricate
a unique submicron sized crystalline-glass bilayer configuration from a Zr based
bulk metallic glass composite. The bilayer is loaded in tension inside a transmission
electron microscope (TEM). We observed that the combination of a very soft bcc
crystalline phase, bonded with a very thin layer of an amorphous phase, can sustain
strains of up to 12.5%. In contrast, both the individual phases fail at a strain of
~4.5%. While dislocation slip initiates in the crystal at a stress concentration,
on the (110) plane, at larger strains, geometrically necessary stacking faults are
formed on the complementary (112) plane. Utilizing numerical simulations, we
critically analyze the stress fields associated with the observed defects and assess
the influence of individual components on the deformation response. The utility of
this design strategy is further discussed in terms of creating failure resistant single
crystals.
2:30 PM Break
2:45 PM
Impact Testing and High Strain Rate Sensitivity Measurements with a
Nanoindenter: Kurt Johanns1; P. Sudharshan Phani2; Kermit Parks1; Warren
Oliver1; 1Nanomechanics Inc; 2ARCI
In this work, we report the results from high strain rate impact tests on
various materials using nanoindentation technology. A detailed description of the
equipment and experiment is provided, including: (1) Dynamics of a single degreeof-freedom system; (2) Time constants on the load and displacement signals and
their relationship to impact testing; (3) Calculations of displacement, velocity, and
acceleration for a step force; and (4) Calculation of the impact loads using the
stiffness, damping, and mass of the indenter. A diamond Berkovich indenter was

used in the experiments and hardness, indentation strain rate, and the resulting
strain rate sensitivity are reported for single crystal calcium fluoride, fused silica,
polycarbonate, steel, and high-purity iron. Indentation strain rates on the order
of 1x104 s-1 were observed during the experiments. The results of the impact
testing reiterate the importance of careful characterization and understanding of
the dynamic behavior of the instrument. Furthermore, it was found that the data
acquisition rate must be sufficient to record enough data for the analysis as the
typical time for the initial loading impact was on the order of 100 microseconds.
Further details of the impact test are provided including just prior and just after the
initial loading. The strain rates and strain rate sensitivity results are compared to
existing uniaxial data and the advantages of using a nanoindenters to characterize
the impact resistance of materials are highlighted. Lastly, limitations of the
experiment, e.g., load frame resonance or calculation of unloading stiffness, and
future improvements are discussed.
3:00 PM
Multi Length-scale Characterization of Ferroelastic Deformation in Ceramic
Materials: Charles Smith1; Jessica Krogstad2; 1Univ of Illinois
UrbanaChampaign; 2Univ of Illinois Urbana-Champaign
Ferroelastic deformation allows for intrinsic toughening of a variety of
electroceramic and structural ceramic materials through the nucleation and motion
of ferroelastic domains. The nucleation of multiple ferroelastic domains manifests
as twinning within the ceramic microstructure. Such twinning may toughen the
material without sacrificing the microstructural and phase homogeneity of the
ceramic. In this study, the mechanism of domain nucleation in tetragonal zirconia
has been examined. Mechanical tests have been performed on a range of length
scales. In situ transmission electron microscopy (TEM) deformation has been used
to observe domain nucleation in single crystals while both Hertzian and Vickers
indentation are used to deform bulk polycrystals. Due to the high mechanical
anisotropy of ferroelastic crystals, careful tracking of grain orientations has
been done using electron backscatter diffraction (EBSD). Using these methods,
multiple domain nucleation has been observed to require high local shear stress in
single crystals. Furthermore, domain nucleation in polycrystals has been found to
depend on the loading state and the method of indentation used. These results have
implications for designing microstructures to utilize ferroelastic toughening.
3:15 PM
Developing High-Strength, Compliant Polymer Nanocomposites by
Infiltration of Inorganic Reinforcing Nanoclusters: Keith Dusoe1; Xinyi Ye2;
Kim Kisslinger2; Aaron Stein2; Seok-Woo Lee1; Chang-Yong Nam2; 1Univ Of
Connecticut; 2Center for Functional Nanomaterials/BNL
Polymer nanocomposites have been shown to be promising candidates as a class
of advanced materials which exhibit novel mechanical properties. In introducing
a nano-scaled filler phase to a polymeric matrix, enhancement of the mechanical
properties is possible due to the filler and matrix phase having comparable length
scales which provides a comparatively large interfacial area relative to the material
volume. Although several instances of enhancement by addition of a nanofiller
phase to a polymer have been shown, generally, the elastic properties- Young’s
modulus and yield strength- scale mutually resulting in a loss of the compliance
intrinsic to polymeric materials. This prompts for consideration of how to design a
polymer nanocomposite system in which high strengths can be realized while the
compliant modulus of the matrix phase material is preserved. In this presentation,
we will discuss the development of hybrid nanocomposites with high metal-like
strength ( > 250MPa) and compliant polymeric-like modulus (E < 10GPa) by
utilizing a nano-scale reinforcing phase having spherical geometry and bulk elastic
properties much larger than those of the matrix material, conditions which satisfy
the lower bounds of the Halpin-Tsai and Hashin-Shtrikman semi-empirical relations
for composite modulus. First, we introduce a sequential infiltration synthesis (SIS)
process in which spherical nano-scale clusters of ZnOx and AlOx uniformly diffuse
into SU-8 negative-photoresist. Second, we will discuss in-situ nanomechanical
characterization of composite nanopillars and explain fundamental reasons for
their unique combination of high strength and low Young’s modulus. Finally, we
will offer a general composite design strategy to produce polymer nanocomposites
with similar mechanical properties. The new design principle will enable the
development of polymer nanocomposites that are lightweight, high strength,
have highly tunable modulus of resilience and versatile nano-scale lithographic
patternability for application in MEMS.
3:30 PM
Characterization and Analysis of PMMA Cohesion Behavior: Pei-Kang Sun1;
S. Reza Mahmoodi1; R. Besser1; 1Stevens Institute of Technology
Bonding of polymeric materials is of interest for fabricating microfluidic systems
[1, 2]. By applying heat and pressure to thermoplastic materials, the overlap of the
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two pieces can be bonded. Experimental results of cohesion behavior of PMMA
sheets were collected and presented. The samples were prepared and bonded by
using Nanoimprint Lithography (NIL) in a cleanroom setting to ensure clean
interfaces. By subjecting a sample to a temperature in the glass transition range
(85 to 165°C) and elevated pressure, the overlap of the two materials will form a
cohesive bond. Three different bonding temperatures (140°C, 150°C, and 160°C)
and three bonding pressures (1.17MPa, 1.38MPa, and 1.59MPa) were applied for
making samples, then mechanical strength tests were carried out to understand
the cohesion behavior. Basic understanding of pure PMMA and overlap-bonded
PMMA were conducted by using small amplitude oscillation testing. The testing
methods we chosen were (1) the T-peel test, which exerts force perpendicular to
the overlap region by pulling the two bonded membranes in opposite directions
to separate the overlap region, and (2) the lap-shear test, which applies force
parallel to the overlap region and pulls the two membranes in opposite directions to
measure the shear stress. Quantitative force is recorded to analyze the correlation
of bonding behavior to fabrication temperature and pressure. The results show
that under the same fabrication pressure, the forces needed to separate the overlap
area are higher when the fabrication temperature is higher. Stated differently, the
cohesive force increases with the fabrication temperature. [1] C.-W. Tsao and D.
L. DeVoe, “Bonding of thermoplastic polymer microfluidics,” Microfluidics and
Nanofluidics, vol. 6, pp. 1-16, 2009.[2] P. S. Nunes, P. D. Ohlsson, O. Ordeig,
and J. P. Kutter, “Cyclic olefin polymers emerging materials for lab-on-a-chip
application,” Microfluidics and Nanofluidics, vol. 9, pp. 145-161, 2010.

Hael Mughrabi Honorary Symposium: Session IV
Wednesday PM		
July 18, 2018		

Room: Cartoon 2
Location: The Ohio Union

Session Chairs: Tresa Pollock, Univ of California Santa Barbara; Gunther
Eggler, Ruhr-Universitat Bochum
1:15 PM Invited
Annealing Twin Networks and Fatigue Crack Initiation in Polycrystalline
Superalloys: Tresa Pollock1; Will Lenthe1; Mclean Echlin1; Jean-Charles Stinville1;
Chris Torbet1; 1Univ of California Santa Barbara
In nickel-base superalloys René 88DT and IN 100, annealing twins that develop
during thermomechanical processing enhance strain localization, crack initiation
and early crack growth. A newly developed TriBeam tomography platform that
integrates a femtosecond laser with a focused ion beam microscope has been
employed to gather 3D data relevant to the twin and grain boundary structure. The
pulse frequency (1 kHz) of ultra-short (150 fs) laser pulses can induce layer-bylayer material ablation with virtually no thermal damage to the surrounding area.
An analysis of the dimensions of the representative volume element has been
performed for both René 88DT and IN 100, which have different twin densities.
Algorithms for analysis of the twin networks in 3D have been developed and their
relationship to early crack propagation will be discussed.
1:45 PM Invited
Crack Initiation Mechanisms during VHCF of Ni-Based Single Crystal
Superalloys: Alice Cervellon1; Jonathan Cormier1; Florent Mauget1; Samuel
Hémery1; 1ENSMA / Institut Pprime - UPR CNRS 3346
Ni-based single crystal superalloys (SX) are widely used in gas turbine engines
for the manufacturing of high pressure turbine blades due to their exceptional
mechanical properties at high temperature. Service operations of blades may lead
to fatigue controlled failure mechanisms due to the vibration introduced by the gas
flow in addition to the centrifugal forces. These failures are difficult to forecast, as
up to 90% of the fatigue life is spent in the crack initiation phase. To study crack
initiation in these materials, an uniaxial ultrasonic fatigue testing system has been
developed to operate at 1000°C, 20kHz and under different stress ratios. A wide
range of SX superalloys having a ~<001> orientation have been tested to investigate
the crack initiation mechanisms. CMSX-4 SX alloy cast using a Bridgman process
is taken as reference. Bridgman cast MAR-M200, AM1 and CMSX-4+ alloys in
addition to AM1 cast using a high rate solidification process have been used to
expand the database. Crack initiation sites have been carefully characterized by
SEM and EBSD to identify the role of their size and localization, how plasticity
develops in their vicinity as well as the most detrimental casting defects.In this
presentation, a critical analysis of the VHCF life sensitivity to the casting pore size
and γ/γ’ microstructure degradation (i.e. γ’ rafting) will be performed, by using a
specifically tailored crack initiation model. Moreover, for VHCF life in excess of
109 cycles, crack initiation occurs either through an internal FGA process or at the

surface due to oxidation. By varying the casting process or the oxidation resistance
among the different alloys studied, a map of crack initiation mechanisms in VHCF
will finally be proposed for Ni-based SX alloys.
2:15 PM Invited
Fatigue Failure Modes and Dislocation Mechanisms in a Polycrystalline
Nickel Base Superalloy at Intermediate and High Temperature: Jean-Charles
Stinville1; E. Martin2; M. Karadge2; S. Ismonov2; M. Soare2; T. Hanlon2; S.
Sundaram2; M. P. Echlin1; P. G. Callahan1; W. C. Lenthe1; J. Miao3; A. E. Wessman4;
R. Finlay4; A. Loghin2; J. Marte2; J. A. El-Awady5; T. M. Pollock1; 1University
of California, Santa Barbara; 2General Electric Global Research; 3University of
Michigan; 4General Electric Aviation; 5The Johns Hopkins University
Developing robust models that predict fatigue behavior and variability will
provide substantial enhancements to the design, processing, and life prediction
of alloy components. A major challenge is developing a better understanding of
the strong dependence of the intrinsic plastic deformation processes that operate
during fatigue on the microstructure of the alloy. These microstructure dependent
processes involve localized accumulation of plastic strain and ultimately lead
to crack initiation, so it is critical to understand the dislocation activity during
these processes. The fatigue life and microstructure-related initiation sites in a
polycrystalline superalloy are discussed with respect to temperature and loading
conditions. There is a remarkable increase in fatigue life at temperatures higher
than 400°C despite a decrease in yield strength. The specific microstructural
configurations that lead to crack initiation in the polycrystalline nickel-base
superalloy during fatigue at intermediate and high temperature have been
identified for the low to the very high cycle fatigue regime. Transmission electron
microscopy has been conducted at the specific microstructural sites to characterize
the dislocation sub-structure that promotes the inversion in temperature-lifetime
dependence observed at high temperature. Fatigue shear bands that lead to
crack initiation were observed near specific twin boundaries. As fatigue testing
temperature increases, these shear bands, which are composed of multiple closely
spaced slip bands, thicken due to dislocation gliding outside the primary glide
planes. This mechanism distributes deformation more homogeneously, leading
to longer lifetimes with increasing temperature. Discrete dislocation dynamics
simulations were used to identify the dislocation mechanism that result in the
thickening of the shear bands at increasing temperature.
2:45 PM Break
3:15 PM
Tailoring the Properties of a Ni-Based Superalloy via Modification of
the Forging Process: An ICME Approach to Fatigue Performance: John
Rotella1; Martin Detrois2; Sammy Tin3; Michael Sangid4; 1School of Materials
Engineering, Purdue University; 2ORISE Nation Energy Technology Laboratory;
3
Illinois Institute of Technology; 4School of Aeronautics and Astronautics, Purdue
University
Beside compositional design, changes in the manufacturing process parameters
can have a dramatic effect on the resulting material properties. In this work, a
fatigue model is used to identify microstructural features that promote enhanced
fatigue life for turbine disc applications, specifically high twin boundary density.
Via process modeling, grain boundary engineering (GBE) is adapted to isothermal
forging, thus resulting in a process deformation mechanism map. Small-scale
forgings of RR1000 were produced in the conventionally processed and GBE
conditions with fine and coarse grain sizes that resulted in twin densities and grain
sizes in agreement with the desired microstructural attributes. High resolution
digital image correlation was implemented to investigate the distribution of strain
accumulation between the conventionally produced and GBE variant, as well as
GBE’s effect on slip band length. Lastly, the slip-grain boundary interactions will
be presented for both sets of material, as it pertains to the resulting mechanical
behavior.
3:30 PM
Grain and Sub-Grain Level Strains ahead of an Evolving Fatigue Short Crack
as Measured by X-Ray Techniques: Diwakar Naragani1; Michael Sangid1; Paul
Shade2; Peter Kenesei3; Hemant Sharma3; 1Purdue Univ; 2Air Force Research
Laboratory; 3Argonne National Laboratory
High variability in crack propagation directions and growth rates renders
comprehension and prediction of fatigue short crack growth complicated. In this
study, we employ a suite of characterization techniques based on high energy
synchrotron x-ray experiments. Absorption contrast tomography is used to resolve
the intricate 3D path of the crack through the bulk of a Ni-based superalloy specimen
under cyclic loading. Initial near-field high energy diffraction microscopy (HEDM)
is used to generate high resolution grain maps with intragranular orientation spread
and grain boundary positions in conjunction with the crack path. Cyclic loading
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is periodically interrupted to conduct far-field HEDM to determine the centroid
position, average orientation and average lattice strain tensor for each grain.
Reciprocal space maps are used to examine the complete micromechanical state of
grains next to the crack tip. Findings are used to study short crack growth relative
to the local microstructure in Ni-based superalloys.
3:45 PM
Non-Uniqueness of Fatigue Threshold in Nanocrystalline Ni-Co Alloy: Sertan
Alkan1; Huseyin Sehitoglu1; 1University Of Illinois Urbana Champaign
The fatigue crack growth prediction near the threshold regime remains as
one of the most challenging fields in fatigue research. In this work, without
a-priori assumptions and empirical constants, we derived the microstructuresensitive threshold levels which exhibit close agreement with the experimental
trends. Following the characterization of microstructure via Electron Back
Scatter Diffraction (EBSD), fatigue crack growth experiments are conducted on
nanocrystalline Ni-Co (2.89 % wt. Co) samples with nanoscale annealing twins. To
establish a theoretical framework for the resulting threshold levels, we focused our
attention to the three most populated grain boundary types in the EBSD analyses:
i.e. Sigma 3 {111} <110> (coherent twin boundary), Sigma 9 {114} <110>, Sigma
11 {113} <110>. The dislocation reactions and the corresponding glide resistance
levels pinpointed from molecular dynamics simulations serve as inputs for cyclic
dislocation motion calculations. The resulting theoretical threshold levels suggest
that the degree of the lattice coincidence at a grain boundary governs on both
the glide resistance and the residual Burgers vector assisting a slip transmission
reaction. Furthermore, the pre-existing dislocations are shown to promote the
fatigue crack growth impedance by introducing pronounced crack-tip shielding in
contrast to the degrading effect of increasing grain size. These findings demonstrate
that fatigue threshold levels are non-unique and exhibit high sensitivity to the
microstructure in this class of materials. Most strikingly, on theoretical grounds,
the microstructures composed of high frequency Sigma 3 {111} <110> boundaries
with a rich pre-existing dislocation density exhibit improved fatigue performance
in Ni-Co alloy. This result complies with the high fatigue threshold levels imparted
by the nanotwins in other fcc materials.
4:00 PM
Flow Stress and Electrical Resistivity in High Purity Al Deformed at 4K:
Marek Niewczas1; D. Park2; 1McMaster University; 2McMaster University and
CanmetMATERIALS
In-situ measurements of electrical resistivity during tensile deformation of
high purity Al polycrystals at 4K, and in samples with intermittent annealing at
temperatures between 4K and 298K, have been conducted to follow the relationship
between flow stress and the density of dislocations stored in the metal. The results
reveal that monotonic deformation of Al at 4K is represented by a Taylor flows
stress-dislocation density relationship, t ˜ 0.2µb1/2. The onset of post-yielding
deformation of annealed samples is characterized by a higher rate of defect
production and a lower rate of flow stress increase than observed in continuously
deformed samples. The data is assessed against general constitutive relationships
between stress and dislocation density of the form t = aµbn, with n and a
being constants. It is shown that while Taylor law describes adequately the flow
stress in monotonically deformed Al, it distorts considerably stress - dislocation
density dependence in samples subjected to intermittent annealing. The results are
interpreted in terms of dominant interaction processes of mobile dislocations with
different types of stored defects that determine the flow stress and work hardening
of plastically deformed Al.

type II conjugate twin. Thus, whether the type I or type II conjugate twin forms
is envisaged as the outcome of competitive mechanisms, depending primarily on
disconnection mobility. The plausibility of this model is discussed with reference
to experimental observations of twinning in a-U. Disconnection mobility is shown
to be limited by atomic shuffling in the cases of “{1 7-6}” and “{1-7 2}” type II
twins, as compared with the higher mobility expected for the active disconnections
in {1-3 0} compound twins.
In the topological model, the twinning shears
are identical to those predicted by the classical model of deformation twinning.
However, while type I twins are formed directly by shear due to the motion of
disconnections on their glide planes, the mechanism of type II twinning is different,
involving not only shear by disconnection motion but also accommodational
relaxation. This understanding prompts a reassessment of the physical significance
of the twinning elements of the classical geometrical approach.
1:45 PM Invited
Finite-Deformation Continuum Dislocation Dynamics for 3D Dislocation
Microstructure Evolution: Anter El-Azab1; 1Purdue Univ
Most dislocation dynamics model developments focus on the simulation
of line dynamics and density based, statistical mechanical approaches for
dislocation evolution for the case of infinitesimal crystal deformation. We
present a finite deformation, density based dislocation dynamics approach for
mesoscale deformation of single crystals. This framework is a generalization to
finite deformation of our earlier successful model for dislocation microstructure
evolution based on continuum dislocation dynamics. A derivation of the dislocation
transport equations at finite strain and lattice rotation in Lagrangian and Eulerian
forms is outlined, with a special focus on the kinematic coupling of dislocation
density evolution on individual slip systems and to the coupling via cross slip
and dislocation reactions. The relevant crystal mechanics, thermodynamics, and
constitutive closure questions will be discussed.
2:15 PM Invited
Relating the Crystallographic Character of Individual Grain Boundaries to
their Hydrogen Embrittlement Susceptibility: Michael Demkowicz1; 1Texas
A&M University
Hydrogen embrittlement (HE) of metals has been known and continuously
investigated for well over a century, with prominent insights into the effects
of hydrogen (H) on steels due to J. P. Hirth. Nevertheless, a steady stream of
unexpected H-induced failures shows that HE is still far from fully understood. We
integrate high energy diffraction microscopy and x-ray absorption tomography to
create 3-D, non-destructive reconstructions of the morphology and microstructure
of cracks in a specimen of Ni-base alloy 725 that had been tested to failure in
tension after charging with hydrogen (H). We observe ten instances of the crack
path being deflected by individual grain boundaries, which appear to be especially
resistant to H-assisted fracture. By investigating their crystallographic character,
we find that all but one of them may be described as “boundaries with low index
planes” or BLIPs: boundaries where at least one of the neighboring grains has a low
Miller index facet ({001}, {011}, or {111}) along the grain boundary plane. These
observations lead us to identify three toughening mechanisms in H-charged alloy
725: crack meandering, twin intersection-induced grain boundary toughening, and
frictional sliding. Our findings shed new light on the factors contributing to fracture
resistance of individual grain boundaries as well as grain boundary networks,
enabling improved lifetime predictions of Ni-base alloys in H environments
and guiding efforts to reduce hydrogen embrittlement susceptibility through
microstructure design.
2:45 PM Break

