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Lithography-free metal imprinting is a promising processing technique whereby a pattern 

on a rigid punch is transferred onto a metal layer by plastic deformation of the metal 

itself. We investigate reproducibility and optimal conditions for this process by 

Molecular Dynamics simulations of an Au thin layer imprinted by a W punch at low 

processing speeds (9 m/s), using the Zhou-Johnson-Wadley EAM potential. 

 

Many simulations show an unexpected competition between crack formation and 

dislocation plasticity upon retraction of the punch, which leads in some cases to an 

imprint and in other cases to a restored, almost flat surface. Surprisingly, the bifurcation 

of these results can be driven by thermal fluctuations of the atomic velocities alone, see 

Fig. 1. Other essential parameters are: (1) the crystallographic axis of Au (<100> or 

<110>) that points in the ‘thin’ periodic direction (y), (2) the imprinting depth, (3) the 

thickness in the ‘thin’ direction. 

 

 
 

Figure 1: 

Final results of ten identical imprinting-and-retraction simulations (300 K), only differing 

in the  Maxwell-Boltzmann atomic velocity samples at the starting points of the 

simulations. The Au <110> direction points in the periodic direction, perpendicular to the 

plane of the figure. Green and red atoms have local fcc and hcp symmetry, respectively, 

illustrating the results of dislocation activity. 
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A simulated fatigue study has been performed on a Ti-6Al-4V alpha-beta titanium alloy 

exhibiting a Widmanstatten microstructure. In previous work [1], a crystal plasticity model 

having a Kocks-type flow rule implemented into an ABAQUS material subroutine has been 

calibrated to experimental cyclic deformation data. This microstructure-sensitive model has been 

utilized to identify trends in the fatigue performance of variant Ti-64 microstructures associated 

with the influence of three key features: the mean colony size, phase volume fraction, and 

crystallographic texture. 

 

The driving force for fatigue crack formation and early propagation has been quantified through 

the use of relevant fatigue indicator parameters (FIPs). FIPs are determined through employment 

of the computed localized stresses and plastic strains induced during the simulations. Three FIPs 

have been calculated in our fatigue study. The first was the Fatemi-Socie FIP [2], which is related 

to the maximum plastic shear strain range,     
 

   , and the stress normal to the max plastic shear 
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 , through the following equation: 
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Here,    is the yield stress and K is a parameter which denotes the material dependence on the 

stresses normal to the maximum strain plane. The other computed FIPs are variants of the Fatemi-

Socie FIP. The second calculated FIP was the grain boundary impingement FIP, which substitutes 

the net cumulative plastic shear impinging on a grain boundary and the stress normal to this grain 

boundary interface for the stress and strain based measures for fatigue damage, respectively. 

Finally, the interlamellar FIP is determined to be equivalent to the Fatemi-Socie FIP resolved 

onto the interlamellar planes. 

 

Radial correlation statistics have been recruited to study the spatial correlation between 

favourably oriented slip systems and the maximum FIP locations within the instantiated 

microstructures. Simulation results suggest that smaller lamellar colonies, reduced alpha-phase 

volume fraction, and a transverse texture with respect to the loading axis can increase the 

microstructure’s fatigue resistance. 

This work was accomplished with financial support of the Boeing Company. The Carter N. Paden 

Chair in Metals Processing at Georgia Tech also provided supplementary support. 

 

[1]  B.D. Smith, D.S. Shih, D.L. McDowell, Cyclic Plasticity Experiments and Polycrystal 

Plasticity Modeling of Three Distinct Ti Alloy Microstructures, to appear in: Int J Plasticity. 

(2013). 

[2]  A. Fatemi, D. Socie, A Critical Plane Approach to Multiaxial Fatigue Damage Including 

Out-of-Phase Loading, Fatigue Fract Eng M. 11 (1988) 149–165. 

 



Screw Dislocations in Layered, Complex Hydrated Oxides 

 

Lu Chen
1
, Rouzbeh Shahsavari

1,2 

 
1
Department of Civil and Environmental Engineering, Rice University, Houston, TX 

77005 
2
Department of Material Science and NanoEngineering, Rice University, Houston, 

TX 77005 

 

Dislocations are a common type of defects that significantly influence many mechanical 

phenomena such as plastic deformation, crystal growth, morphology, or diffusion of materials. 

While dislocations have been well studied for simple crystalline structures such as pure metals, 

semi-conductors, ionic materials, and binary oxides, there is very limited knowledge on such 

defects in complex layered oxides. In this work, we study the mechanisms and the influences of 

screw dislocations in tobermorite mineral, which is a complex layered oxide material serving as a 

natural analog of Calcium-Silicate-Hydrate (C-S-H) gel. The latter is the principal source of 

strength and durability in concrete. We use a cluster-based approach combined with atomistic 

simulations to investigate the screw dislocation along the interlayer direction of tobermorite 

(Figure 1). An analytical solution of the sextic theory regarding anisotropic materials was 

implemented to obtain the elastic displacement field. The nonlinear deformations around the core 

dislocation were accurately captured by atomistic simulations. The final core has a complex 3D 

structure involving dramatic spiral displacements as well as formation of defected silicate chains 

resulting from the screw dislocation. Dislocation displacement map indicates an ellipsoid 

non-planar spreading of thedislocation core extending about 40 Å in the [100] direction and 20 Å 

in the [010] direction.  