John P. Hirth Honorary Symposium: Session IV
Wednesday PM		
July 18, 2018		

Room: Cartoon 1
Location: The Ohio Union

Session Chairs: Craig Hartley, Florida Atlantic University; Jian Wang,
University of Nebraska-Lincoln
1:15 PM Invited
Topological Model of Type II Deformation Twinning: Robert Pond1; John Hirth2;
1
University of Exeter; 2Private scholar
A model for the formation and growth of type II twins is described using
the topological theory of interfacial defects and interface structures. When the
plane of shear is irrational, a type I twin would form and grow to macroscopic
dimensions by the generation and expansion of disconnection loops, provided
these defects are sufficiently mobile. However, if their mobility is limited, they
accumulate into a tilt wall, which, after accommodational relaxation, forms the

3:15 PM Invited
High Strength, Deformable Nanotwinned Al Alloys: Xinghang Zhang1; Qiang
Li1; Jian Wang1; Haiyan Wang1; 1Purdue University
High-strength, light-weight Al alloys have widespread applications for
transportation industry. Most commercial Al alloys (typically age hardened)
nowadays have a yield strength of ~ 0.7 GPa. In comparison, advanced high
strength steels have tensile strength in excess of 1 GPa. In this presentation, we will
describe the fabrication of nanostructured Al alloys. These Al alloys have strength
exceeding 1 GPa, as revealed by nanoindentation and in-situ uniaxial compression
experiments. The high strength of Al alloys derives from unique high-density grain
boundaries. The plasticity and strengthening mechanism have been examined by
microscopy and molecular dynamic simulations.
3:45 PM
Cu-Ag Composites and High-Field Magnets: Ke Han1; CongCong Zhao2;
Rongmei Niu1; Vince Toplosky1; Jun Lu1; Xiaowei Zuo2; Engang Wagn2; 1Florida
State University; 2Northeastern University
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High-field magnets, which are commonly used in materials science research,
are usually powered by electrical current that runs through conductive coils. Most
conductive materials are unsuitable for the highest field magnet because they lack
the necessary mechanical strength. Guided by the book Theory of Dislocation
by Hirth and Lothe, we devised a feasible fabrication route for making Cu-Ag
composite suitable for this use by refining the interface spacing between the Cu and
the Ag. Previous technologies, including casting and deformation, strengthened CuAg enough to serve in certain strong magnets, but further optimization was needed
for stronger magnets. The microstructure of cast hypoeutectic Cu-Ag consists
of two parts: an array of Cu-rich proeutectic dendrite and a surrounding Ag-rich
eutectic network. In the proeutectic dendrite, Ag precipitates are present but they
are not spaced closely enough to provide the strength required. Our objective was
to refine the spacing both between Ag precipitates inside the proeutectic Cu and
between Cu and Ag in the surrounding eutectic network. We cast the composite
with and without any high magnetic field (HMF). We found that the introduction of
an external 12-T HMF during solidification increased both the dendrite arm spacing
of proeutectic Cu and the dissolved volume fraction of Ag in the Cu matrix. Supersaturation of Ag resulted in an increase in the density of interfaces between Cu
and Ag, both in the proeutectic Cu and in the surrounding eutectic lamellae. After
casting, Cu-Ag composites are customarily cold-deformed to achieve high strength.
When our samples were cold-deformed to large true strain, those that had been cast
under an HMF were stronger than those without an HMF. This occurred because,
at all deformation strains, application of an HMF during casting caused both the
Ag precipitate spacing and the eutectic lamellar spacing to be smaller than would
have occurred without any magnetic field. Deformation also introduced anisotropy
in material properties. We will discuss the reasons for such anisotropy and examine
influence of anisotropy on the construction of high field magnets.
4:05 PM
Deformation Twinning and Omega Transformation in Shock-Loaded
Tantalum: Luke Hsiung1; 1Lawrence Livermore National Laboratory
Shock-induced deformation twinning and/or α (bcc) -> ω (pseudo-hexagonal)
omega transformation have been verified to take place in both single-crystal and
polycrystalline tantalum shocked at pressures above 30 GPa by means of four
different shock-recovery experiments. The results reveal that dislocation generation
rates, rather than dislocation velocities, are the rate-limiting step under high-strainrate shock loading conditions. Shock-induced deformation twinning and/or omega
transformation can only take place whence dynamic-relaxation to form low-energy
cellular dislocation structure becomes suppressed under high-strain-rate shock
loading conditions. There exists a dislocation-glide limit in terms of dislocation
density (in the range of 1 x 1012 - 1 x 1013 cm-2) for randomly distributed highenergy dislocation structure; above the limit the Frank-Read multiplication source
becomes exhausted whence the shear stress required for dislocation multiplication
exceeds the threshold shear stresses for twinning and omega transformation. Novel
dynamic-relaxation mechanisms will be proposed to elucidate the formation of
low-energy cellular dislocation structure and the orientation dependence of the
competition between dynamic-relaxation and twinning/omega transformation.
This work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344.

Plenary Session IV
Thursday AM		
July 19, 2018		

Room: Archie Griffin East Ballroom
Location: The Ohio Union

Session Chairs: Chad Sinclair, Univ. Of British Columbia; Reinhard
Pippan, Erich Schmid Institute Of The Oeaw
8:15 AM Plenary
Metal Microstructures and Properties in 3D and 4D: Dorte Jensen1; 1DTU
Whereas most microstructural characterization techniques reveal the
microstructure of prepared sample surface or of thin sample sections – i.e. largely
give a 2D description, mechanical properties are mostly measured for bulk 3D
samples of various sizes. In this presentation, focus is on the potentials of synchrotron
X-ray imaging techniques for mapping metal microstructures non-destructively in
3D and thus also allows the microstructural evolution to be followed over time,
when the sample is loaded mechanically or thermally. Several of the synchrotron
X-ray techniques furthermore have potentials for non-destructive mapping of local
residual strains in 3D, i.e. the strain may be determined in selected local positions
and followed during loading. The potentials of the techniques will be illustrated
by examples including: -- Grain growth in Si steel showing the effects of grain
boundary plane normal and misorientation on successful growth of Goss oriented
grains -- Recrystallization of Al showing the effects of the local microstructural
variations in the deformed matrix, including ‘hot spots’, for both nucleation and
boundary migration -- Residual strain distribution in ductile cast iron showing the
effects of casting method and graphite nodule size on the strain build-up near the
nodulesAs the final part of the presentation, the possibilities of transferring some of
the 3D/4D synchrotron techniques to the home laboratories are discussed.
8:55 AM Question and Answer Period
9:05 AM Plenary
Evolution of Microstructure and Material Properties during Additive
Manufacturing: Carolin Koerner1; 1University of Erlangen
During the last years, digital manufacturing of metallic components directly
from electronic data based on layer-by-layer fabrication has developed from rapid
prototyping to additive manufacturing (AM). In contrast to conventional fabrication
technologies, AM offers much more design freedom. Essential for the now starting
success of powder bed based AM of metallic components are the attainable material
properties. Nowadays, a variety of metallic alloys and high-performance materials
can be successfully processed with material properties comparable to those reached
in conventional processes such as casting or forming. Nevertheless, the layer-bylayer AM process leads to specific AM microstructures and properties due to rapid
and directed solidification, epitaxial growth, in situ heat treatment or selective
evaporation of volatile elements. Thus, knowledge based AM process strategies are
essential in order to control the properties of AM materials. In return, this knowledge
will allow us to adjust locally material properties within AM components. Based
on numerical simulation and experimental results, microstructure evolution during
layer-by-layer AM is considered in detail. The focus will be on building defects,
grain structure and texture evolution, solidification microstructure and composition
variations. These aspects and their effect on the resulting material properties are
discussed for two high performance alloys, the nickel base alloy CMSX-4 and Ti45Al-4Nb-0.4C.
9:45 AM Question and Answer Period
9:55 AM Break

Effects of Grain Boundaries and Interfaces II
Thursday AM		
July 19, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chairs: Vladyslav Turlo, University of California, Irvine; Maxime
Dupraz, Paul Scherrer Institut
10:30 AM Invited
Advances in Characterizing the Crystallographic and Atomic Structure of
Grain Boundaries: Eric Homer1; Srikanth Patala2; Jonathan Priedeman1; Conrad
Rosenbrock1; Gus Hart1; Gábor Csányi3; Ricky Wyman1; Devin Adams1; 1Brigham
Young Univ; 2North Carolina State University; 3University of Cambridge
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Grain boundaries are characterized by both their macroscopic (crystallographic)
degrees of freedom as well as their microscopic (atomic) positional degrees of
freedom. Recent advances in both these areas have provided new insight into
structure-property relationships. With respect to the crystallography, boundary
plane fundamental zones, that capture all 5 misorientation and boundary plane
parameters of a GB, cause structure-property relationships of energy, excess
volume, and mobility to naturally emerge for a range of GB types. With respect to
the atomic configuration of GBs, machine learning of local atomic environments
that make up GBs has allowed us to reduce a complex space to a possible finite set
of “building blocks” that make up all GBs. Machine learning has also discovered
correlations between certain structures and properties. These advances have
implications for how one might want to examine the effects of grain boundaries
on the strength of materials. In addition, efforts to understand how GBs interact
with and nucleate dislocations will be examined. GB nucleation in particular shows
strong non-Schmid dependence under tri-axial stresses, and one can develop unique
nucleation criteria for different slip systems.
11:00 AM
Near-Ideal Theoretical Strength in Au Angstrom Scale Twins: Scott Mao1;
Jiangwei Wang; Frederic Sansoz; 1University of Pittsburgh
Although nanoscale twinning is an effective means to enhance yield strength
and tensile ductility in metals, nanotwinned metals generally fail well below
their theoretical strength limit due to heterogeneous dislocation nucleation from
boundaries or surface imperfections. Here we show that Au nanowires containing
angstrom-scaled twins (0.7 nm in thickness) exhibit tensile strengths up to 3.12
GPa, near the ideal limit, with a remarkable ductile-to brittle transition with
decreasing twin size. This is opposite to the behaviour of metallic nanowires with
lower-density twins reported thus far. Ultrahigh-density twins (twin thickness
less than 2.8 nm) are shown to give rise to homogeneous dislocation nucleation
and plastic shear localization, contrasting with the heterogeneous slip mechanism
observed in single crystalline or low-density-twinned nanowires. The twin size
dependent dislocation nucleation and deformation represent a new type of size
effect distinct from the sample size effects described previously.
11:15 AM
Large Scale Atomistic Simulations of the Interaction of Glide Dislocations with
Grain Boundaries in fcc Bipillars: Satish Rao1; Maxime Dupraz2; Christopher
Woodward3; Helena VanSwygenhoven2; William Curtin4; 1UES Inc.; 2Paul
Scherrer Institute; 3Air Force Research Laboratory; 4EPFL
Large scale 3D atomistic simulations are used to study the interaction of single
arm sources with grain boundaries in Al ,Cu and Ni bipillars. Both a large angle
grain boundary and a low angle twin boundary are considered. It is shown that a
large angle boundary is a strong obstacle to dislocation source operation whereas
the single arm source overcomes the low angle twin boundary at fairly low stresses
by cross-slip in Cu. The required stress to overcome the twin boundary by cross-slip
is larger in Al. It is suggested that large-scale 3D atomistic simulations are required
to properly understand these interactions. These atomistic simulation results are
used to explain the experimental mechanical behavior data on Cu bipillars with a
similar large angle grain boundary or a twin boundary.
11:30 AM
Large Scale 3D Atomistic Simulations of Dislocation Interactions with
Coherent Twin Boundaries during Multiaxial Loading: Maxime Dupraz1;
Satish Rao2; Manas Upadhyay1; William Curtin3; Helena Van Swygenhoven1; 1Paul
Scherrer Institut; 2Air Force Research Laboratory; 3École Polytechnique Fédérale
de Lausanne
It is well established that the mechanical properties of polycrystalline materials
depend on the interaction between lattice dislocations and grain boundaries
(GBs). However, in spite of extensive numerical and experimental studies, the
mechanisms behind these interactions are not yet fully understood. To study these
complex interaction mechanisms, we recently performed large scale 3D Molecular
Dynamics simulations of a single dislocation interacting with Coherent Twin
Boundaries, in a range of face-centered cubic metallic bicrystals modeled with
a total of 6 embedded-atom method (EAM) potentials. It is shown that both the
reaction mechanism and reaction stress strongly depends on the chosen potential,
even for a given material, and significantly differ from the results reported in
quasi-2D simulations. Following these preliminary results, we investigated these
interactions in samples subjected to multiaxial deformation. In particular we
simulated intergranular interaction by applying shear stress on the bicrystal, and
performed multiaxial loading tests with different load ratio. The effect of such
complex loading conditions on the interaction process and on the reaction stress is
discussed. Overall, these results highlight the importance of directly modeling the
slip transfer reactions using full 3D-models.

11:45 AM
Grain Boundary Complexions and the Strength of Nanocrystalline Metals:
Vladyslav Turlo1; Timothy Rupert1; 1University of California, Irvine
Grain boundary complexions have been observed to affect the mechanical
behavior of nanocrystalline metals, improving both strength and ductility. While
an explanation for the improved ductility exists, the observed effect on strength
remains unexplained. We use atomistic simulations to explore the influence of
ordered and disordered complexions on two deformation mechanisms which
are essential for nanocrystalline plasticity, namely dislocation emission and
propagation. Both ordered and disordered grain boundary complexions in CuZr are characterized by excess free volume and promote dislocation emission
by reducing the critical emission stress. Alternatively, these complexions are
characterized by strong dislocation pinning regions that increase the flow stress
required for dislocation propagation. Such pinning regions are caused by ledges
and solute atoms at the grain-complexion interfaces and may be dependent on the
complexion state as well as the atomic size mismatch between the matrix and solute
elements. The trends observed in our simulations of dislocation propagation align
with the available experimental data, suggesting that dislocation propagation is the
rate-limiting mechanism behind plasticity in nanocrystalline Cu-Zr alloys.

Elementary Deformation Mechanisms IV
Thursday AM		
July 19, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chairs: Christian Reinhart, Ruhr-University Bochum; Edwin
Antillon, UES Inc
10:30 AM
Enhanced Strength and Ductility in Ni-Co-Cr Alloys Through Cold Work and
Annealing: Connor Slone1; Michael Mills1; 1Ohio State University
Multi-principal-component alloys (also termed medium- or high-entropy
alloys) have recently been recognized for their promising combinations of large
ultimate tensile strength and ductility; however, modest yield strengths remain a
critical impediment to more ubiquitous adoption by industry. Equiatomic NiCoCr,
a single-phase FCC solid solution, represents an ideal baseline alloy system for
developing avenues to higher yield strength. In addition to a yield strength that
is already similar to common twinning-induced plasticity (TWIP) steels, NiCoCr
exhibits robust strain-hardening and large elongations that have been attributed to
nanotwinning and the recently-reported strengthening by interface transformation
(SIT) mechanism. In this work, these nanoscale processes are leveraged to explore
new methods of strengthening in conjunction with more conventional techniques.
In addition to assessing the influence of grain size and traditional Hall-Petch
behavior, the effect of cold work (e.g, percent rolling reduction) and subsequent
annealing (e.g, temperature and time) are reported for uniaxial tensile testing.
Dramatic strengthening was observed for specimens that retained some prior
deformation substructure, including twins or locally transformed HCP regions,
along with some recrystallized regions. The effect of precipitation was also studied
using alloy Inconel 740H, a precipitation-hardened Ni-Co-Cr alloy developed for
use at elevated temperatures in the next generation of high-efficiency power plants.
Like equiatomic NiCoCr, IN740H shows very robust hardening behavior and large
elongations at room temperature. Cold work and annealing of solutionized IN740H
also produced substantial increases in strength. Comparisons between deformation
mechanisms in the solid solution and precipitation-hardened alloys are presented.
10:45 AM
Microstructure, Texture and Strength Evolution during Severe Plastic
Deformation of CrMnFeCoNi High-entropy Alloy: Werner Skrotzki1; Aurimas
Pukenas1; Bertalan Joni2; Eva Odor2; Tamas Ungar2; Anton Hohenwarter3;
Reinhard Pippan3; Easo George4; 1TU Dresden; 2Eötvös University Budapest;
3
Montanuniversität Leoben; 4Oak Ridge National Laboratory
An equiatomic high-entropy alloy CrMnFeCoNi has been severely deformed by
high pressure torsion at room and liquid nitrogen temperature. The microstructure
and texture has been analyzed by X-ray diffraction (X-ray line profile analysis and
X-ray microdiffraction, respectively). It is shown that at a certain shear strain a
steady state domain/grain size in the nanometer range and a dislocation density of
the order of 1016 m-2 is reached, while the twin density goes over a maximum at
this strain. The texture developed is typical for sheared face-centred cubic metals
with a weak brass-type shear component dominating. Moreover, microhardness
tests have been applied. Analysis of the strength suggests a Taylor-type hardening.
The results will be discussed with regard to the mechanisms of deformation,
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including dislocation slip, twinning, grain boundary sliding and stress-induced
martensitic transformation.
11:00 AM
The Role of Short-range Order on the Dislocation Behavior in BCC and FCC
Multicomponent Solid Solution Alloys Using Atomistic Simulations: Edwin
Antillon1; Satish Rao1; Chirstopher Woodward2; Triplicane Parthasarathy1; 1UES
Inc; 2AFRL
Hybrid Molecular-dynamics/Monte-Carlo simulation are used to anneal
model FCC (Co30-Fe16.67-Ni36.67-Ti16.67) and BCC (Co16.67 Fe36.67 –
Ni16.67–Ti30) HEAs, as well as a BCC refractory high entropy alloys. The
simulations suggest that chemical short-range order (CSRO) emerges as a result
of the annealing process at various temperatures. Components having a larger size
relative to other alloying species tend to dominate local ordering, but other second
order effects arise purely form the lowering the enthalpy due to pairwise (EAM)
potentials. It has been suggested that large variations due to the local enthalpy and
its dislocation core structure is what gives strength to chemically complex alloys.
Homogenization of local enthalpy regions is observed as a result of annealing,
as well as interesting self-healing mechanism occurring during the dislocation
glide. The role of chemical short-range order on various hardening mechanisms
accessible to both FCC and BCC multicomponent complex alloys is discussed.
11:15 AM
Investigation on the Effect of Cr to Ni Ratio on Solid Solution Strengthening in
CrxMn20Fe20Co20Ni40-x High Entropy Alloys: Christian Reinhart1; Aleksander
Kostka1; Easo George2; Guillaume Laplanche1; 1Ruhr-University Bochum; 2Oak
Ridge National Laboratory
In this study the influence of chromium to nickel ratio in fcc single phase
CrxMn20Fe20Co20Ni40-x high entropy alloys is investigated. For this purpose, various
alloys were melted in which the chromium content varies between 0-22 at. % and
the nickel content between 18-40 at. %, respectively. Overall, the mechanical
properties and microstructure of nine compositions were investigated. All samples
were homogenized, deformed by rotary swaging and recrystallized. An effort was
made to obtain similar microstructures in terms of mean grain size, and texture in
the nine alloys to study only the effect of chemical composition on mechanical
properties. The effect of composition on lattice parameters was analyzed by X-ray
diffraction. Tensile tests at 77 K and 293 K in combination of transmission electron
microscopy investigations (TEM) were carried out to reveal the deformation
mechanisms in these alloys. At 77 K, the yield strength increases linearly with
increasing Cr-content. In contrast, the yield strength is found to be roughly
independent of the Cr-content at 293 K for x > 10 at. %, while it decreases with
decreasing Cr-concentration for x < 10 at. %. Interestingly the work hardening
rate increases with increasing Cr-concentration over the whole composition range
investigated in the present study at both 293 K and 77 K. TEM analyses revealed
that two deformation mechanisms may be activated in these alloys, namely,
dislocation plasticity and mechanical twinning. Twinning is found to be triggered
above a critical stress which decreases with increasing Cr-concentration.
11:30 AM
Anomalous Strain-Rate Sensitivity of High-Entropy Alloy: Effects of
Strain Rate and Grain Size: Yakai Zhao1; Tangqing Cao1; Xutao Wang1; Fuchi
Wang1; Yunfei Xue1; Jae Kyung Han2; Megumi Kawasaki2; 1Beijing Institute of
Technology; 2Oregon State University
Despite the increasing attention to high-entropy alloy (HEA), a novel group
of structural metallic materials, the mechanisms for the anomalous strain-rate
sensitive behaviors (e.g. high strain-rate sensitivity and anomalies in dynamic
response) of HEAs have not been fully understood yet. In the present study, a
systematic study over the strain-rate sensitivity of CoCrFeNi alloy, a single-phase
face-centered cubic (fcc) HEA, were carried out, focusing on the effects of strain
rate and grain size. Firstly, by recourse to compression tests conducted on coursegrained CoCrFeNi alloy under both quasi-static and dynamic conditions, a bilinear
increase in the yield strength with increasing strain rate was noted. The strain-rate
sensitivities of the HEA at both low and high strain rates are higher than that of
the conventional fcc metals, which are attributed to dislocations propagation and
deformation twinning in the former. Secondly, CoCrFeNi HEAs having various
grain sizes ranging from ~10 nm to ~100 µm are obtained through either cold
work or high pressure torsion, and nanoindentation tests at different quasi-static
strain rates were conducted. The strain-rate sensitivity is estimated and the related
mechanisms are discussed in terms of the differences in grain size and high angle
grain boundary fraction.

11:45 AM Cancelled
Abstract by Vasily Bulatov: Vasily Bulatov1;
Laboratory

Lawrence Livermore National

1

Micro- and Nanoscale Mechanical Testing III
Thursday AM		
July 19, 2018		

Room: Barbie Tootle
Location: The Ohio Union

Session Chair: Seok-Woo Lee, Univ Of Connecticut
10:30 AM Invited
Dislocation Slip Transfer through Grain Boundaries: Insights from In-situ
Nanomechanics: Christoph Kirchlechner1; 1Max-Planck-Institut
The important role of grain boundaries as an obstacle for dislocation slip has
long been recognized. However, until today, there are no quantitative, mechanism
based models describing the interaction of a lattice dislocation with one particular
grain boundary.The unique possibilities offered by micro pillar compression
complemented by advanced in situ characterization (SEM, TEM, µLaue) is well
able to quantitatively answer fundamental questions in dislocation grain boundary
interaction: What is the impact of one grain boundary on (i) the observed yield
stress and (ii) the measured apparent hardening? (iii) Can we define a meaningful
“transmission stress”? (iv) Is the dislocation slip transfer process strain-rate
dependent and (v) what is the strain rate dependence quantitatively? Within the
contribution, these question will be answered for various grain boundaries in
copper. Besides low angle grain boundaries also two different high angle grain
boundaries – one permitting and one preventing dislocation slip transfer – and
finally a coherent 3 twin boundary will be presented.
11:00 AM
A New Type of Superelastic and Shape Memory Materials: ThCr2Si2-Structured
Intermetallic Compound at Small Length Scales: Seok-Woo Lee1; John Sypek1;
Gyuho Song1; Christopher Weinberger2; Sergey Budko3; Paul Canfield3; 1Univ Of
Connecticut; 2Colorado State University; 3Iowa State University
ThCr2Si2-structured intermetallic compounds exhibit a reversible phase
transition between tetragonal (or orthorhombic) to collapsed tetragonal phases
under compression along c-axis by making and breaking Si-Si type bonds. This
deformation-induced phase transformation process motivated us to investigate
their potential as a superelastic and shape memory material. In this study, we
studied mechanical behaviors of CaFe2As2, which has been extensively studied
in the field of solid-state physics due to its remarkable pressure sensitivity of
electronic, magnetic and superconducting properties. Micropillar compression
along c-axis revealed that CaFe2As2 exhibits over 3 GPa strength and over 13%
recoverable strain, both of which lead to the ultrahigh elastic energy storage and
release 10~1000 times higher than that of conventional high strength materials.
Furthermore, we found the exceptional repeatability of cyclic deformation and
superior fatigue resistance, which exceed the performances of shape memory
ceramics, one of the state-of-the-art shape memory materials. Furthermore, in-situ
cryogenic neutron scattering experiment under pressure showed that CaFe2As2
exhibits the large hysteresis between loading and unloading conditions below 100
K, leading to the cryogenic linear shape memory effect. This ultra-low temperature
shape memory effect could be used to develop cryogenic linear actuation and
sensor technologies for deep space exploration. Note that our observation is only
one manifestation among over 400 ThCr2Si2-type intermetallic compounds, all of
which would undergo the same phase transformation process. Thus, we believe that
our results introduce a new type of superelastic and shape memory materials with
non-martensitic phase transformation mechanism, enable an innovative design
of cryogenic linear actuators, sensors, and switching devices in extremely cold
environments, and more broadly, suggest a mechanistic path to a whole new class
of shape memory materials.
11:15 AM
Measuring and Simulation of Residual Stress after Shot peening: Siavash
Ghanbari1; David Bahr1; 1Purdue Univ
Instrumented indentation (nanoindentation) is often used to measure the local
mechanical properties of materials with micrometer-level resolution. Shot peening
is a cold working process that is used to create compressive residual stresses on the
surface of bulk materials, often with the goal of enhancing fatigue strength, but can
also change the local hardness. Over-peening can decrease the fatigue life because
of plastic deformation (i.e. reducing the capacity for subsequent work hardening)
and from increases in surface roughness. The current study uses the nanoindentaion
capability of measuring localized mechanical properties before and after peening
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process to evaluate both strength and residual stresses using a method based on the
indentation process. By coupling experimental measurements to a finite element
simulation, it is possible to visualize the effect of shot peening parameters such
as impact velocity, ball diameter and impact angle on stress profile. Almen height
measurement is the well-established method in industries to precisely predict the
maximum residual stress magnitude and stress profile after shot peening process.
Also, in this research analytical solution was developed to create a link between
Almen height measurements and shot peening parameters which obtained in the
first step to assess simulation calibration. The current study shows the relation
between nanoindentation method and numerical simulation for estimating the
surface residual stresses and optimizing real parameters during shot peening in
industries.
11:30 AM
Mechanical Properties of High Strength Pearlitic Steels under Various
Loading Conditions: Marlene Kapp1; Anton Hohenwarter2; Reinhard Pippan1;
1
Austrian Academy of Sciences; 2University of Leoben
Pearlitic nanocomposites processed by severe plastic deformation (SPD) have
the potential to reach one third of the theoretical strength limit. Thereby, they
are able to sustain a comparatively high fracture toughness as a consequence
of the lamellar architecture. However, the preferential alignment of the ferrite
and cementite lamellae into a direction characteristic for the SPD route yields
differences in the mechanical behavior when loading the lamellae parallel, normal
or inclined with respect to the imposed load. Micro compression experiments have
been conducted in-situ inside a scanning electron microscope on a HPT processed
nanolamellar pearlitic steel and on the ultrafine-lamellar starting material to reveal
insights into the underlying mechanisms. Three deformation regimes were depicted
reflecting the materials composite nature. Further, for both lamellar spacing
the anisotropic flow stress was found to originate from an orientation sensitive
deformation and localization behavior. Strain localization in shear and kink bands
limits the hardening capacity and ductility, thereby leading to early failure of the
sample. These adversities can be overcome by a change in the deformation mode.
In microbending experiments homogenous deformation was observed well beyond
plastic strains where deformation had already localized during compression. Even
under cyclic conditions, where strain localizations are even more susceptible to
occur, homogeneous cyclic deformation could be achieved. Thus, the formation
of shear and kink bands does not limit the lifetime of pearlitic cantilevers in the
low cycle fatigue regime. These results show that a proper knowledge about the
deformation behavior of such nanocomposites is necessary to utilize the entire
potential of such high strength materials without sacrificing ductility or lifetime.
11:45 AM
Phase Specific Nanoindentation of Stainless Steel Wear Resistant Alloys: Ryan
Smith1; Peter Anderson2; David Gandy3; Marc Doran2; 1California Polytechnic State
University; 2The Ohio State Universtiy; 3The Electric Power Research Institute
Wear resistant alloys for hardfacing applications such as Stellite 6, NOREM,
and Nitromaxx are composed of a metal matrix reinforced by large (>5 um)
second phase carbide or nitride particles. In the latter hardfacing alloys based on
stainless steel, the adhesive wear, galling properties, and macroscopic hardness are
controlled by both the interstitial (carbon and nitrogen) content and subsequent
heat treatment temperature. Phase specific nanoindentation using submicron indent
areas allows discrimination of mechanical properties for each individual phase in
the microstructure. Additions of nitrogen are shown to increase the proportion of
hard precipitate phases, with a bimodal distribution of carbide and nitride hardness.
At higher heat treatment temperatures, the hardness of the matrix is increased,
consistent with the effect of increased interstitial element concentration in the metal
matrix. The hardness of the precipitate phases is also increased at higher annealing
temperature, attributed to the mutual solubility of carbon and nitrogen in precipitate
species shown by thermodynamic calculations. Patterns of strain localization in the
nanoindentation testing are shown in SEM micrographs that may be a key feature in
the micromechanical and strain-hardening behavior of these alloys.

Reinforcements at the Sub-nanometer Scale
Thursday AM		
July 19, 2018		

Room: Traditions
Location: The Ohio Union

Session Chair: James Earthman, University of California, Irvine
10:30 AM Invited
Understanding Extreme Strength and Plasticity in Nanotwinned NiMoW
Alloys: Kevin Hemker1; 1Johns Hopkins University
Nanotwinned metals have received considerable attention in recent years do
to their unique balance of beneficial properties, including: very high mechanical
strength, good ductility, excellent fatigue properties, improved mechanical and
thermal stability, and low electrical resistivity. Nanotwinning has historically
been observed in low stacking fault metals and alloys, and to date most studies
have focused on nanotwinned Cu. Our recent observation of nanotwins in sputter
deposited NiMoW films was unexpected, but subsequent characterization of this
material indicates that the nanotwins are associated with ultrahigh mechanical
strength (greater than 3.5 GPa in both tension and compression), extreme anisotropic
plasticity, low electrical resistivity, low thermal expansion, and superior thermal
and mechanical microstructural stability. Grounded by the extensive literature
that exists for nanotwinned Cu, we hypothesize that the interplay between hard
and soft slip systems, interactions of dislocations with coherent twin boundaries,
and detwinning all play a role, but the availability of nanotwinned Ni alloys
with vastly superior strength and microstructural stability suggests that there are
important differences that have yet to be uncovered. We are employing microscale
mechanical testing, in situ SEM and TEM characterization, and TEM-based
nanoscale orientation and elastic strain/stress mapping to: identify the deformation
mechanisms that lead to concurrent ultrahigh strength and anisotropic plasticity,
measure the influence of loading orientation on mechanical behavior, perform
detailed characterization of nanotwin microstructures with orientation and strain
mapping, and to benchmark the effect of alloying and processing parameters on
nanotwinning. The overarching goal of this research is to develop the techniques
and conduct the experiments that will lead to a deeper fundamental understanding
of the underlying mechanisms that govern the enhanced mechanical behavior and
microstructural stability of nanotwinned NiMoW.
11:00 AM Invited
Finding Strength in our Faults: Superstrong Magnesium Alloys via NanoSpaced Stacking Faults: Suveen Mathaudhu1; 1University of California Riverside
Magnesium alloys are some of the lightest structural metals, however their
widespread application has largely been limited by the low strength and formability
compared to other lightweight engineering alloys. In this talk, we report a new
mechanism to create ultrastrong and moderately ductile magnesium alloys through
conventional warm processing methods and appropriate computational design
tools. Stacking faults with nanoscale spacing were introduced into a Mg-8.5Gd2.3Y-1.8Ag-0.4Zr (wt.%) alloy by conventional hot rolling, which produced very
high strengths approaching 600MPa. Low stacking fault energy played an essential
role in producing a high density of stacking faults which impeded dislocation
slip and promoted dislocation accumulation. These findings provide guidance for
development of Mg alloys with unprecedented mechanical properties.
11:30 AM
Effects of Graphene Reinforcement on Microstructural Evolution and
Mechanical Characteristics of Electrodeposited Copper: Rohit Mathew1;
Swetha Singam1; MJNV Prasad1; 1Indian Institute of Technology Bombay
Graphene is known to exhibit ultra-high specific strength and also remarkable
electrical conductivity. Hence, it is viewed as an ideal reinforcement in metallic
systems to improve their mechanical properties. Here we demonstrate exceptional
strengthening of copper (Cu) upon reinforcement of graphene (Gr) nanoplatelets
through pulsed electrodeposition route. Free-standing Cu and Cu-Gr composite
foils were electrodeposited using the acidified copper sulphate electrolytic bath
under varying pulsed current density parameters. The graphene codeposition
controlled the columnar morphology and refined the microstructure of Cu matrix
to ultra-fine grain size (<1 µm) with numerous nanotwins. In addition, there
were substantial changes in crystallographic texture of Cu matrix under influence
of current density and additive inhibition. Room temperature mechanical testing
revealed that the graphene reinforcement in Cu facilitates nearly five-fold increase
in yield strength to ~700 MPa and higher hardness of ~2.5 GPa. It was noted that
these are remarkably higher than the reported values of Cu obtained at similar grain
sizes or those achieved with finer grains by means of severe plastic deformation
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or any other thermomechanical processing. Further, the Cu-Gr composite
electrodeposits showed comparable electrical conductivities of ~75% IACS at
room temperature. Detailed microstructural investigation revealed that the welldispersed Gr nanoplatelets as large undamaged sheets along with presence of fine
growth-twins within the Cu matrix provide an increased microstructural stability
and thereby contribute to its enhanced mechanical and physical properties.
11:45 AM Cancelled
Dislocation-templated Gd Nano-Fiber Patterns: A New Strategy of Tailoring
Mechanical Properties in Mg Alloys: Yangxin Li1; Xiaoqin Zeng1; 1Shanghai Jiao
Tong University

Hael Mughrabi Honorary Symposium: Session V
Thursday AM		
July 19, 2018		

Room: Cartoon 2
Location: The Ohio Union

Session Chair: Adam Pilchak, US Air Force Research Lab
10:30 AM Invited
Fracture of Metals at the Nanoscale: Mathias Göken1; 1University ErlangenNuernberg
Nanomechanical testing allow nowadays probing the fracture properties of
extremely small samples and individual phases in complex material systems as for
example high temperature materials and coatings. Especially the micro-cantilever
technique, which is based on FIB or laser milling, is a reliable way to determine
the fracture toughness of metals on a very small scale. This method has proven to
be quite successful especially on brittle materials. However the applicability has
also been extended to more ductile materials requiring the use of the J-Integral
concept from elastic-plastic fracture mechanics, for which the continuous recording
of crack resistance curves is used. The results of such tests are in quite good
agreement with macroscopic fracture toughness measurements although the plastic
zone size in these micro-cantilevers is quite large compared to the specimen size.
Since here always single crystals are tested not a fully plastic zone surrounding the
crack tip is formed. Instead, only slip on individual slip systems is initiated and
therefore the plastic zone is confined to these slip planes. This probably leads to
a way weaker influence of the plastic zone on the crack tip and reduces shielding
effects. Therefore, the micro-cantilever approach can be used quite successfully
to evaluate the fracture toughness of high temperature materials and coatings.
However in other nano-fracture tests on metals a very strong scaling behavior of the
fracture toughness is sometimes found. For example in bulge tests on thin Au films
of around 200 nm thickness, it is found that the fracture toughness drops towards
the level of ceramics. Here the plastic zone is confined by the sample thickness, so
that the consumed energy during plastic deformation is significantly smaller than in
macroscopic samples. The scaling behavior of the fracture toughness of metals will
be elucidated furthermore in the presentation.
11:00 AM Invited
Gradient Nanostructure Improves Fatigue Properties through Progressive
Microstructural Homogenization: Lei Lu1; 1Institute of Metal Research, CAS
During cyclic fatigue, the most pervasive service condition for metallic
engineering components, the creation, interaction and accumulation of defects
always induce severe strain localization in homogeneous structured materials with
cyclic hardening or softening and inferior fatigue properties. Here, we discovered
that when a coarse grained core is confined by a thin nano-grained surface layer (as
low as 1.3 percent in volume fraction) with a gradient grain size transition, superior
fatigue properties, especially a better low-cycle fatigue life, were achieved during
cyclic loading. A new cyclic mechanism stems from the progressive homogenization
of gradient microstructure through the unusual ordered, progressive cyclic plastic
strain transmission from core to surface layer. Such superior fatigue performance
enabled by a thin, gradient nanostructured surface is ascribed to the homogenous
grain coarsening and simultaneous defect reduction which effectively suppresses
strain localization during cyclic deformation, never being observed in any
homogenous structured metals, provides a promising route to developing fatigueresistant engineering materials.
11:30 AM Invited
Heterogeneous Structures: The Next Hot Research Area?!: Yuntian Zhu1;
Xiaolei Wu2; 1North Carolina State University; 2Institute of Mechanics, Chinese
Academy of Sciences
Recently, heterogeneous structure is found to produce unprecedented strength and
ductility that are considered impossible from our textbook knowledge and materials

history. In addition, it also exhibits other unusual mechanical behaviors such as very
high strain hardening rate. It is suggested that mechanical incompatibility between
heterogeneous domains is primarily responsible for the observed phenomenon.
This represents a new paradigm for designing strong and tough structural materials.
Heterogeneous materials have recently attracted extensive attention in the academic
community and are emerging as a hot research field. Importantly, heterogeneous
materials can be produced by currently available industrial facilities at low cost,
and has the potential to revolutionize the manufacturing industry by providing
strong materials for energy efficient transportation vehicles and other applications.
In this talk I will present and discuss the perspective, prospects, and problems of
heterogeneous materials.