 

This analysis illustrates a low mobility of [001] screw dislocation in tobermorite, since any 

potential movement will inevitably involve silicate chain breakage. After fitting the atomistic data 

to classical screw dislocationtheories, the core radius is found to be 14.3 Å with a core energy of 

53.7 eV/Å. This formation energy and the above observation could be used to compare and 

predict the prevalent defects along different directions in tobermorite, thus providing fundamental 

insights on deformation mechanisms governing the mechanical response of C-S-H phases.  

 
 

Figure 1. Typical screw dislocation in tobermorite mineral and the corresponding dislocation 

energies as function of radius.  
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The properties of modem materials, especially those of superplastic, nanocrystalline or composite 

materials, depend critically on the properties of internal interface such as grain boundaries (GBs) 

and interphase boundaries (IBs). All processes which can change the properties of GBs and IBs 

affect drastically the behaviour of polycrystalline metals and ceramics. In this paper, using the 

phase-field crystal model, we investigate the annihilation process of low-angle symmetric tilt 

grain boundaries (GBs) and dislocations during plastic deformation under conditions where the 

system approach to the melting point and reach to the temperature at which liquid-solid coexist in 

simulation, respectively. Our simulation results show that a local premelting occurs around the 

lattice dislocations as the premelting point is approached from below and the dislocation structure 

in the premelting region does not change, while the region become significantly larger when the 

system reach the melting temperature. The deformation performed under the condition of 

premelting, we can observe that the dislocations of the premelting GB begin to glide under the 

strain, then those dislocations with opposite Burgers vectors begin to annihilation via the 

movement, finally the GB is disappeared as well as the premelting region. The annihilation 

mechanisms of dislocations are similar for premelting conditions. For the temperature reaches to 

the liquid-solid coexisting region in simulations, the original premelting regions are induced to 

develop bigger areas of premelting region under the external strain acting. During the process, it 

can be seen some interactions including the multiplication dislocation pairs, the rotation of 

dislocation pairs and their annihilation. What’s more, the shape of the premelting region changes 

with the interaction of the dislocations inside of the region, it is observed that the premelting 

region approaches each other and consolidates together, then decomposes and segregates from 

each other. Although the shape of the premelting region changes with the applied strain, these 

regions do not disappear at the end of the simulation, which is totally different to the premelting 

conditions in lower premelting temperature.  

 

 
Fig.7 The process evolution of dislocation of GB simulated by using sample C at strain   (b) 

=0.045; (e) =0.0510 
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In 1997 Nix and Gao were the first to calculate dislocation densities caused by a conical 

indenter [1, 2]. These results were later generalized to a spherical indenter by Swadener 

et al. [3] using a paraboloid approximation. In 2005 Durst et al. [4] modified this model 

and concluded that the radius of the plastic zone can be approximated by Rplast ≈ f*ac, 

where ac is the contact radius. The factor f is a constant, depending on the material, in the 

range of 0～3.5.  

We use molecular-dynamics simulation to 

study the size of the plastic zone produced by 

nanoindentation with a spherical indenter in 

fcc (Al, Cu) and bcc metals (Fe, Ta) for the 

low-indexed surface orientations. We study 

the effects of indenter size, indentation depth, 

indentation velocity, and target temperature. 

Our simulations show that the dislocation 

structure consist always of two different 

groups: those that attach to the indentation 

hole, and those that glide into the substrate or 

along the surface. We use only the 

dislocations still attached to the indentation 

hole to determine the plastic zone. We find 

that during the indentation process, the f 

factors are in the range of 3～4, and are thus 

larger than in the Durst model. But after 

indenter removal from the substrate, the f factors recede to values in the range of 2～3. 

We find that they do not depend systematically on the crystal structure (bcc or fcc) nor on 

the surface orientation. The dependence on the indenter radius, indentation depth, 

indentation velocity and target temperature are only moderate.     
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[6] A. Henderson, http://www.paraview.org (2007). 

            
Figure 1:  Snapshot of indentation in Fe(100) 
to a depth of d=21.4Å. Yellow: deformed 
surface including unidentified defects. 
Dislocation lines with Burgers vector 
b=1/2<111> are shown in red, those with 
b=<100> in blue. Green arrows indicate 
direction of b. Dislocations are detected 
using the DXA algorithm [5]. Visualization 
has been prepared using Paraview [6] 
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In  material  sciences,  the phase  field  methods   are  used  to describe  the evolution  of 

microstructures – such as interfaces, cracks or grain boundaries – into a continuum mathematical 

formalism.  Numerically, these methods are usually more flexible than the multi-body ones  and 

allow the simulation of systems in which space and time scales are extended. It was in this 

context that, at the beginning of the last decade, the first phase field models of dislocations were 

elaborated [1,2]. For example, these models are now used to investigate the interactions between 

dislocations and solid precipitates at the mesoscale. 