John P. Hirth Honorary Symposium: Session V
Thursday AM		
July 19, 2018		

Room: Cartoon 1
Location: The Ohio Union

Session Chair: Irene Beyerlein, University of California, Santa Barbara
10:30 AM Invited
Coupling of Transformation and Plasticity in NiTi and NiTiHf Shape Memory
Alloys: Peter Anderson1; Harshad Paranjape2; Kathryn Esham3; Lee Cassalena4;
Michael Mills1; 1Ohio State Univ; 2Confluent Medical Company; 3Honeywell, Inc.;
4
Thermo Fisher Scientific
Shape memory alloys (SMAs) offer the potential for a vast array of applications,
including actuators for reconfigurable blades on rotorcrafts, variable geometry
chevrons on aircraft engines, flap actuators on aircraft wings, and even shapechanging bio-inspired structures. However, there are considerable challenges that
include functional and structural fatigue under repeated actuation. Understanding
these phenomena is critical to the design and application of new high temperature
SMAs for automotive and turbine engine applications.This talk focuses on the
coupling of phase transformations and plastic deformation in SMAs at the microand nano- structural scale. Amazingly, dislocation patterns develop during heating/
cooling of NiTi SMAs, even in the absence of macroscopic loads. In new high
temperature Ni-Ti-Hf SMAs, nanoscale precipitates effectively suppress plasticity
during heating/cooling without impeding the phase transformation. Recent
phase field-finite element simulations are used to study the origins of dislocation
patterning during transformations, and how nanoscale precipitates and plasticity
can serve as templates for patterning of martensite. In particular, the stress state
in the vicinity of the austenite-martensite interface is predicted to activate specific
slip systems, thereby leaving a defect pattern that is characteristic of the specific
martensite variants involved, the interface orientation, and the interface speed. The
results suggest that the transformation process “writes” into the matrix dislocation
patterns that subsequently guide both stress-induced and thermally-induced
martensite formation. This work is supported by the Department of Energy/Basic
Energy Sciences.
11:00 AM Invited
Strain Bursts and Size-controlled Localized Plastic Deformation: Nasr
Ghoniem1; Yinan Cui1; 1University of California, Los Angeles
In precipitation and irradiation-hardened materials, plastic deformation is
often heterogeneous and is associated with the formation of localized plastic
deformation zones that may potentially lead to fracture. The intense deformation
proceeds by the interaction of dislocations with nano-size obstacles (e.g. stacking
fault tetrahedra (SFTs), interstitial loops, nano-voids, and nano-precipitates).
These barriers significantly influence plastic flow characteristics at the submicron
scale. Experimental observations show that nano-obstacles either inhibit or
promote strain bursts. We developed two methods to incorporate nano-obstacles
in 3-D discrete dislocation dynamics (3D-DDD). Systematic simulations unravel
the mystery of how and why nano-obstacles enhance or inhibit strain bursts in
submicron BCC iron and FCC Cu single crystals. It is shown that smaller strain
burst amplitudes in irradiated nano- and micro-pillars are obtained under stress
control conditions. However, under strain control conditions, bursts are found
not to be sensitive to irradiation, as a result of rapid stress relaxation truncating
the strain burst. 3D-DDD simulations reveal that, with reduction of sample size
in the submicron regime, the mechanism of plastic flow localization in irradiated
materials transitions from irradiation-controlled to an intrinsic dislocation sourcecontrolled. Furthermore, spatial correlation of plastic deformation decreases due
to weaker dislocation interactions and less frequent cross slip as the system size
decreases, thus manifesting itself in thinner dislocation-free channels. A simple
model of discrete dislocation source activation coupled with cross-slip channel
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widening is developed to reproduce and physically explain this transition. In order
to quantify the phenomenon of plastic flow localization, we introduce a Deformation
Localization Index (DLI), with implications to the design of radiation-resistant
materials.. Comparison of the simulation results with experimental observations
will be presented, and the dependence of the dislocation channel formation
phenomenon on external sample size, irradiation conditions, stress concentration,
as well as internal dislocation mechanisms will be discussed.
11:30 AM Invited
Interface Structures and Twinning Mechanisms in Hexagonal Metals: Jian
Wang1; Mingyu Gong1; 1University of Nebraska-Lincoln
A controversy concerning the description of deformation twinning has developed,
whether it is shear-shuffle or pure glide-shuffle or pure shuffle. There is disagreement
about the interpretation of transmission electron microscope observations, atomistic
simulations and theories for twin growth. In this talk, we highlight the atomic-level,
characteristic, equilibrium and non-equilibrium boundaries and corresponding
boundary defects associated with the three-dimensional ‘normal’, ‘forward’ and
‘lateral’ propagation of {-1012} growth/annealing and deformation twins. Although
deformation twin boundaries after recovery exhibit some similarity to growth/
annealing twin boundaries because of the plastic accommodation of stress fields,
there are important distinctions among them. These distinctions distinguish among
the mechanisms of twin growth and resolve the controversy. In addition, a new
type of disconnection, a glide disclination, is described for twinning. Synchroshear,
seldom considered, is shown to be a likely mechanism for {-1012} twinning.
Similar mechanisms can be found in other twinning modes in hexagonal metals.

Effects of Grain Boundaries and Interfaces III
Thursday PM		
July 19, 2018		

Room: Senate Chamber
Location: The Ohio Union

Session Chairs: Glenn Daehn, Ohio State Univ; Mohammad Shahriar
Hooshmand, Ohio State University
1:30 PM Invited
Planar Defects in Nanocrystalline Metallic Alloys: Stability, Transformation
and Transport: Jessica Krogstad1; Megan Emigh; Pralav Shetty; 1University of
Illinois, Urbana-Champaign
High densities of planar defects, including nanotwins and stacking faults,
dramatically impact the mechanical response of nanostructured metals. Here we
will explore the role that these planar defects also play in the overall microstructural
and phase stability, specifically emphasizing how nucleation and mass transport
behavior deviates from anticipated coarse-grained pathways. This unique transport
behavior has significant consequences for internal processes like recrystallization,
grain growth and precipitation behavior, all of which ultimately impact the
mechanical properties of the material.
2:00 PM
Processing--Structure--Properties Relations in Al-Fe Impact Welds: Anupam
Vivek1; Taeseon Lee1; Yu Mao1; Ali Nassiri1; Angshuman Kapil1; Glenn Daehn1;
1
Ohio State Univ
Solid-state welds by the oblique high speed impact of dissimilar metals holds
many advantages over fusion welds. A wide variety of advanced materials can be
joined, primarily because gross and/or continuous intermetallics can be avoided
at interface. Peel testing is a very discriminating means of assessing interface
toughness. In many systems, dissimilar metal interfaces are routinely very tough
while in other systems, even without gross intermetallics, the interface can tend to
be brittle. The situation can be subtle where when joined to steel, some aluminum
alloys (such as 3xxx series and 6xxx series) routinely produce much tougher
interfaces than others (like 7xxx). In many ‘good’ cases interface failure is virtually
impossible, as cracks will deviate into base metal. This prevention will describe
current thinking on this problem and ongoing studies to fundamentally understand
dissimilar interface toughness in impact welds.
2:15 PM
Oxygen Diffusion around (10-12) Twin Boundary in Titanium
: Mohammad Shahriar Hooshmand1; Maryam Ghazisaeidi1; 1The Ohio State
University
Titanium (Ti) and its alloys have a wide range of applications due to their
excellent strength to weight ratio and good corrosion resistance. Twinning is an
important mechanism that accommodates the ductile deformation in Ti. It is found
that oxygen with up to 33 at% solubility in alpha-Ti enhances the tensile strength,
while it has a detrimental effect on the ductility. In this DFT work, we study the
diffusivity of oxygen interstitials around a (10-12) twin boundary (TB). First, we
identify all possible stable interstitial sites around the twin boundary and compute
the corresponding site energies and transition energy barriers for jumps between
these sites, using density functional theory. We show that the site energies and the
barriers are consistently lower than in bulk, suggesting the higher tendency of oxygen
to segregate to the twin boundary region. Using the site and transition energies and
an exact solution to the master equation, we then compute the diffusivity of oxygen
in the presence of the TB and find enhanced diffusivity around the boundary in all
directions. Enhanced diffusivity towards the boundary suggests the feasibility of
oxygen segregation to favorable sites at the boundary, while increased diffusivity
in the boundary plane provides a path for fast diffusion of oxygen. This result sheds
light on the underlying mechanisms governing the slower growth of (10-12) twin
caused by pinning at the segregated oxygen interstitials.
2:30 PM
Suppressing of Grain Boundary Migration in Nano-Grained Pure Metals:
Xiuyan Li1; 1Institute of Metal Research C.A.S.
Grain boundary migration is known as a general deformation mechanism in
metals as their grain size is reduced to nanometers, which results in softening of
materials. By using gradient nano-grained structures subjected to large tensile
strains, we discovered that mechanically driven grain boundary migration occurs
only in a certain grain size range in Cu and it can be effectively suppressed as
grain sizes are below a critical size. The dominant deformation mechanism
changes gradually from grain boundary migration to generation of extended partial
dislocations as grain size is smaller than the peak size. Correspondingly, hardness
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of the small grained area increases slightly after tension.

and possible reasons for this discrepancy are currently under investigation.

2:45 PM
Characterizing Mechanical and Thermal Properties of Nanotwinned Metal
Thin Films for High Temperature MEMS Devices: Gianna Valentino1;
Jessica Krogstad2; Timothy Weihs1; Kevin Hemker1; 1Johns Hopkins University;
2
University of Illinois at Urbana-Champaign
To date, materials selection for the structural element of many MEMS devices has
been limited to a relatively small subset of materials compatible with conventional
very-large scale integration (VLSI) fabrication technologies, with silicon being the
dominant structural material. Employing MEMS sensors in extreme environments
will demand advanced materials with a synergistic balance of properties e.g. high
strength, density, electrical conductivity, dimensional stability, and microscale
manufacturability, but MEMS materials with this suite of properties are currently
unavailable. The current study has been motivated by the realization that the
development of technologies for the deposition and micro-machining of metal
MEMS films holds great promise and will be required to realize what is commonly
referred to as the Internet of Things (IoT). Sputter depositing a compositional
spread of single-phase solid solution nickel-molybdenum-tungsten (NiMoW) films
revealing ultrahigh strengths exceeding 3.5 GPa, exceptional thermal-mechanical
stability, and low electrical resistivity due to the presence of highly parallel nanotwins
and stacking faults. Experimentally capturing the effects of chemical composition
on the underlying nanostructure and attendant properties (CTE, strength, ductility
and electrical resistivity) has enabled down selection of the most promising alloys.
Micropillar compression has revealed ultrahigh strengths accompanied by highly
anisotropic and localized plasticity. And, investigation of the nanotwinned NiMoW
alloy is proceeding along two parallel paths. We are undertaking in situ micropillar
and TEM investigations to elucidate the fundamental deformation mechanisms
and attendant mechanical response of this extraordinary material, and freestanding
micro-cantilever arrays have been fabricated to demonstrate dimensional control
and the applicability of NiMoW films for next generation metal MEMS devices.

4:00 PM
Bulk and Surface Grain Boundary Engineering for Improved Resistance to
Corrosion and Stress Corrosion Cracking Resistance of Nuclear Alloys
: Abhishek Telang1; Amrinder Gill2; Mukul Kumar3; Sebastien Teysseyre4; Seetha
Mannava5; Dong Qian6; Vijay Vasudevan5; 1Integer; 2AK Steel; 3Lawrence
Livermore National Laboratory; 4Idaho National Laboratory; 5Univ of Cincinnati;
6
University of Texas at Dallas
The effects of bulk and surface grain boundary engineering (GBE) on corrosion
and stress corrosion cracking (SCC) behavior of alloy 600 (Ni-15Cr-9Fe) was
studied. GBE resulted in increased fraction of special boundaries and triple junctions
whilst decreasing the connectivity of random high angle grain boundaries, which,
in turn, reduced the propensity to sensitization, i.e. carbide precipitation and Cr
depletion at grain boundaries, leading to greater intergranular corrosion and SCC
resistance. Detailed EBSD analysis of regions around cracks showed that cracks
were arrested at J1(1-CSL) and J2 (2-CSL) type of triple junctions. The probability
for crack arrest at special boundaries and triple junctions, calculated using
percolative models, was found to have increased after GBE, which also explains
the increase corrosion and SCC resistance to corrosion and SCC. A clear correlation
and mechanistic understanding relating grain boundary character, sensitization,
carbide precipitation and susceptibility to corrosion and stress corrosion cracking
was established.

3:00 PM Break
3:30 PM
Effect of Microstructure Refinement on Tensile Properties of Low Carbon
Dual Phase Steel Composed of Soft Ferrite and Hard Martensite: Myeongheom Park1; Akinobu Shibata1; Nobuhiro Tsuji1; 1Kyoto Univ
Dual phase (DP) steels composed of soft phase (ferrite) and hard phase (martensite
or bainite) are known to show good strength-ductility balance, but the reason
for their superior mechanical properties is still unclear. In the present study, the
microstructural refinement of the DP structures in a 2Mn-0.1C steel was achieved
by various thermomechanical processes. The obtained grain size of ferrite in the
DP structures, where ferrite is surrounded by martensite (prior austenite), ranged
from 58 µm down to 4 µm. It was found that the grain refinement significantly
changed tensile properties of the DP steel at room temperature, and interestingly
both strength and ductility were both enhanced by microstructure refinement. The
mechanism of the improvement of mechanical properties was studied by means of
digital image correlation (DIC) and in-situ neutron diffraction, and the results will
be discussed in the presentation.
3:45 PM
Sub-grain Evaluation of a Super-Dislocation Model via EBSD-Based GND
Mapping: Landon Hansen1; David Fullwood1; Hyuk Jong Bong2; Eric Homer1;
Robert Wagoner2; 1Brigham Young University; 2Ohio State University
A recently developed CP-FEM, known as the SuperDislocation model (SD
model), introduces a novel approach for handling elastic dislocation interactions in
an effort to accurately model dislocations at the meso-scale. With this conceptually
simple modification to standard CP-FEM, the SD model has been shown to
accurately predict the following phenomena at the macro scale without additional
length scale parameters: Hall-Petch slopes, Bauschinger effects, and the elasticplastic transition. Although the SD model has been validated at the macro scale,
its ability to predict dislocation evolution at the sub-grain scale has not been
thoroughly assessed and is the focus of this work. GND density maps from electron
backscatter diffraction (EBSD) results of large grained Ta tensile specimens were
compared against simulated results from the SD model and a dislocation-density
based constitutive, but otherwise standard, CP-FEM. Grain boundaries (GBs) were
the primary focus, as dislocation-GB interactions are central to the SD model’s
novelty. Initial findings show that the SD model predicts GND content closer to
experimental results compared to the standard CP-FEM. The SD model predicted
GND pileup trends near GBs similar to experimental results. Furthermore, it was
shown to quantitatively predict average GND of grains reasonably well. The exact
location of GND pileup was not able to be constantly predicted by the SD model

4:15 PM
Evolution of Elastic Properties of Cold Sprayed Metal Coatings at Elevated
Temperatures: Michaela Janovská1; Hanuš Seiner1; Jan Cížek2; Petr Sedlák1;
Michal Landa1; 1Institute of Thermomechanics; 2Institute of Plasma Physics
Cold spraying (CS) is a versatile and efficient method for deposition of relatively
thick metallic coatings. Unlike the conventional thermal spraying methods such as
plasma spraying, the CS process does not involve substantial heating or melting
of the sprayed powders. Instead, the formation of the coating arises from severe
plastic deformation of accelerated powder particles upon their impingement at the
substrate. Resonant ultrasound spectroscopy was applied to analyze the elastic
anisotropy of thick aluminum, nickel, copper and titanium coatings prepared by CS
and to determine the respective elastic moduli. The evolution of shear moduli of
coatings was investigated on temperature cycles up to elevated temperatures. The
results show that the coatings exhibit only weak deviations from perfect isotropy,
and the obtained elastic moduli are comparable with those of the corresponding
polycrystalline bulks. Thermal cycling leads to a significant increase in the shear
modulus of nickel, while for copper, titanium and aluminum the shear modulus
remains nearly unchanged or exhibits a weak increase only. The internal friction
parameter shows a significant decrease after the thermal cycle, being the most
pronounced for nickel again. The decrease of the internal friction observed in the
studied coatings indicates grain coarsening and consequent lower influence of grain
boundary sliding.

Elementary Deformation Mechanisms V
Thursday PM		
July 19, 2018		

Room: Student-Alumni Council Room
Location: The Ohio Union

Session Chair: Marc Seefeldt, KU Leuven
1:30 PM
Monitoring Meso Phase and Micro Strains in Fully Pearlitic Steels by Means of
In Situ Neutron Diffraction: Marc Seefeldt1; Jeroen Tacq2; 1KU Leuven; 2SIRRIS
In situ neutron diffraction was used to monitor the meso phase and micro strains in
the ferritic phase of fully pearlitic steel during uniaxial tension including unloadingloading cycles. The experiments were done on the stain scanner HK9 at the Nuclear
Physics Institute in Rez near Prague, Czech Republic. The responses of as received,
cold-rolled, stress-relieved and globularized microstructures were compared. After
yielding of the ferrite phase, the ferrite lattice strain remained nearly constant in
the as-patented sample, but showed a significant drop in the stress-relieved and
the globularized samples, in the stress-relieved case even followed by a slight,
but continuous decrease. The microstrains, as reflected in the line profile widths,
showed a remarkable drop during the unloading-loading cycles which was most
pronounced in the stress-relieved, but also present in the as-patented sample. It is
probably due to the relaxation of elastic strain gradiënts. Several micromechanical
modelling approaches are discussed to interpret these observations, from simple
sandwich models via a shear lag approach to a polycrystal plasticity model.
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1:45 PM
In-situ SEM characterization of deformation processes in Ti-5553 at room
temperature: influence of the ß phase and consequences on fatigue crack
initiation: Samuel Hemery1; Patrick Villechaise1; 1Institute Prime - ENSMA
Near ß titanium alloys are increasingly employed for room temperature aerospace
applications owing to an improved strength compared to more conventional
a/ß titanium alloys. The strength increase is enabled by complex and multiscale
microstructural arrangements resulting from the processing steps. Indeed, ß grains
(˜ 100 µm) contain lamellar (˜ 10 nm) and nodular (˜ 1 µm) a precipitates. A highly
heterogeneous deformation behavior has been reported in previous studies. Such
observation might be related to the high retained ß phase fraction. Indeed, the ß
phase is known to exhibit a high elastic anisotropy.
The present study reports
an investigation of the deformation processes operating at room temperature
at the onset of plastic slip while considering the crystallographic orientation of
the ß phase. To do so, an in-situ tensile test has been carried out in a scanning
electron microscope and combined with the EBSD technique. Strains at the beta
grain scale have been evaluated in the elastic and plastic regimes using tracking
of metallurgical markers while the onset and the early development of plasticity
have been monitored in-situ at the alpha precipitation scale through slip traces
analysis. The results show that the assessment of the respective contribution of
microstructural elements at several scales enables an improved understanding of
the deformation behavior. The relationship with fatigue crack initiation is finally
discussed based on post-mortem characterization of initiation sites.
2:00 PM
Aging and Oxidation Effects on the ß21S Titanium Alloy Microstructure and
Mechanical Properties: Héloise Bernardeau Vigie1; Aurelie Soula2; Bernard
Viguier1; 1CIRIMAT; 2Safran Nacelle
Ti-ß21S is a ß-metastable titanium alloy, currently used in industry such as
aeronautics, because of its cold formability, good mechanical properties at elevated
temperature, low density and its strong resistance to oxidation. This alloy is
hardened by an a-phase precipitation in the ß-matrix. The purposes of the present
research are to establish the effects of aging on microstructure and mechanical
properties of Ti-ß21S alloy. Different thermal aging tests have been carried out
at high temperature for 500 hours in air. Two initial microstructures have been
studied: the first one corresponding to as-received solution-state, and the second
one being an a precipitated state. The mechanical properties of the alloys have
been tested by mean of tensile testing and strain rate changes for both initial
microstructures. Afterwards aging treatments were performed in laboratory air for
a extended range of time and temperature. The microstructure evolution has been
examined after each thermal treatment by means of Scanning Electron Microscope
and chemical analysis. Mechanical properties have been studied by tensile tests
performed at room and high temperature but also by microhardness testing to
characterize the local evolution of properties close to the surfaces. The evolution
after heat treatment of tensile properties, such as 0.2% proof stress, ultimate stress
and elongation, is correlated to microstructure evolution. A significant different
evolution is observed between the two initial microstructures. The role of oxidation
and oxygen dissolution on both microstructure and mechanical properties will be
emphasized.
2:15 PM
Influence of Strain Rate and Microstructure on the Substructure Evolution
and Properties of Ti-407: Zachary Kloenne1; Gopal Viswanathan1; Hamish
Fraser1; 1Ohio State Univ
Titanium and titanium alloys are excellent candidates for aerospace applications
owing to their high strength to weight ratio. Alpha/beta titanium alloys are used
in nearly all sections of the aircraft, including the fuselage, landing gear and
wing. Ti-6Al-4V is the workhorse alloy of the titanium industry, comprising of
about 60% of total titanium production. Ti-1Al-4V-0.25Si-0.25Fe (Ti-407) is
an ideal candidate to replace Ti-6Al-4V and Ti-3Al-2.5V alloys in many of these
applications due to its excellent machinability and increased energy absorption.
The origin of these properties is not known, and a central theme of this research
is to develop an understanding of the deformation mechanisms active in this
new alloy. In this study, the Ti-407 alloy was heat treated to produce a range of
microstructures, which were then evaluated by performing room temperature
tensile testing at various strain rates. Ti-407 displayed a robust mechanical response
to microstructure, however, was more strongly dependent on strain rate than either
of the two legacy alloys referred to above. Scanning electron microscopy (SEM) in
conjunction with backscattered electron (BSE) imaging was performed to examine
and quantify the microstructure. Transmission electron microscopy (TEM) as well
as energy dispersive spectroscopy (EDS) were used to examine the deformation
substructure, with particular attention to the role of the alpha/beta boundaries
regarding dislocation generation and slip transmission.

2:30 PM Cancelled
Influence of Microstructure on High Strain Rate and High Temperature
Deformation Behaviour of Ti-6Al-4V Alloy: Shubhashis Dixit1; Amit
Bhattacharjee2; S Karthikeyan3; S Sankaran1; 1IIT Madras; 2Titanium Alloy Group,
Defence Metallurgical Research Laboratory, Hyderabad; 3Indian Institute of
Science, Bangalore, India
2:45 PM Cancelled
Effect of Crystallographic Texture and Stress Tri-Axiality on Fracture
Behaviour of Titanium: Vivek Sahu1; N.P. Gurao1; 1IIT KANPUR

Topics on the Strength of Materials
Thursday PM		
July 19, 2018		

Room: Barbie Tootle
Location: The Ohio Union

Session Chair: James Earthman, University of California, Irvine
1:30 PM Cancelled
Transition of Deformation Behavior and Its Related Microstructure Evolution
in Nimonic 80A under Hot-to-Warm Deformation: Ke Chen1; Jieqiong Wu1; Hui
Shi1; Xianping Dong1; Lanting Zhang1; Aidang Shan1; 1Shanghai Jiao Tong Univ
1:45 PM
Collective Motion of Dislocation Associated with Local Plasticity Initiation
and Subsequent Behavior in bcc Metals: Takahito Ohmura1; 1National Institute
for Materials Science
Nanoindentation-induced mechanical behavior was investigated for bcc
metals. Pop-in event that corresponds presumably to local plasticity initiation was
detected on load-displacement curves with major parameters of critical load Pc
and corresponding excursion depth Δ h. In a plot of Pc vs Δ h, the Pc increases
monotonically with the Δ h, and the slope depends on alloy systems. On the other
hand, brittle-to-ductile transition temperature (BDTT) also depends on the alloy
systems, and the alloy with higher BDTT shows higher slope in the Pc vs Δ h
plot. Dislocation structures underneath the indenter were observed through TEM
before and after a pop-in event. No dislocations were observed before initiation
while considerable dislocations were generated right after the event. These results
suggest that dislocation nucleation and multiplication occur drastically upon
plasticity initiation based on collective dislocation motion. Since the BDTT is
closely consistent with pop-in event, crack propagation might be related with
plasticity initiation.
2:00 PM Cancelled
Deformation Behavior of Nb Nanowires in TiNiCu Shape Memory Alloy
Matrix: Daqiang Jiang1; 1China University of Petroleum, Beijing
2:15 PM
Bayesian Inferential Framework for Model Selection in Crystal Plasticity
Modeling: Denielle Ricciardi1; Oksana Chkrebtii1; Stephen Niezgoda1; 1OSU
Computational supported design has received increased attention over the past
decade due the many benefits if offers, namely the development of integrated
computational materials engineering (ICME). ICME seeks to integrate models
across length and time scales in order to produce processing  microstructure 
property  performance predictions. The bridging of scales replaces the bulk of
experimentation required to achieve a design confidence, leading to a reduction
of cost in time and resources and expediting the process of bringing new materials
from development to application. This computational approach necessitates
replacing an experimental design confidence with a statistical confidence through
verification and validation (V&V) of the predictive models and uncertainty
quantification (UQ). The use of these tools are often absent or inconsistent in
crystal plasticity (CP) modeling, leading to unexposed model error and uncertainty
and an undefined range of model application. This is problematic in CP modeling
where there are a great breadth of available models ranging in complexity which
are primarily deterministic in nature and can be highly application dependent.
Perhaps surprisingly, complex physics-based models may not always out-perform a
simple empirical law. The predictive fidelity of the former, having many parameters
which need to be obtained through experiment or calibration, is largely controlled
by the quality and quantity of calibration data available. This work will create a
framework to understand when the increase in predictive fidelity justifies the use
of a complex phyics-based model in lieu of a simple phenomenonological model.
The challenge of selecting the best model for a given scenario is approached by
ICSMA18 Abstracts...51

adopting state-of-the-art UQ tools based on the principles of Bayesian analysis.
Model comparison is done as a function of the quality and quantity of calibration
data as well as confidence requirements.
2:30 PM
Hydrogen Embrittlement in a Compositionally Complex FeNiCoCrMn FCC
Solid Solution Alloy: Kelly Nygren1; Kaila Bertsch1; Shuai Wang1; Hongbin Bei2;
Akihide Nagao3; Ian Robertson1; 1University of Wisconsin-Madison; 2Oak Ridge
National Laboratory; 3JFE Steel Corporation
With the drive for tunable material systems, single phase FCC equi-molar
multi-element alloys, including high-entropy alloys of five elements or more, have
garnered attention for their remarkable material properties including high thermal
stability, high malleability, slow diffusion, and high ductility. Recently, resistance
to hydrogen embrittlement was reported to be among these beneficial properties,
putting them in a unique class of alloys. In the presented study, hydrogen was
introduced into an equi-molar FeNiCoCrMn alloy via 120 MPa gaseous charging
at 200 °C. Slow strain rate tests with an initial strain rate of approximately
1.7 × 10-6 s-1 were performed on the uncharged and hydrogen-charged specimens.
SEM fractography, TEM analysis of the microstructure beneath the fracture
surfaces, and EBSD analysis of the free surface were utilized for a multi-lengthscale characterization of the deformation structure to understand the failure
mechanism. The influence of internal hydrogen (146.9 mass ppm) was to reduce
the macroscopic ductility, and to change the fracture mode from transgranular
ductile microvoid coalescence to intergranular failure; the alloy is susceptible to
hydrogen embrittlement. The microstructures adjacent to the fracture surfaces had
an advanced dislocation cell structure in the presence of hydrogen that could be
rationalized in terms of the hydrogen-enhanced localized plasticity mechanism.
From observations of the free surface, a reduction in grain elongation along the
loading direction was observed in the hydrogen-charge alloy, suggesting that the
hydrogen-enhanced plasticity introduces an additional constraint that promotes
intergranular failure. Modifications to the mechanism of hydrogen-induced
intergranular failure in FCC metals are discussed in terms of collective behavior
of hydrogen-dislocation interactions, resulting microstructures, and constraints on
grain boundaries.
2:45 PM
Microstructure and Deformation Behavior of Nb Nanoparticle Reinforced
CuZnAl Composite: Feng Yang1; 1China University of Petroluem-Beijing
A Nb particle reinforced CuZnAl composite was prepared by means of friction
stir processing and wire drawing. The microstructure of composite was studied by
using of SEM, TEM and XRD. Reinforcing effect of the Nb particle and deformation
behavior in the composite was investigated by means of in-situ synchrotron X-ray
diffraction. The maximum elastic strain of the Nb particle achieved was 0.7%,
implying a component stress of 140 MPa on the particles. The Nb particles, with a
volume fraction of 10%, carried 30% of stress fraction during tensile deformation.
3:00 PM Break

2:00 PM Invited
Deformation Mechanisms in Mg-Nanolayered Composites: Irene Beyerlein1;
1
University of California, Santa Barbara
The goal of the work presented is to gain an understanding of the deformation
mechanisms, underlying the deformation of nanolayered composites containing
either BCC or HCP Mg phases. Nanolayered composites comprised of 50%
volume fraction of Mg and Nb were synthesized using physical vapor deposition
with individual layer thicknesses h of 5 nm, 7 nm, and 50 nm. At the lower layer
thicknesses of h = 5 nm and 7 nm, the Mg was found to have undergone a phase
transition from HCP to BCC, such that it formed a coherent interface with the
adjoining Nb phase. Micropillar compression testing normal and parallel to the
interface plane showed that the BCC Mg composite is much stronger and can
sustain higher strains to failure. Transmission electron microscopy and density
functional theory calculations for the relative barriers to shear on crystallographic
slip systems and Mg/Nb interface together suggest that the deformation is
predominantly mediated by slip in the layers. A crystal plasticity model with
the h-dependent critical resolved shear stresses was developed and applied to
understand the linkage between the observed deformation response and underlying
mechanisms. Calculations from the model predict that the stress-strain response
results from dislocation mediated plasticity on the {110} and {112} slip systems.
2:30 PM Invited
Phase Transformation Strengthening in High Entropy Alloys: Maryam
Ghazisaeidi1; Changning Niu1; Carly LaRosa1; Jiashi Miao1; Michael Mills1; 1Ohio
State University
Simultaneous increase in strength and ease of plastic deformation is the ultimate
goal for most structural materials, but is usually mutually exclusive. Here we present
a phase transformation strengthening mechanism in NiCoCr, a ternary derivative
of the NiCoCrFeMn high entropy alloy. NiCoCr is widely known as single phase
face-centered close packed (fcc) solid solutions with a remarkable combination of
strength, ductility and fracture toughness. Our first principles calculations reveal a
driving force for a fcc-hcp phase transformation in this alloy, that increases strength
without compromising ductility. We then analyze all other ternary equiatomic
derivatives of the quinary HEA that crystalize as fcc solid solutions and reveal
that this fcc-hcp phase transformation is only possible in NiCoCr due to a unique
combination of chemical and magnetic properties of the alloying elements. In
addition, we present a mechanistic picture of this martensitic phase transformation
through glide of 1/6112–type Shockley partial dislocations on adjacent {111}
planes. Calculations of the corresponding energy pathways in NiCoCr show
that (1) the average intrinsic stacking fault (isf) energy is negative (2) creation
of the isf requires overcoming a significant energy barrier and (3) hcp formation
lowers the energy and requires a lower barrier to overcome compared to the
competing mechanisms. The implications of these findings apply to a broad range
of systems, where in principle phase transformation can be engineered by tuning
the concentration of certain alloying elements through computational guidance and
experimental validation.
3:00 PM Break

John P. Hirth Honorary Symposium: Session VI
Thursday PM		
July 19, 2018		

Room: Cartoon 1
Location: The Ohio Union

Session Chairs: Amit Misra, University of Michigan; Richard Hoagland,
Los Alamos National Lab
1:30 PM Invited
Lattice Defects and Solute Segregation in Mg Alloys: Jian-Feng Nie1; 1Monash
University
Significant progress has been made since 2000 in the understanding of lattice
defects (dislocations, stacking faults, deformation twins) and solute segregation
in magnesium alloys and their impact on deformation behaviour, formability and
mechanical properties. This progress is achieved through the use of advanced
experimental techniques and integrated computational materials engineering.
Despite this achievement, there are still some controversial views and unresolved
issues on the nature of lattice defects and solute segregation in such lattice
defects in some magnesium alloys of scientific and/or technological interest. This
presentation will provide a review of our recent findings in the study of dislocations,
stacking faults, deformation twins, and solute segregation in magnesium alloys
using atomic-resolution Z-contrast imaging technique of high-angle annular darkfield scanning transmission electron microscopy (HAADF-STEM) and energydispersive X-ray spectroscopy (EDS-STEM) technique.

3:30 PM Invited
Atomistically Resolved Dislocation-Solute Interactions Predicted on Diffusive
Timescales: Chad Sinclair1; 1Dept. of Materials Engineering, The University of
British Columbia
Solute-dislocation interactions are important to the high temperature deformation
response of many solid solution strengthened alloys. Quantitative prediction is
challenging for reasons elegantly summarized by Hirth and Lothe years ago. On
the one hand, solute redistribution is driven by atomistic phenomena operating near
the dislocation core while, on the other hand, the consequences are observed on
experimental (diffusive) timescales. Conventional atomistic simulation techniques
achieve the necessary spatial resolution but are unable to operate on the required
‘diffusive’ timescale. In this work we have used a ‘diffusive molecular dynamics’
approach to circumvent these challenges, achieving atomistic spatial resolution
evolved on diffusive (experimental) time-scales . The results of these simulations
reproduce the expected ‘classical’ steady-state behaviour over 5 orders of
magnitude in strain rate while also revealing surprising effects related to transient
dislocation motion in the ‘high’ strain rate regime where ‘cross-core’ diffusion
effects dominate.
4:00 PM
Discrete Plasticity in Sub-10-nm-Sized Gold Crystals: Scott Mao1; 1University
of Pittsburgh
Although deformation processes in submicron-sized metallic crystals are well
documented, the direct observation of deformation mechanisms in crystals with
dimensions below the sub-10-nm range is currently lacking. Here, through in situ
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high-resolution transmission electron microscopy (HRTEM) observations, we
show that (1) in sharp contrast to what happens in bulk materials, in which plasticity
is mediated by dislocation emission from Frank-Read sources and multiplication,
partial dislocations emitted from free surfaces dominate the deformation of gold
(Au) nanocrystals; (2) the crystallographic orientation (Schmid factor) is not the
only factor in determining the deformation mechanism of nanometre-sized Au;
and (3) the Au nanocrystal exhibits a phase transformation from a face-centered
cubic to a body-centered tetragonal structure after failure. These findings provide
direct experimental evidence for the vast amount of theoretical modelling on the
deformation mechanisms of nanomaterials that have appeared in recent years.
4:20 PM
Generation of Master Shape-change Flow-stress Curve in FCC Metals
Validated Using Rate Theory of Thermally Activated Flow: Shigeo Saimoto1;
1
Queen’s University
The application of the Eyring rate theory to plastic flow was adapted to dislocation
kinetics by early workers such as N.F. Mott, J. Friedel, A. Seeger, G. Schoeck, Z.S.
Basinski and others and culminated in a treatise by Kocks, Argon and Ashby in
1975. The validation of the plastic flow theory is difficult since the free energy
potential representing obstacles to dislocation passage is temperature dependent
and hence the activation work and activation distance becomes temperature
dependent. Current precise determination of strain rate sensitivity as a function
of temperature attest to this fact for the large dependence of stress-strain locus on
temperature. Recent constitutive analyses of work-hardening based on Taylor slip
model can replicate the stress-strain data using two power-law (Hollomon-like)
loci. The intersection of the loci can be used to normalize each test curve. The
result is a master curve independent of test temperature implying that the master
curve just represents the shape-change. The thermally activated flow relation is
scrutinized to show how this degeneration of the stress-strain curves can occur.
The validation is based on the correlation between activation work and the intrinsic
self-organized internal stress.

Poster Session I
Monday PM		
July 16, 2018		

Room: Performance Hall
Location: The Ohio Union

Session Chair: To Be Announced
A Test to Determine Stress Relief Cracking Susceptibility in Grade 11 Welds:
Conner Sarich1; 1The Ohio State University
The objective of this study was to develop a standardized test to determine the
susceptibility to Stress Relief Cracking (SRC) in low alloy steels. A comparative
study of the Grade 11 Weld Metal and Grade 11 Heat Affected Zone (HAZ) was
conducted with the objective to quantify and compare the stress and temperatures
that could lead to SRC and SRxC. Part 1 of testing evaluated SRC susceptibility
by loading a dog bone specimen to 90% of the yield strength, heating the sample
to PHWT temperature, and holding for 8hrs. If the samples do not fail, the
difference in stress from before and after holding at fixed displacement was used
to give a quantitative value for how much stress relief occurred during PWHT.
Quantifying stress relief for SRC testing is a new contribution to SRC research.
Part 2 of Gleeble testing evaluated service temperature mechanical properties after
PWHT. To do this, the Part 1 Gleeble procedure was repeated followed by a service
temperature tensile test. The reduction in area and elongation was measured to
determine relative ductility before failure. The Part 1 of Gleeble testing found that
the simulated CG-HAZ is susceptible while the weld metal is resistant to stress
relief cracking. This is what the J-Factor and x-bar predicted as well. By knowing
the stress that leads to SRC at various PWHT temperatures, PWHT processes can
be optimized to avoid cracking.
Dose Dependences of CdIn2S4<Au> Resistance at Various Roentgen Radiation
Hardnesses: Salim Asadov1; Solmaz Mustafaeva1; 1Institute of Catalysis and
Inorganic Chemistry ANAS
The influence of doping CdIn2S4 single crystals by gold (3 mol %) on their
X-ray dosimetric parameters is studied. It is found that the X-ray sensitivity
coefficients of CdIn2S4<Au> crystals increase 6-8 times compared with undoped
CdIn2S4 at effective radiation hardness Va = 25-50 keV and dose rate E = 0.7578.05 R/min. Moreover, the persistence of the crystal characteristics completely
disappears and the supple voltage of a CdIn2S4<Au> roentgendetector decreases
threefold. The dependence of the steady X-ray-induced current in CdIn2S4<Au>
on the X-ray dose is described by linear law.Dose dependences of resistance of the
CdIn2S4<Au> crystal at various radiation hardnesses have been investigated. Dark
resistance of studied sample was equal to 10 MOhm. At all radiation hardnesses
the CdIn2S4<Au> resistance drops when E rises from 0.75 to 78.05 R/min. For
example, at Va = 50 keV the value of the CdIn2S4<Au> resistance decreases from
10 to 2.2 MOhm.
Effect of Long Period Stacking Ordered Phase on Thermal Stability of
Magnesium Alloys Containing Rare Earth Element: Qingchun Zhu1; Yangxin
Li1; Xiaoqin Zeng1; 1Shanghai Jiao Tong University
To date, the applications of Magnesium alloys are still limited due to their
low strength, low ductility as well as low creep resistance. Magnesium alloys
containing rare earth (RE) in conjunction with other alloying elements, such as
Zn, have drawn increasing interest due to their high strength, high ductility and
high creep-resistance with the existence of long period stacking ordered (LPSO)
phases. Although the LPSO phases have been studied for over a decade, the
question remains how an LPSO phase impacts the mechanical properties of Mg-RE
based alloys. Through addressing the morphological features of the second-phase
particles, the present work aims to quantify the shape effect of the second-phase
particles on pinning grain boundaries movement and then to rene and extend the
Zener’s model in order to understand the effect of the LPSO phases on thermal
stability of the rened Mg grains at elevated temperatures.
Element Testing of Additively Manufactured Nickel Alloys: Arunima Banerjee1;
Matthew Vaughn1; Jamie Guest1; Kevin Hemker1; 1Johns Hopkins University
Additive manufacturing (AM), particularly powder bed approaches for
metallic systems has shown tremendous potential to fabricate complex, functional
components which may not be achievable using traditional manufacturing methods.
However, the correlation between processing parameters and the component
properties are not fully understood. Nickel alloys are widely used in hypersonic
components but additively manufacturing them introduces anisotropy and
inhomogeneity in the mechanical properties as a result of processing variability.
The complex stress states that are observed in such components need to be analysed
and compared with their mechanical response through a variety of mechanical
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testing and in situ characterization techniques. This work is aimed at measuring
and elucidating the effect of geometry, loading conditions and location-specific
properties on the mechanical behavior of additively manufactured geometric
test elements of Ni-base superalloys using a micro-tensile load frame with DIC
strain mapping. Results for both ambient and elevated temperature testing will be
presented.
Experimental Characterization of Mode II Delamination in Commercial
Thermal Barrier Coating Systems: Jalil Alidoost1; Kevin Hemker1; 1Johns
Hopkins University
Layered thermal barrier coating (TBC) systems used in jet engines consist
of a nickel-based superalloy substrate, intermetallic bond coat, thermally grown
oxide (TGO) and a electron beam physical vapor deposition (EBPVD) 7% yttriastabilized zirconia (YSZ) top coat. TBCs allow for a high turbine inlet temperature
while keeping the temperature of the metallic layers significantly below their
melting points, thus maximizing engine efficiency. Thermal protection is only
provided when the TBC remains attached to the substrate, and mechanism-based
lifetime assessment models rely on accurate knowledge of the experimentally
measured interfacial fracture toughness. We have employed conventional 4-point
bend experiments and a newly developed compression edge-delamination (CED)
methodology to make direct measurements of coating interfacial toughness as a
function of mode mix. Of special interest are the CED specimens, which provide
a direct measure of mode-II delamination toughness of the coating. Results for
commercial TBC systems provided by industrial collaborators will be presented and
used to characterize the effect of mode mix and various manifestations of thermal
cycling on interfacial toughness. One common mode of TBC failure from extrinsic
damage is due to calcium-magnesium-alumino-silicate (CMAS) contamination.
CMAS is melted at modern jet operating temperatures and wicks into the top coat,
affecting the compliance and the phase stability of the coating and leading to early
spallation of the sample.
Forming Limit Criteria Under Full 3D Stress Condition and Its Application
to Incremental Sheet Forming Processes: Hyunki Kim1; Farhang Pourboghrat1;
Taejoon Park1; Rasoul Esameilpour1; 1Ohio State University
The conventional forming limit models associated with strain localizations
occurring in common industrial thin sheet metal forming processes were developed
mostly under the plane stress condition. However, those models are not applicable
for incremental sheet forming processes, which give rise to the out-of-plane shear
stress and the hydrostatic stress in addition to the in-plane stress components. In
this work, therefore, the well-known theoretical forming limit models, such as the
Dorn and the Hill criteria, as well as the Marciniak-Kuczynski (M-K) model, were
modified by considering the full 3D stress condition, and their effect on the forming
limits was also investigated. Furthermore, the forming limit curves were predicted
and compared using the modified M-K model by applying the stress paths obtained
from the finite element simulation of single-point incremental forming (SPIF) and
two-point incremental forming (TPIF) processes.
High Temperature Low Strain Rate Tensile Behaviour of Surface Modified
Alloy 602CA Subjected to Two Surface Modification Techniques: Sai Rajeshwari
Kondavalasa1; Gerhard Wilde2; Vijay K.Vasudevan3; S Sankaran1; 1Indian Institute
of Technology Madras; 2Institute of Materials Physics, University of Münster,
Germany; 3Department of Chemical and Materials Science Engineering, University
of Cincinnati, USA
Alloy 602CA is a commercial alloy used in high temperature petrochemical
environments. This alloy when applied in such environments undergoes thermal
fatigue which ultimately leads to failure. To prevent this antecedent mechanical
strengthening is necessary and producing ultrafine or nano-size grains at the
surface layers is one such method which is expected to meet this purpose. In the
present study two different surface modification processes, High Reduction Cold
Rolling (HRCR) with 40% reduction in two passes and, Ultrasonic-Nano Surface
Modification (UNSM) at 20N; 50µm static and dynamic loading conditions, are
compared at 600°C and low strain rate tensile conditions. Finite element models
of the high temperature tensile tests at these deformation conditions are also
simulated, using ABAQUS, by incorporating the measured initial residual stress
states corresponding to the two surface modification processes. The validity of the
simulated models is checked against the experimental results.
In-Situ TEM Observation of Stress Induced Phase Transformation in
Zirconia: Hiroaki Nakade1; Shun Kondo2; Eita Tochigi1; Bin Feng1; Yukio Nezu3;
Hiromichi Ohta3; Naoya Shibata1; Yuichi Ikuhara1; 1The University of Tokyo;
2
Kyoto University; 3Hokkaido University
Zirconia (ZrO2) has three major crystal phases: cubic, tetragonal and monoclinic.
Though pure zirconia has the monoclinic structure and the tetragonal structure is
unstable below about 1400K, the tetragonal phase can be stabilized by yttrium

doping even at room temperature. The tetragonal zirconia is known to have superior
toughness. The origin of the superior toughness is explained by the following
mechanisms: when a micro crack forms in the tetragonal phase, the tetragonalmonoclinic (t-m) phase transformation with volume expansion is induced by the
stress field around the crack tip. This volume expansion introduces the compressive
stress and becomes a resistance to crack propagation. However, dynamic processes
of the t-m transformation are still unclear due to lack of experimental observations.
In this study, in-situ TEM nanoindentation was carried out to observe the dynamic
process of the t-m transformation in zirconia. A ZrO2-3at%Y2O3 thin film was
grown on the (0001) sapphire substrate by pulsed laser deposition. X-ray diffraction
analysis revealed that the zirconia phase was a single crystalline tetragonal phase
and the [111] axis was perpendicular to its surface. A cross-sectional TEM sample,
which was prepared by mechanical grinding and Ar ion milling, was indented along
the [111] axis in a TEM (JEM-2100HC, JEOL, 200kV) using a nanoindentation
TEM holder (PI-95, Hysitron). Present TEM observations showed that a
characteristic contrast with a triangular shape was formed at an indented region. A
selected-area diffraction pattern taken from this region contained diffraction spots
originated from the monoclinic phase, suggesting that the characteristic contrast
corresponds to the monoclinic phase. In addition, the boundary of the characteristic
contrast and bulk seemed to be parallel to the {110} planes. This is consistent with
that the t-m transformation typically forms the {110} boundary. In the presentation,
we will discuss the dynamic behavior of the t-m transformation in detail.
In Situ Characterization of the Deformation Mechanisms Present in Biaxially
Loaded Magnesium Alloys: Zachary Brunson1; 1Colorado School of Mines
Light-weighting has become an intense area of research for the
aerospace, automotive, and electronics industries with much interest shown in
Mg alloys for their high specific strength, high specific stiffness, and low density
[1]. Mg alloys are distinctly anisotropic and generally possess a strong propensity
for twinning which has the potential to increase computational cost, should all
deformation mechanisms be included in a model. An in-depth understanding
of the microstructural mechanisms active under complex loading of Mg alloys,
along with the associated macroscopic response, is crucial to the development of
computationally efficient models for practical applications.
By measuring
various biaxial responses and mapping the grains within the gage section of a test
specimen with far field High Energy Diffraction Microscopy (HEDM), the onset of
twinning and slip in MgAZ31 is being explored. By analyzing the HEDM data from
these multiaxial tests, primary and secondary twin and slip systems are identified
around the onset of permanent deformation. These deformation mechanisms
cab be compared to those expected from reduced order crystal models like that
developed by Becker and Lloyd [2] for metals with hexagonal microstructures that
are computationally efficient. By identifying those deformation systems which
are actually occurring, these models can be tested as a step toward verification.
These experiments also have the potential to inform these models by identifying
superfluous deformation systems to help improve speed and additional active
systems to help improve accuracy. [1]
G. Patzer, “The Magnesium Industry
Today…The Global Perspective,” in Essential Readings in Magnesium Technology,
S. N.thaudhu, A. A. Luo, N. R. Neelameggham, E. A. Nyberg, and W. H. Sillekens,
Eds. John Wiley & Sons, Inc., 2014, pp. 13–18.[2]
R. Becker and J. T. Lloyd,
“A reduced-order crystal model for HCP metals: Application to Mg,” Mech. Mater.,
vol. 98, pp. 98–110, Jul. 2016.
Influence of Cryogenic Quenching on ECAP Al-Mg-Si-X Alloy: Chiara
Paoletti1; Daniele Ciccarelli1; Stefano Spigarelli1; Marcello Cabibbo1; 1DIISM /
Faculty of Engineering - Università Politecnica delle Marche
The present work focused on a microstructure and micromechanical
characterization of an Al-Mg-Si-X alloy subjected to a combination of cryogenic
treatment and severe plastic deformation (SPD). Microstructure modifications
were inferred by FEGSEM and TEM. Micromechanical properties were studied
by nanoindentation technique, where both hardness and local elastic modulus were
used to determine the role of cryogenic treatment prior and after SPD. The severe
plastic deformation technique here used was the Equal-Channel Angular Pressing
(ECAP), which was carried out at room temperature, following the “so-called”
route Bc (that is a billet rotation by +90° at each pass into the ECAP die). It was
found that the cryogenic treatment significantly influenced the secondary phase
particle distribution and volume fraction. These were induced to form both by the
T6 treatment and the ECAP.
Mechanical Properties and Shape Memory Behaviors of Highly Porous TiBased Biomaterials: Yeon-wook Kim1; 1Keimyung University
Porous shape memory alloys have attracted great interest as low-weight materials
with high energy dissipation properties. In the biomedical field, owing to their
biocompatibility and their promise to exhibit high strength and low modulus, porous
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Ti-Ni alloys have been tested as bone implant materials, successfully exhibiting
a significant amount of bone ingrowth. In order to use the excellent superelastic
property of shape memory alloys in many medical applications, the austenite
transformation finish temperature (Af) must be less than 37 which is human body
temperature. In this study, the transformation temperature could be controlled by
substitution of Mo for Ni in Ti-Ni alloy. For the fabrication of bulk near-net-shape
shape memory alloys and porous metallic biomaterials, Ti-Ni-Mo shape memory
alloy fibers were prepared by a melt overflow and cylindrical billets with 75%
porosity were produced by a vacuum sintering technology. The transformation
temperatures and microstructures of those powders were investigated as a function
of powder size. The dependence of powder size on martensitic transformation
temperature is also very small in the powders ranging from 25 to 150 µm. The
phase transformation temperatures of the porous specimens are 10. According
to compressive tests, the porous specimens exhibit shape memory effect, and it is
found that recovered stains of porous is 2.7%.
Mechanical Properties of Al Doped Ni1.5Co1.5CrFeTi0.5 Powder High
Entropy Alloy after Heat Treatment: Igor Moravcik1; Larissa de Almeida
Gouvea1; Michael Kitzmantel2; Erich Neubauer2; Ivo Dlouhy1; 1Brno University
of Technology; 2RHP Technology
The present work is focused on synthesis and mechanical properties
evaluation of Al doped Ni1,5Co1,5CrFeTi0,5, powder metallurgy high entropy
alloy (HEA) with excellent mechanical properties in the SPSed state and after
subesequent heat treatment at 700, 900 and 1100 degrees centigrate. The bulk
materials microstructures, elemental and phase compositions, and mechanical
properties were investigated by scanning electron microscopy, energy-dispersive
X-ray spectroscopy (EDX), electron backscatter diffraction (EBSD), X-ray
diffraction(XRD), and tensile testing . The alloy in SPSed state possess single
phase, FCC microstructure, which upon heat treatmnet decomposed to multi
phase microstructures. In general, the yield strength of the alloy was decreased
with increased HT temperatures, while the ductility was improved. The best
combination of tensile strength and ductility of 1.4 GPa and 14% elongation
respectivelly, was recorded for the samples annealed at 1100 C, representing one of
the best mechanical performance in PM HEA material.
Phase Transformation Strengthening in Metastable fcc Materials: Carlyn
LaRosa1; Changning Niu1; Jiashi Miao1; Michael Mills1; Maryam Ghazisaeidi1;
1
The Ohio State University
While strength and ductility are both desirable mechanical properties, they are
typically mutually exclusive. NiCoCr, a ternary derivative of the NiCoCrFeMn high
entropy alloy (HEA) has shown an extraordinary combination of strength, ductility,
and fracture toughness. We present a phase transformation mechanism responsible
for the remarkable co-existence of these properties. Both NiCoCr and its parent
HEA crystallize in single phase fcc structures. However, images obtained by
scanning transmission electron microscopy (STEM) in high angle annular dark field
(HAADF) mode show developed hcp regions in the NiCoCr alloy after deformation
at cryogenic temperatures that are absent in NiCoCrFeMn. Using atomistic
simulations, we demonstrate mechanisms of this martensitic phase transformation.
Lacking a reliable interatomic potential for the Ni-Co-Cr system, we use metastable
fcc Co as a surrogate to study the deformation mechanisms of NiCoCr qualitatively.
Our first principles calculations show that both NiCoCr and fcc Co have negative
stacking fault energies, and a more favorable hcp phase at lower temperatures,
indicating a similar driving force for fcc-hcp phase transformation in both systems.
Our simulations suggest three main conclusions: first, existing intrinsic stacking
faults (ISF) and twin boundaries in fcc Co readily develop into hcp regions through
homogenous nucleation in response to resolved shear strain. Second, hcp lamella
can also form heterogeneously through dislocation-boundary interactions. Third,
well-developed hcp regions serve as effective barriers to dislocations in all of the
cases we present. Further, trapped dislocations are redirected to glide parallel to
these boundaries, in effect diluting what would otherwise be concentrated stress.
From these findings, we gain a greater insight into how phase transformations can
give rise to interesting mechanical behavior.
Probing Creep Deformation Using High Temperature Nanoindentation and
Bulk Mechanical Testing: Ashton Egan1; Connor Slone1; Jiashi Miao1; Michael
Mills1; 1Ohio State Univ
Historically, nickel based superalloys have been designed using classical,
empirically-based metallurgy principals, but this is no longer sufficient. Physics
based models connecting composition, microstructure and properties are
needed to enable rapid and cost-effective alloy development. High temperature
nanoindentation is a technique ideal for probing mechanical properties at elevated
temperature with high throughput. In this work, nanoindentation was used to probe
bulk modulus information and creep behavior of several industrial alloys as well as

a set of disparate, 6-component alloy chemistries designed to highlight the effects
of Cr, W, Al, Ti, Ta, and Nb. These results were compared to data from traditional
mechanical tests for modulus and creep as a means of validation. Interrupted DIC
testing was used as a supplement to traditional bulk creep testing and allowed
for simultaneous collection of both macro- and microscale strain information.
Site-specific FIB extraction and TEM was used to analyze the creep deformation
processes occurring. This work will serve as a basis for future work involving
multiscale characterization, modeling and simulation, and materials data analytics,
with a goal to enable rapid prototyping of alloys with predicted mechanical
response.
Segregation of Alloying Elements to Planar Faults in Ni-Based Superalloys:
You Rao1; Maryam Ghazisaeidi1; 1The Ohio State University
Ni-based superalloys are widely applied at elevated temperatures due to their
extraordinary properties. At higher temperatures, creep is a major source of failure.
Therefore, understanding the mechanical behaviors and deformation mechanisms
of materials during creep is essential to improving their performance under such
conditions. Earlier studies have shown that the creep rate of Ni-based superalloys
is closely related to stacking fault energies, while the stacking fault energy of a
given material can be further modified by introducing solutes according to specific
needs. Interestingly, experiments have shown that solutes tend to segregate to
several kinds stacking faults in the strengthening phase of Ni-based superalloys
(-Ni3Al), including superlattice intrinsic and extrinsic stacking faults (SISF and
SESF), as well as the twin boundaries thus changing the stacking fault energies
and the creep response. To get an insight of the phenomenon, we systematically
perform DFT calculations to study the segregation behavior of common alloying
elements to stable planar faults in -Ni3Al. However, no obvious driving force for
segregation to existing SISF, SESF or twin boundaries is found whereas segregation
to these faults has been observed in experiments. This discrepancy is an indicator
that these stacking faults do not form directly in the gamma’-Ni3Al. Instead, their
formations involve precursors that are attractive to solutes. Further investigation of
the segregation propensity to the meta-stable transitional configurations confirms
that the formation mechanisms are related to the concept of reordering instead of
simply shearing of superpartials. The change of electronic structures is the major
reason for segregation. To answer the question how solutes segregate and engage
in the reordering process, we also study the diffusion mechanisms and kinetics in
this binary compound.
Structural Adhesion of Thermoplastic Composites for Wind Turbine Blades:
Peter Caltagirone1; 1Colorado School of Mines
Composites are widely used in multiple industries including automotive,
aerospace, and renewable energy. Manufacturing plays a large role in the
effectiveness of composites. For example, wind turbine blades are currently
manufactured as a single piece, which creates many challenges with shipping,
assembling, and maintenance, especially as the industry continues to manufacture
larger rotor blades to maximize power output. A much more ideal solution would
be to manufacture the blades in pieces, and then assemble them on-site. This is an
issue however, as one of the main challenges with composites is the difficulty in
joining multiple components. Mechanically fastened joints introduce high stresses
at the joint and are prone to corrosion. These issues are particularly pronounced
in applications with a high number of loading cycles such as wind turbine
blades where fatigue is a primary concern. One alternative is to bond composite
components using an adhesive. Adhesive bonding has many advantages, including
fatigue resistance and corrosion resistance; however, adhesion also brings many
challenges. Failure can occur from cohesive shearing/pealing, or from adhesive
shearing/pealing. In order to address these issues, shape-memory alloys (SMAs)
are employed to reinforce the adhesion, as well as aid in the bonding process.
SMAs have many unique properties, including superelasticity and ‘memory’ of a
specific shape, thus proving to be an ideal material for this application. Integrating
SMAs into composites will allow for many revolutionary designs, including the
ability to manufacture the rotor blades in sections and assemble on-site, rather than
manufacturing and shipping the blades as one piece. Verification of the design is
completed by comparing the KIC values of a traditional PMMA adhesion bond
with one integrated with SMA wires to aid in complete adhesion and strength.
Testing the Local Interfacial Properties of 3D Printed Polycarbonate: Ojaswi
Agarwal1; Lichen Fang1; Zheliang Wang1; Jingkai Guo1; Sung Hoon Kang1; Thao
(Vicky) Nguyen1; Kevin Hemker1; 1Johns Hopkins University
Fused Filament Fabrication (FFF) more commonly known as Fused Deposition
Modeling (FDM) is a well-established method for the rapid prototyping of complex
geometries. However, when using this method to directly fabricate parts problems
arise due to a large number of processing variables that are in play affecting the
mechanical integrity of the part. The weakest link of any FFF part is the weld
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between two layers; that is the major failure point and why FFF parts have properties
far below the bulk polymer. Local values of interfacial strength and energy release
rates for different mode mixity and printing conditions/thermal histories are being
measured with bi- and multi-fiber cantilever beam tests, peel tests, symmetric
delamination and by tensile testing of micro-tensile bars cut from single layer
thick printed geometries at various points and orientations on that geometry. These
experiments are being conducted in parallel with multi-scale models of thermal
histories, molecular welding processes, and the mechanical response of printed
polycarbonate samples. By varying the thermal history of the weld, a map of weld
strength versus thermal history can be constructed which, when used as an input
to models of the process can advance our fundamental understanding of the failure
processes, aid in tailoring print properties to the application, which brings FFF one
step closer to becoming a direct fabrication method
Using In-situ SEM Micro Double Shear Experiments for the Analysis of
Elementary Deformation Processes in Advanced Near-\947 Ti-Al Alloys:
Dennis Langenkämper1; Florian Fox1; Christoph Somsen1; Gunther Eggeler1;
1
Ruhr-University Bochum
Ti-Al alloys are presently receiving new attention, because intermetallic TiAl turbine blades were recently introduced into the low pressure low temperature
sections of commercial aero engines. These materials are attractive because they
combine a low density with good creep strength in the 700\176C temperature range.
Ti-Al alloys feature complex microstructures, which consist of several phases. The
objective of the present work is to use an in situ scanning electron microscope
(SEM) microshear experiment, to obtain basic mechanical data on individual phases
of Ti-Al. Up to now this technique has been applied to pure model systems [1-3].
It represents a challenge to apply this technique to complex engineering materials
like Ti-Al to obtain information on the mechanical properties of specific phases,
which can serve as input for crystal plasticity based micromechanical models
[4]. The present contribution explains our in situ SEM microshear procedure,
which was applied to obtain critical shear stresses for further use in modeling.
Microshear samples have been prepared in grains with different orientations using
focused ion beam micro machining. Testing was performed in the SEM using a
micromechanical test system equipped with a flat punch indenter. Attempts were
made to use transmission electron microscopy for the identification of activated
slip systems and to study elementary deformation processes. Special emphasis is
placed on the mechanical properties of the \947 phase and of \9452/\947 interfaces.
The present work is performed within a research project funded by BMWi under
contract number 20E1504B. [1] J. Pfetzing-Micklich, S. Brinckmann, S.R. Otto,
A. Hartmaier, G. Eggeler, Materialwiss. Werkstofftechn., 42 (2011) pp.219-223
[2] N. Wieczorek, G. Laplanche, J.-K. Heyer, J. Pfetzing-Micklich, G. Eggeler,
Acta Materialia, 113 (2016) pp.320-334. [3] N. Wieczorek, G. Laplanche, J.-K.
Heyer, J. Pfetzing-Micklich, G. Eggeler, 113 (2016) pp.320-334.[4] M. R. Kabir, L.
Chernova, M. Bartsch, Acta Materialia, 58 (2010) pp.5834-5847.
High Strength Titanium Alloy and Its Deformation Mechanism during InSuit SEM Tensile: Yongqing Zhao1; 1Northwest Institute for Nonferrous Metal
Research
This paper first brief introduction the R &D of new high strength titanium alloys
in China,and then research the deformation mechanisms of various microstructures
of TC21 high titanium alloy by in-situ SEM tensile test, focusing on the dynamic
process of the crack initiation and propagation. The cavities and micro-cracks
of the equiaxed and basket-weave microstructures preferentially initiate at the
a/ß boundary and propagate along the slip bands and micro-cavities. The microcrack of the lamerllar microstructure initiates along the alpha lamellas and mainly
propagates along the alpha lamellae or colony boundary or the grain boundary.
Moreover, fracture toughness of the equiaxed microstructure is determined directly
by the crack initiation energy near the crack tip. However, fracture toughnesses of
the basket-wave and lamellar microstructures are not only determined by the crack
initiation energy, but also affected by alpha phase or alpha colony perpendicular
to the crack propagation direction. Therefore, the crack propagation rates of three
microstructures are as follows: equiaxed > basket-weave > lamellar microstructure.
Mechanical Properties of (CoMoNi)/WC Nanocomposite Systems Measured
via Nanoindentation Testing: Sergey Romankov1; Yun Chang Park2; Pablo
Escuder3; Wonkeun Park4; 1Chonbuk National University; 2National Nanofab
Center; 3Anton Paar TriTec SA; 4Anton Paar Korea Ltd.
Complex (CoMoNi)/WC nanocomposite layers were fabricated on the Ti sheets
under ball collisions using a deformation-induced surface alloying technique.
The as-fabricated microstructure consisted of uniformly dispersed WC particles
embedded within an integrated metallic matrix composed of an amorphous phase
with nanocrystalline grains. The matrix grain sizes ranged from 2 to 14 nm. The
mechanical properties of the as-fabricated nanocomposite layers were measured

via nanoindentation stress–strain testing. The structure after nanoindentation
testing was studied with a transmission electron microscope. The initial WC-6 wt.
% Co composite was used as a reference material. The compressive strength of the
WC-6 wt. % Co composite measured via nanoindentation testing was 5.0 GPa that
coincided very closely with literature. The yield strengths measured on the CoMo/
WC and CoMoNi/WC layers were 2.21 and 1.27 GPa, respectively. Although
the yield strengths of the as-fabricated layers were lower than the compressive
strength of the WC-6 wt. % Co composite, the as-fabricated nanocomposite
structures exhibited high yield strength values compared to those of other industrial
metallic alloys and tool steel materials. The variation in yield strength between
the layers was related to the matrix structure of the layers. The CoMo/WC layer,
which was composed of nanocrystalline grains encapsulated within the amorphous
phase, exhibited higher yield strength values than those in the CoMoNi/WC layer,
which the matrix grains were not encapsulated in the amorphous phase. Cemented
carbides suffer from inherent brittleness. The as-fabricated alloyed (CoMoNi)/WC
layers contained less of the WC phase than the initial WC-6 wt. % Co composite
(25% vs. 94%); a high fraction of the metallic binder phase should enhance fracture
toughness.
Using Miniature Circular Notched Tensile Creep Specimens to Study the
Influence of Stress State on Micrstructural Evolution during Creep of NiBase Single Crystal Superalloys: Lijie Cao1; David Buerger1; Philip Wollgramm1;
Klaus Neuking1; Gunther Eggeler1; 1Ruhr University Bochum
The present work introduces a new circular notched miniature tensile creep
specimen which can be used to study the influence of stress state on the nucleation
and growth of cavities and on rafting in Ni-base single crystal superalloys. It is briefly
described how circular notches affect the stress state in the notch root of a tensile
bar during elastic loading and under creep conditions, and then explained why and
how stresses redistribute under creep conditions. A new miniature specimen design
is then presented and it is shown how circular notched miniature creep specimens
can be machined from the flat uniaxial miniature tensile specimens described by
Wollgramm et al. [1]. The design process is supported by creep finite element
stress and strain calculations assuming isotropic material behavior. Interrupted
creep experiments on the Ni-base single crystal superalloy ERBO1 (CMSX-4
type) are performed at 950 °C on miniature uniaxial and circular notched <100>
tensile specimens. In both types of experiments, the evolution of microstructure
is carefully investigated after 81, 169 and 306 hours. In the uniaxial experiments,
rafting occurs everywhere in the specimen and starts from the beginning on. In
the circular notched specimens rafting is delayed and different coarsening rates
are observed at different locations in the notch region. It was also found that the
growth of creep cavities is more strongly promoted by strain accumulation during
uniaxial testing than by the hydrostatic stress state in circular notched specimens.
The results are discussed in the light of previous work on the influence of circular
notches on creep and on the influence of multiaxial stress states on rafting. The
authors acknowledge funding by the Deutsche Forschungsgemeinschaft (DFG)
through project A1 of SFB/TR 103.[1] P. Wollgramm et al, Mater. High Temp.
33(2016) 346–360.
Plastic Deformation of Polycrystalline Ni-Mn-Ga Alloys: Xuexi Zhang1; 1Harbin
Institute of Technology
Synthesis of Self-Supported CuO and CuMOx nanogrids: Gagan Jodhani1;
Jusang Lee2; Pelagia Gouma1; 1Ohio State University; 2Stony Brook University
This work was performed for controlled synthesis of 3D self-supported CuO
nanogrids by the combined use of electrospinning and thermal oxidation of a
composite metal mesh/polymer mat architecture. The nanostructures obtained upon
electrospinning and thermal oxidation are resultant of three steps namely; diffusion
of Cu atoms into the nanofibers producing polymer-metal “core-shell”-type fibers,
decomposition of the polymeric matrix, and oxidation of the metallic core of the
nanofibers to form self-supported nanogrids consisting of continuous nanofibers of
CuO nanoparticles. The average diameter of the CuO nanogrids was found to be 20
nm. The study was further extended to synthesis of Cu-based mixed metal oxides
by synthesizing CuWO4 and CuFe2O4 nanogrids. The mixed metal oxides were
obtained by combining sol-gel synthesis, electrospinning, and thermal oxidation.
The formation of mixed metal oxides follows the same path as the CuO nanogrids
with the inclusion of an additional step; A solid state reaction occurs between Cu
clusters and metal sol during diffusion of Cu, leading to a solid solution. Mixed
metal oxide nano grids are then obtained upon decomposition of fibers and oxidation
of metallic sol-Cu solid solution. These structures were tested as photocatalysts for
dye degradation and were found to exhibit better properties than their commercial
loose-powder counterparts. The unique 3D CuO and CuMOx nanogrids may be
used as key components of 3D nanobatteries, photocatalysts, and chemosensors.
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Study of Microstructure--Deformation Behavior of Ultra High-strength Steel
Resistance Spot Weld using Wedge Testing: Kaiwen Zhang1; Ying Lu1; Andrea
Peer2; Wei Zhang1; Menachem Kimchi1; 1The Ohio State University; 2Ford
Hot stamped boron steels, such as Usibor® 1500, have been increasingly used
in automotive structural components for light-weighting and impact resistance.
These alloys, composed of a fully martensitic microstructure in the hardened
state, have a tensile strength of 1500 MPa. The rapid heating and cooling thermal
cycle during resistance spot welding (RSW) can significantly alter the base metal
microstructure, resulting in formation of coarse-grained and subcritical heataffected zones (CGHAZ and SCHAZ) with “inferior” mechanical properties.
The present research aims at developing a fundamental knowledge of plastic
deformation and fracture behavior of ultra-high strength steel resistance spot welds.
Resistance spot welds are made with 1.5 mm thick, Al-Si coated Usibor® 1500 in a
2T stack-up configuration. An existing mechanical testing method, the single-sided
wedge test, is further improved for in-situ observation of local deformation on the
exposed weld cross-section using digital image correlation (DIC) under quasi-static
loading condition. A mechanical model, developed using Abaqus finite element
analysis (FEA) code by incorporating the microstructure-specific stress-strain
curves is used to calculate the stress and deformation states in the weld during
wedge testing. The FEA model is validated by comparing the simulated strain fields
to the experimentally measured data. The effect of welding parameters such as
welding current, heating cycles, and post-weld tempering on the joint strength are
evaluated by both experimental testing and FEA simulation.
Numerical Modeling of the Influence of Process Conditions on Hydrogen
Transport at Microstructural Level: Hamad ul Hassan1; Kishan Govind1;
Alexander Hartmaier1; 1Ruhr Universität Bochum
Hydrogen transport behavior in metals is greatly influenced by their microstructure.
Different types of trapping sites like dislocations and grain boundaries can result
in significant trapping effect which not only increases total hydrogen concentration
but also has a significant effect on diffusivity. The hydrogen transport behavior in
metals is also influenced by the application of mechanical loading. Therefore, for
the proper modeling of hydrogen diffusion, these influences must be considered. In
order to realize this, a micromechanical model based on coupled crystal plasticity
and hydrogen diffusion is developed and applied to a polycrystalline microstructure
to study the trapping effect of dislocations through a series of simulation tests.
First, a study of a precharged material is carried out where hydrogen is allowed
to redistribute under the influence of mechanical loading applied as 20% biaxial
strain. It is observed that two locations emerge in the material at which locally,
total hydrogen concentration is higher. It is shown that hydrogen tends to move
from compressive regions to tensile regions. In the next step, the influence of
pre-straining (20% biaxial strain) on the hydrogen diffusion is analyzed. This is
analogous to the residual stresses inside material due to previous manufacturing
steps. Lastly, a series of permeation tests is performed to observe the trapping
effect of dislocations on effective diffusivity. It is shown that effective diffusivity
keeps on decreasing with stronger traps and the effect is more dominant at a higher
mechanical loading where due to large plastic deformation, trap hydrogen density
increases considerably. It can be concluded that considering only the dislocation
traps in ferrite, a heavily deformed ferritic material has a very low effective
diffusivity. With this work, it is demonstrated how the micromechanical modeling
can support the understanding of hydrogen diffusion in combination with the
mechanical loading at the microstructural level.
Generalized Wave Model of Macrolocalized Plastic Flow: Lev Zuev1; 1ISPMS,
SB RAS
This study is aimed at the development of the autowave model plasticity,
which was proposed by us earlier. The specificity of plastic flow is macroscopic
localization from the yield point to the ultimate strength. Types of the localization
patterns are related to the work hardening laws and are considered as autowave
modes e.g. switching autowaves, phase autowaves and so on. Autowave generation
controls the structure formation phenomena by deformation processes, as it has
been hypothesized by Seeger and Frank. This study was substantiated by the
holographic technique for plasticity localization observation. The experiments
were carried out on eighteen metals and alloys, alkali-halide crystals and rocks.
The localization patterns were observed in all these materials. The idea about the
autowave character of plasticity was confirmed to be universal, and the regularities
of localization pattern formation were found for different work hardening laws.
It allowed to proposed the generalized model of localized plasticity. This model
has the quantitative aspect. The characteristics of autowave localization processes
(length of autowave, , and propagation rate, Vaw) and the characteristics of
elastic waves (interplanar spacing, , and transverse elastic wave rate, Vt) are
found to form a dimensionless averaged ratio which is valid for the materials
under dislocation deformation, twinning and phase transformation deformation.

This ratio termed the elastic-plastic strain invariant demonstrates a causal relation
between plasticity macrolocalization and elastic phenomena in deforming solids.
A thermodynamic interpretation of the invariant ratio is proposed, and it is shown
that the ratio above reflects self-organization processes in the defect structure of
deforming medium.It is shown that the elastic-plastic strain invariant can be used
to explain basic characteristics of plastic flow. Significant relationships of the
dislocation theory as Seeger’s work hardening coefficient, the Hall-Petch and the
Taylor–Orovan relations can be derived as the consequences from the invariant.
Location and Stress-state Dependent Mechanical Characterization of
Additively Manufactured Metals: Matthew Vaughn1; Andrew Gaynor2; Brandon
McWilliams2; Michael Groeber3; Jamie Guest1; Kevin Hemker1; 1Johns Hopkins
University; 2U.S. Army Research Laboratory; 3U.S. Air Force Research Laboratory
Additive manufacturing (AM) has created an opportunity to rapidly produce
geometries that were previously unachievable through conventional manufacturing
techniques, though the relation between processing and manufactured part
performance is not yet well understood. Titanium and Nickel alloys are desirable
candidates for AM, but the AM process has been shown to result in anisotropic
and location-specific tensile properties. To date, the mechanical testing of AM
materials has focused on uniaxial tensile testing, but the stress states that additively
manufactured components will see in end use applications are generally much more
complex. This talk will outline the development and use of shear, compression
and tensile tests as well as the mechanical loading of geometric “X”, “Y” and “T”
elements to produce complex stress states that provide a broader perspective of
the yield surface for additively manufactured titanium. The importance that print
position, geometry and proximity to other parts have on the underlying defects,
microstructure and strength will also be discussed.
Basal Slip Dominant Fatigue Damage Behavior in Cast Mg-8Gd-3Y-Zr Alloy:
Jipeng Pan1; Penghuai Fu1; Liming Peng1; Bin Hu2; Haiming Zhang1; Haiyan
Yue1; Alan Luo3; 1Shanghai Jiao Tong University; 2General Motors China Science
Laboratory; 3The Ohio State University
Low fatigue strength has been a major barrier for structural applications of
cast magnesium alloys. It is important to understand the fatigue mechanisms and
improve the fatigue lives of these alloys. The present study aims at evaluating the
stress-controlled cyclic deformation behavior of cast Mg–8Gd–3Y–0.5Zr (GW83K)
alloys at room temperature, under various heat treatments including solution
treatment (T4, 500 °C x 8 h) and solution treatment plus artificial aging (T6, 500
°C x 8 h + 200 °C x 80 h). The results show that the high cyclic plastic deformation
of the cast GW83K alloys is mainly dominated by the dislocation slip on basal
planes and thus fatigue cracks mainly initiate at the surface damages induced by
persistent slip bands (PSBs). For 107 cycles fatigue life, the T6 alloy shows the
lowest fatigue strength of 70 MPa, significantly lower than that of the as-cast alloy
and the T4 alloy, i.e., 90 MPa and 80 MPa, respectively. This research proves that
the fatigue strength is determined not only by the commonly considered threshold
stress of the basal slip, but also by the process of fatigue damage. In as-cast and
T4 alloys, the lower threshold stress makes it easier for blocked dislocations to
supersede their obstacles and help the PSBs to expand transversely to neighboring
slip planes. Thus, the plastic deformation is homogeneously distributed within the
grains as well as in the whole samples. With regards to the T6 alloy, although the
threshold stress of basal slip is significantly enhanced by dense precipitates, the
pre-existing PSBs are restricted to limited slip planes and result in obvious stress
concentrations.
Oxidation Behavior of a Zr52Cu29Al10Ni8 Bulk Metallic Glass at its Supercooled Liquid Region in the Dry Air: Haiyang Li1; 1Northeastern Univ
The oxidation behavior of the Zr52Cu29Al10Ni8 bulk metallic glasses (BMGs)
was studied in dry air, at its super cooled liquid region of 400 ºC to 450 ºC.
The oxidation kinetics of the Zr52Cu29Al10Ni8 bulk metallic glasses (BMGs)
followed a multistage parabolic-rate law. The two-stage oxidation kinetics was
obeyed at 400 ºC, and 450 ºC datum followed a three-stage kinetics. The parabolicrate constants (kp values) fluctuated with the temperature and increased with the
increasing temperature. The scales formed on the BMGs were strongly dependent
on the temperature, and were composed primarily of tetragonal-ZrO2, Cu10Zr7,
minor amounts of Cu2O and CuO, but the disappearing of Cu2O phase and the
present of m-ZrO2 occurred at 450 ºC. Meanwhile, the Al and Ni elements were
never detected in the scales at the super cooled liquid region.
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Grain size strengthening in a CrCoNi medium-entropy alloy: Mike Schneider1;
Tanguy Manescau2; Tomáš Záležák3; Antonín Dlouhý3; Julian Hunfeld1; Easo
George4; Gunther Eggeler1; Guillaume Laplanche1; 1Ruhr-Universitaet Bochum;
2
Université de Toulouse Ensiacet; 3Institute of Physics of Materials; 4Oak Ridge
National Laboratory
It was recently shown that the medium-entropy alloy CrCoNi exhibits the best
combination of strength and ductility among all single-phase FCC alloys in the
CrMnFeCoNi system. In this study, 16 grain sizes between 3 µm and 175 µm
were tested in compression at temperatures ranging from 77 K to 873 K. Grain
size and texture analyses were performed using backscattered electron imaging
and backscattered electron diffraction, respectively. The effect of temperature
and texture on grain size strengthening was investigated. The Hall-Petch slope is
roughly temperature independent between 77 K and 673 K, similar to that seen
previously in CrMnFeCoNi and CrFeCoNi. Interestingly, two different Hall-Petch
slopes are observed at 873 K: for large grain sizes its value is similar to that at lower
temperatures while for smaller grains the slope is significantly lower suggesting the
occurrence of a grain boundary mediated deformation mechanism.
3D characterization of the evolution of crystal mosaicity during solidification
and influence on high temperature strength of Ni-base superalloys: Felicitas
Scholz1; Daniel Kotzem1; Pascal Thome1; Philip Wollgramm1; Jürgen Schreuer1;
Jan Frenzel1; Gunther Eggeler1; 1Ruhr-Universitaet Bochum
The present work investigates the microstructural evolution during solidification
of single crystal (SX) Ni-base superalloys. We use a Bridgman seed technique for
solidification experiments, which allows to precisely control essential solidification
parameters. A special effort was made to characterize dendritic microstructures
using a new tomographic method based on serial sectioning, optical microscopy
in combination with quantitative image analysis, SEM and EBSD. Our results
show that growth directions of all dendrites slightly deviate from the ideal growth
direction, which is referred to as crystal mosaicity in the literature. This deviation
continuously increases as solidification proceeds. In the present work, a first effort
was made to assess whether this type of SX growth defect has an effect on creep
behavior. Therefore, SX samples with different degrees of crystal mosaicity as well
as different dendrite spacings were characterized by creep testing. The results are
compared to those obtained from commercial SX Ni-base superalloys.
Sites of crack initiation in austenitic high interstitial steel under low cycle
fatigue at different load levels: Kristin Pleines1; Bojan Mitevski1; Sedat Gueler1;
Stefanie Hanke1; 1University Duisburg-Essen
Austenitic high interstitial steels combine both high strength and ductility. Cold
deformation increases strength under static loads, but endurance limit improves
only marginally. Therefore, fatigue behavior of these alloys, with different C+N
contents, is currently being investigated. In the present work, stress-controlled
cyclic testing was applied to 55 mm long dog-bone specimens of solution annealed
Cr18Mn18C0.26N0.59 for 1000 cycles. Stress levels ranged at yield strength (600
MPa) or above, without causing fracture during tests. Before testing specimens
were electropolished. After testing, scanning-electron microscopy and electronbackscatter-diffraction (EBSD) measurements were conducted on the specimens’
gauge length. Multiple small cracks (few µm) were found on grain and twin
boundaries – where EBSD measurements showed strain localization – at stress
levels above yield strength for which cyclic hardening occurred. At 600 MPa,
additionally crack initiation at slip lines was observed, correlating with cyclic
softening. This latter behavior is observed also for high cycle fatigue.
Studying the Mechanisms for Pore Annihilation during Hot Isostatic Pressing
of Nickel Based Superalloys Single Crystals: Muhammad Ijaz1; Bernard Viguier1;
Dominique Poquillon1; Yann Le Bouar2; Antoine Ruffini2; Alphonse Finel2; Titus
Feldmann3; Bernard Fedelich4; Alexander Epishin5; 1CIRIMAT; 2LEM - CNRS/
ONERA; 3Federal Institut for Materials Research and Testing (BAM) ; 4Federal
Institut for Materials Research and Testing (BAM); 5Technical University of Berlin
Single crystal nickel-based superalloys are used as blade material for gas
turbines due to their high temperature strength and oxidation resistance. The single
crystal blades are fabricated by directional solidification and then heat-treated at
high temperatures in order to obtain the desired optimized microstructure. However
these processes lead to the formation of micropores that reduce the fatigue life
of single crystal superalloys in a dramatic way. A technological recipe consists in
closing porosity by Hot Isostatic Pressing (HIP) at temperatures close to the solidus
temperature where the material is very soft. However, pore annihilation in singlecrystals under such HIP conditions is a complex multiscale physical process, which
is still poorly understood and may involve various mechanisms such as plastic
deformation, glide and climb of dislocations, bulk and surface interdiffusion of
vacancies and atoms. The purpose of the present work is to give some insight on the
relevant mechanisms involved in the pore closure process. The approach combines

experimental characterization and numerical simulation. HIP treatments have been
performed for various durations and pressure of 103 MPa at 1288°C on a CMSX4
commercial superalloy. For detailed understanding the deformation mechanisms at
such a high temperature a model single-phase  alloy specially designed for the
present study was tested under similar creep conditions. The microstructure of the
different samples were characterized prior to and after HIP and creep tests using
scanning and transmission electron microscopy, with the help of Focused Ion Beam
(FIB) and Electron Back Scattered Diffraction (EBSD) techniques. Numerical
simulations were performed using complementary models based on the one hand
on phase field model and on the other hand on continuum mechanics modeling.
Observation and Modeling of Strain Hardening Anisotropy in Al-Cu Alloys
via Neutron Diffraction: Brian Milligan1; Amit Shyam1; Amy Clarke2; Dong Ma1;
1
Oak Ridge National Lab; 2Colorado School of Mines
Mechanical properties of Al-Cu alloys have long been an area of study due to
their high strength, low density, and low cost. However, the microstructural impact
of plate-shaped ’ (Al2Cu) precipitates on yield strength and strain hardening have
only recently been modeled successfully. This work reports room temperature
tensile testing of a cast polycrystalline Al-Cu alloy 206 under various aging
conditions ranging from naturally aged to extremely overaged via in situ neutron
diffraction performed at the Spallation Neutron Source’s VULCAN beamline
in Oak Ridge National Laboratory. Grain-level anisotropy in strain hardening
behavior is discernible, and macroscopic strain hardening models have been
adapted and applied to the grain scale. These models are used to quantify relative
prevalences of individual deformation mechanisms in each grain orientation, and
finally to relate the microstructural parameters to strain hardening behavior in
individual grain orientations.
Impact-Sliding Wear Characteristics of High Manganese Additive Iron-Based
Hardfacing Alloys: Yogesh Singla1; Navneet Arora2; D Dwivedi2; 1Chitkara
University, Punjab; 2IIT Roorkee
Hardness Distribution in a Heavily Cold-Rolled Duplex Stainless Steel: Chihiro
Watanabe1; Yoshiteru Aoyagi2; Masakazu Kobayashi3; Hiromi Miura3; 1Kanazawa
University; 2Tohoku University; 3Toyohashi University of Technology
Duplex stainless steel with a volume fraction of a-phase of 46% was subjected to
heavily cold-rolling to the reduction of 90%. The rolled steel exhibited a lamellarstructure in which elongated a and  phases were alternatively stacked. Although
the a-phase possessed considerably high dislocation density, distinctive substructure
was not observed. On the other hand, a complicated hetero nanostructure was
developed in the  phase, i.e., “eye-shaped” twin domains surrounded by shear
bands were embedded in the conventional lamellar structure. The heavily rolled
duplex stainless steel exhibited UTS of 1.5 GPa and elongation of about 7%, and
aging of the steel at 475 °C resulted in excellent strength / ductility balance of
2.3 GPa and 6% at best. Nano-indentation of the steel revealed the shear bands in
the  phase possessed the highest hardness of 6.9 GPa compared to those of the
twin domains (6.6 GPa), lamellar (6.6 GPa) in the  phase and the plain a phase
(6.4 GPa). After the peak-aging at 475 °C, the hardness of the shear bands, twin
domain, lamellar in the -phase and the a-phase increased to 7.2, 7.2, 8.0 and 7.9
GPa, respectively.
Mechanical Properties of Thermoplastic Composites for Wind Turbine Blades:
Dylan Cousins1; Yasuhito Suzuki1; Aaron Stebner1; 1Colorado School of Mines
Thermoplastic matrices have long been discussed for use in large-scale composite
parts. The use of these resins versus their thermosetting counterparts allows for
potential cost savings due to non-heated tooling, shorter manufacturing cycle times,
and recovery of raw materials from the retired part. However, original equipment
manufacturers have been hesitant to adopt these materials due to unfamiliarity and
a lack of robust material property databases. Recently, a consortium of industry,
government, and academic partners have collaborated to realize the thermoplastic
wind turbine blade. This work presents material data for glass fiber reinforced
composites fabricated with an acrylic-based resin system. Coupon level tests
provide tensile, compression, short beam shear, flexural, and in-plane shear data.
These properties are compared to epoxy systems that are currently used in turbine
blades. Additionally, specimens cut from a component scale thermoplastic wind
turbine blade part are shown to have similar fiber dominated properties, but lower
interface dominated properties compared to coupon test panels. The thermoplastic
composite mechanical properties are comparable to those of the epoxy system
demonstrating that it is a viable alternative for manufacturing large-scale composite
parts.
Cryogenic Temperature Effects on Superelasticity of the Novel Intermetallic
Compound CaFe2As2 At Small Length Scales: John Sypek1; Christopher
Weinberger2; Paul Canfield3; Seok-Woo Lee1; 1University of Connecticut;
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Colorado State University; 3Ames National Lab
Superelastic materials have the capability to recover their shape through a
reversible deformation-induced phase transformation. In general, a conventional
crystalline superelastic material, such as a shape memory alloy or ceramic, exhibits
martensite-austenite phase transformation and has limited performance up to 10%
maximum elastic strain. In this work, we report the discovery of superelasticity with
13% recoverable strain in a novel intermetallic compound CaFe2As2 through the
collapsed tetragonal phase transformation and discuss how cryogenic temperature
affects its superelasticity. Single crystals of CaFe2As2 were grown out from Sn flux
and contain mirror-like clean surfaces. Micropillars were fabricated on the (0 0 1)
plane using a focused ion beam, and in-situ micropillar compression tests were
conducted in a scanning electron microscope. Room temperature data exhibits
unprecedented superelasticity over 13% recoverable strain and high yield strengths
over 3.5 GPa. Phase transformation is usually a strong function of temperature.
So, in order to see how cryogenic temperature affects both phase transition and
superelasticity under uni-axial compression, we used a custom-made in-situ
cryogenic microcompression system reaching minimum temperatures of 100K
with liquid nitrogen and 40K with liquid helium. We found a strong temperature
dependence in the stress-strain data. The onset and offset stresses of the phase
transition and the contact stiffness both decrease with decreasing temperature. These
results indicate that the phase transition occurs more easily at a lower temperature.
To explain our experimental observations, we obtained potential energy curves of
the orthorhombic and collapsed tetragonal phases using density functional theory
calculation, and we then compared their temperature dependence to the stress-strain
curves at various temperatures. We believe that our fundamental study can help to
understand how the mechanical properties of CaFe2As2 are affected by temperature
and how they can be altered for potential space applications.
2

Mechanical characterization of OFE-Cu for SRF cavity fabrication by
electrohydraulic forming: Jean-Francois Croteau; Elisa Cantergiani1; Carolina
Abajo Clemente2; Nicolas Jacques3; Aboulghit El Malki Alaoui3; Gilles Avrillaud4;
Said Atieh2; 1I-Cube Research; 2CERN; 3ENSTA Bretagne; 4Bmax
In the framework of CERN’s Future Circular Collider (FCC), fabrication of
high performance superconducting radiofrequency (SRF) cavities is crucial to
attain energy levels relevant for breakthrough research in particle physics. Damage
of the inner surface of copper cavities must then be minimized to ensure proper
growth of the superconducting film and prevent quenching during operation. An
alternative technique to traditional shaping methods, such as deep-drawing and
spinning, is electrohydraulic forming (EHF). In EHF, half-cells are formed through
high-speed deformation of blank sheets, using shockwaves induced in water by a
pulsed electrical discharge. Results on the mechanical characterization of annealed
oxygen-free electronic (OFE) copper at different strain rates are presented to
properly model the deformation in a multi-physics code. Mechanical properties
of the formed half-cell are presented, as they are crucial to simulate the structural
integrity of the full cavity submitted to high thermal stresses in the particle
accelerator.
Solute effect on the tensile strength of Nano-twinned Ag thin films: Matthew
Kenney1; Priyanka Agrawal2; Peter Collins1; Matthew Kramer2; 1Iowa State
University; 2Ames laboratory
Nano-twinned materials exhibit a unique combination of properties like high
strength with enhanced ductility and good thermal stability. In the present study,
nano-twinned Ag is used, where even with a very small amount of copper solute
additions, an enhancement in tensile properties along with a decrease in grain size
and twin boundary (TB) spacing is observed at various temperatures. The aim is
to systematically identify and characterize the nano-twinned Ag-xCu system and
predict the operative deformation mechanisms. For these purposes, characterization
using advanced techniques like Precession electron diffraction (PED), HRTEM,
EDS/EELS and STEM is planned. The intent is to find ways to fuse all these data
and extract quantitative information about the crystallography and the defect
structure at nano-scale. Preliminary HRTEM and EDS mapping indicate the
clustering of solutes at the grain boundaries. Future work aims to characterize twins
using PED and fuse it with the compositional information.
Characterization of deformation in metal powder produced by ModulationAssisted Machining: Indrani Biswas1; James Mann2; Srinivasan Chandrasekar1;
Kevin Trumble1; 1Purdue Univ; 2University of West Florida
Metal powders for engineering applications are required to meet stringent
specifications for size, shape, composition and density. Modulation-Assisted
Machining (MAM) is a cutting based technique to produce discrete particles (chips)
of controlled shape and size with composition identical to that of the workpiece.
Sinusoidal modulation is superimposed in the feed direction of the cutting tool
enabling periodic engagement with the workpiece, thereby, chipping out material

as particles. Current study uses Al 6061-T6 as the working material. Unlike
conventional powder production methods, the metal particulates produced by MAM
are severely deformed. Vickers hardness and nano-indentation measurements on
particles have shown a significant variance of strain imparted onto the material with
varying machining parameters. Cross-sectional shape of fibers was also observed
to vary with different cutting conditions. Simulation of tool path in the material and
the study of flow lines has been helpful in understanding and controlling the final
shape of particles.
Temperature and Microstructural Dependence of Dwell Fatigue in Dual-Phase
Titanium Alloys: Michelle Harr1; Samantha Daly2; Adam Pilchak3; 1University of
Michigan; 2University of California Santa Barbara; 3Air Force Research Lab
Dual-phase titanium alloys, such as Ti-6242, experience a reduction in fatigue
lifetime when there is a hold at the peak of each loading cycle. The significant
reduction in lifetime due to this hold time is believed to occur due to load shedding,
where the stress relaxation of a soft grain requires a hard grain to carry a higher
stress which creates an ideal location for early crack nucleation and faceting. Load
shedding is known to be effected by both microstructure and ambient temperature,
but the mechanisms that underlie the behavior are still under active investigation.
The present work uses Digital Image Correlation (DIC) and electron backscatter
diffraction (EBSD) at various temperatures to investigate the effect of temperature
and local microstructure on the strain distributions associated with load shedding.
Effect of Precipitates on Martensitic Transformation in NiTiHf Alloys: Taiwu
Yu1; Yipeng Gao2; Lee Casalena3; Michael Mills1; Peter Anderson1; Yunzhi Wang1;
1
The Ohio State University; 2Idaho National Laboratory; 3Thermo Fisher Scientific
The high temperature shape memory alloy (SMA) 50.3Ni-29.7Ti-20Hf (at %)
recently developed by NASA contains fully coherent nanoprecipitates introduced
by aging heat treatment. In order to understand the effect of these nanoparticles on
the behavior of martensitic transformations (MT), we develop a phase field model
to describe both the precipitation and MT processes. We first study precipitate
shapes and spatial distributions under different thermal aging conditions. When the
precipitate size is relatively small (40~60 nm), they adopt a diamond-like shape.
When the particles grow larger, they develop plate-like shape. We then calculate the
stress and strain fields associated with the precipitates in multi-variant system and
the interaction energy of individual martensitic variants as well as internally twinned
martensitic particles with the stress fields of the precipitates to study their effect
on nucleation and growth of martensite. The calculated strain fields are compared
quantitatively with experimental measurements, which show good agreements.
Here describe quantitatively the interaction energies for both individual variants
and internally twinned martensite as compared to typical chemical driving force or
MT and draw conclusion.
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Atomic Level Study of Planar Defects in Al-Al2Cu Alloys: Guisen Liu1; Shujuan
Wang2; Amit Misra2; Jian Wang1; 1University of Nebraska-Lincoln; 2University of
Michigan
Intermetallic Al2Cu is brittle at room temperature. However, Intermetallic Al2Cu
nanolayers in Al-Al2Cu eutectic composites exhibit plastic deformation associated
with continuous slips on {0-11} planes and shear-induced stacking faults on {-121}
plane. Using first principles density function theory, we symmetrically study
structures and energies of planar defects in {0-11} and {-121} planes in Al2Cu and
interfaces in Al-Al2Cu eutectic composites. Results show that the fault structure of
{-121} plane has the low stacking fault energy and is related to the in-plane shear
associated with a 1/4 <111> partial dislocation; the local minimum fault energy of
the {0-11} plane sheared by a 1/6 <-211> partial dislocation is two times higher than
that of the {-121} faulted plane; thus {-121} plane can be shear to form stacking
fault structure while the {0-11} plane will be sheared continuously. This can be
interpreted from their different atomic structure, in particular the dissociation of
a 1/2 <111> full dislocation into partial dislocations on {-121} plane. Further, we
calculated the structure and energy of the Al-Al2Cu phase boundaries. Results show
that the coherent interface corresponding to the orientation relation of Al-Al2Cu,
{001}||{001} and <130>Al||<100>Al2Cu, has the lowest energy and thereafter
Al-Al2Cu eutectic nano-laminates have the preferred orientation relation. These
findings provide insights into understanding the mechanical properties of Al-Al2Cu
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eutectic nano-laminates.
Atomic Structure of Defects Associated with Twin Interface of Albite
(NaAlSi3O8): Dongyue Xie1; John Hirth2; Greg Hirth3; Jian Wang1; 1University of
Nebraska-Lincoln; 2Los Alamos National Laboratory; 3Brown University
Albite (NaAlSi3O8) with a low symmetry structure (C-1) is a widely distributed
feldspar mineral. Characterizing the structure of twin boundary and interface defects
is crucial for understanding the deformation behavior of Albite. In this study, we
investigate twinning and twinning disconnections of Albite using transmission
electron microscopy (TEM) and density functional theory (DFT). Three twin
orientation relationships were detected with help of selected area electron
diffraction (SEAD). Besides the common type-I twin with OR [100]//[-100] (010)//
(010), there are two type-II twins with [101]//[100] (0-10)//(010), and [-10-1]//[100]
(0-10)//(010) ORs. These three ORs can be obtained by 180-degree rotation of the
crystal around the normal of (010) plane, [201] axis, and [001] axis respectively. By
using High-resolution transmission electron microscopy (HRTEM), the structure of
twin boundary and interface disconnections are clearly observed. Correspondingly,
atomic models are proposed based on TEM observation and DFT calculation.
Atomistic Simulations of Dislocation-Twin and Twin-Twin Interactions in
Magnesium: Mingyu Gong1; Shun Xu1; Guisen Liu1; Yue Liu2; Yanyao Jiang3; John
Hirth4; Carlos Tomé4; Laurent Capolungo4; Jian Wang1; 1University of NebraskaLincoln; 2Shanghai Jiaotong University; 3University of Nevada, Reno; 4Los Alamos
National Laboratory
Magnesium (Mg) and its alloys, as the lightest structural materials, have potential
applications for vehicle and industry structures. Dislocation slip and twinning are
two major plastic deformation modes. Once twinning happens, twin boundary act
as strong barriers for mobile dislocations. In addition, multiple twins meet and
interact each other. These fundamental deformation modes are responsible for
straining hardening and affect further twinning and detwinning process. Using
Molecular Dynamics (MD) simulations, we studied dislocation-twin and twin-twin
interactions in Mg. We for the first time conduct the interactions of dislocation and
three-dimensional twins with focus on the interaction of a dislocation with different
twin boundaries of a twin. The results provide complementary understanding of
two-dimensional dislocation-twin interactions. Furthermore, we studied three
types of twin-twin interactions regarding to different orientation relationship (OR).
Twin transmission cannot happen during all twin-twin interactions. Meanwhile,
based on interface energy of twin-twin boundaries (TTBs) and nearby stress field
of twin-twin interactions, typical structures corresponding to each type of twintwin interaction are identified and discussed. These results can be applied for the
development of predictive material models at high length scale.

of the sample microstructure indicate that, the variation in speckle profile during
loading/unloading is in larger part related to local dislocation rearrangement than
to the real dislocation density change which is actually quite small. It suggests that
small grain boundaries in such UFG Al with lamellar microstructure change a lot in
terms of dislocation configuration; it is dispersed during loading and relaxed back
during unloading.
Temperature Dependent Deformation Modes of Cr26Mn20Fe20Co20Ni14
Alloys
: Kaisheng Ming1; Jian Wang1; 1University of Nebraska-Lincoln
Elastic or plastic deformation induced solid-state amorphization has been widely
observed in metallic alloys, ceramics and covalent crystals under high strain rate
and/or severe strain. The underlying mechanisms are often attributed to elastic
instability or localized defects accumulation. Here we conducted tensile testing of
the polycrystalline Cr26Mn20Fe20Co20Ni14 alloy at different temperatures from
93 K to 973 K and characterized microstructures at various strains in transmission
electron microscopy. The stress-strain response at 93 K shows periodicallyrecurring stress drops, associated with repeatable elastic unloading and then elastic
reloading. Microstructure characterization revealed the formation of amorphous
bands and slip bands, which account for the novel serration of stress-strain response.
Based on studies of slip lines, slips are identified unambiguously on {001} and
{110} planes, which leads to the formation of many slip bands parallel to {001} and
{110} planes, respectively. The amorphous bands lie along the {001} and {110}
planes. The similarities between the amorphous bands and slip bands indicate that
the crystal to amorphous transition is induced by the significant accumulation of
non-conventional slips on {001} and {110} planes. However, such novel serration
behavior disappears with increasing temperature, implying the change in dominant
deformation modes. This study provides a better understanding of the fundamental
deformation behavior of Cr26Mn20Fe20Co20Ni14 alloy.

Core-shell Structured Ti-N Alloys with High Strength, High Thermal Stability
and Good Plasticity: yusheng zhang1; Y.H. Zhao2; 1Northwest Institute for NonFerrous Metal Research; 2Nanjing University of Science and Technology
Multifunctional materials with more than two good properties are widely
required in modern industries. However, some properties are often trade-off with
each other by single microstructural designation. For example, nanostructured
materials have high strength, but low ductility and thermal stability. Here by means
of spark plasma sintering (SPS) of nitrided Ti particles, we synthesized bulk coreshell structured Ti alloys with isolated soft coarse-grained Ti cores and hard Ti-N
solid solution shells. The core-shell Ti alloys exhibit a high yield strength (~1.4
GPa) comparable to that of nanostructured states and high thermal stability (over
1100 °C, 0.71 of melting temperature), contributed by the hard Ti-N shells, as
well as a good plasticity (fracture plasticity of 12%) due to the soft Ti cores. Our
results demonstrate that this core-shell structure offers a design pathway towards
an advanced material with enhancing strength-plasticity-thermal stability synergy.
In Situ Synchrotron XRD Study of Dislocation Activity During Loading/
unloading of Ultrafine Grained (UFG) Aluminum: Qi Huang1; Yao Shen1; Jian
Wang2; 1Shanghai Jiao Tong Univ; 2University of Nebraska–Lincoln
The dislocation behavior in UFG Al (produced by heavy cold rolling )during
cyclic loading/unloading tensile test is investigated using in situ synchrotron X-ray
diffraction. Combining Schmid factor analysis and calculation of slip system’s
contribution to diffraction profile, a new texture informed 2D diffraction pattern
analysis method is developed to identify the unique grain orientation and the
embedded slip system that are the major contributor for certain diffraction speckles,
although such identification is successful for only few speckle. Dislocation density
calculation using conventional XRD peak broadening analysis show that the
dislocation density in the identified slip system “increase” by about 30% and drops
by 20%, then almost recover during a “elastic-plastic loading—elastic unloading—
elastic reloading” cycle. However, the fact that there is negligible strain hardening
during the plastic deformation. Further analysis based on the effects of dislocation
distribution on the inhomogeneous elastic strain field and inspection on the feature
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