Another subject of study is the damage of thin film materials which are generally used in 

microelectronics or optics. Since the thin films are highly stressed (in compression usually), they 

can delaminate on a part of the substrate and finally buckle. The created structures can themselves 

induce the delamination of the film along the adherent part of the interface. From a theoretical 

point of view, the buckling is described by a simplified finite strain elasticity theory (the Föppl 

and von- Kármán model) while the understanding of the delamination process is based on the 

concepts of fracture mechanics [3]. 

However, during the last few years, plasticity has also been shown to occur during buckling and it 

significantly  modifies the  process  as it is described by these models [4]. Some atomistic 

simulations have notably revealed that a plastic mechanism can take place in the interface at the 

base of a straight-sided buckle, modifying its buckling conditions [5]. The problem of the 

atomistic approach is that it is generally limited to the investigation of systems whose space and 

time scales appear to be quite far from the real ones, especially in the buckling context. This 

discrepancy can be reduced by using the phase field methods. 

This  presentation  will  therefore  describe  a  continuum numerical  model allowing  to 

reproduce the elastic behaviour of a thin film which must be formulated at finite strain. 

Possibilities for cracking will then be introduced to this model. As an example, we will show that 

it is able to reproduce the theoretical predictions related to the buckling-driven delamination of a 

straight-sided buckle.  The model will finally be extended  by introducing plasticity  through a  

phase  field description of dislocations formulated  at finite strain. This will be discussed and 

some examples of simulation will be shown in  the buckling context.  Obviously, the model 

presented will be sufficiently general to investigate other situations where cracks and dislocations 

take place and for which the finite strain effects must be considered. 
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Addressing the purposes of hydrogen assisted fracture (HAF) analysis, the modelling of 

hydrogen diffusion in metals with account for hydrogen trapping and relevant physical 

fields is revisited. Coherent development of continuum model of diffusion and trapping is 

presented. The flux and mass balance equations in a media with multiple traps are 

derived from the kinetics principles by means of considering discrete random walk model 
and its subsequent continuum interpretation. This gives rise to generalised system of 

partial differential equations of diffusion and trapping. Under definite circumstances, 

which can be met in engineering HAF cases, certain terms in derived equations become 

negligible. Dropping them, a series of known specialised models of trapping-affected 

stress-strain-assisted diffusion are retrieved as approximations of the generalised one and 

collated as regards their suitability for particular HAF case analyses. 
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The understanding of the collective motion of the line defects called dislocations is 

important in order to predict plastic deformation of crystalline materials. These can be 

modeled using several methods, including discrete dislocation dynamics (DDD), 

molecular dynamic (MD) simulations and the multi-scale Coupled Atomistic/Discrete-

Dislocation (CADD) [1]. In DDD, the main ingredient to predict dislocation motions is 

the mobility laws which links dislocation velocities to shear stresses and temperatures. 

These can be obtained from independent MD simulations [2]. Thus, in CADD coupling, 

the mobility laws need to match MD. As opposed to 2D, in a 3d framework of CADD, 

the character angle θ of a dislocation is an important parameter of the mobility laws. 

These are often assumed to vary monotonically between edge and screw dislocations [3]. 

However, according to studies based on the Frenkel-Kontorova (FK) model [4,5], the 

velocities are function of misfit potential (stacking fault energy) ϒ(u), material 

dispersionrelations ω(k) and displacement fields u of a dislocation rather than only a 

character angle θ. The objective of the presentation is to provide the better mobility law 

descriptions of a dislocation in FCC Aluminum. 

First, the dislocation core structures are studied using MD and confirmed using the 

variational Peierls-Nabarro method [6], including for mixed character angles. Then, we 

study dislocation mobility laws for an arbitrary mixed dislocation: we measure the 

dislocation velocity v under various shear stresses and temperatures. It is observed that v 

grows quasi-linearly up to the minimum phase velocity vp of the crystal structure. Then it 

will progressively saturate to the 1st forbidden velocity (shear wave). This effect can be 

explained by looking at the waves (more specifically the dispersion relations) dissipating 

the energy released by the dislocation motion [4,5,7]. Finally, the required information 

(ϒ(u), ω(k) and u) for the energy balance equation of FK model were obtained from MD 

and inserted into an extended Ishioka model [5] to produce an estimate of the dislocation 

mobility laws at several character angles θ. 
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A unifying thermochemocechanical framework is presented for modeling coupled 

deformation-heat transfer processes and coupled deformation-diffusion processes under 

extreme conditions. Small-size or nanoscale specimens are shown to exhibit significantly 

different behavior than their counterparts at the macroscale. The cases of adiabatic shear 

banding and hydrogen embrittlement are discussed as examples to illustrate the theory. 
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Plasticity in body-centered cubic (bcc) transition metals is governed by the glide of the 

½<111> screw dislocations. The structure of the dislocation core has an influence on the 

dislocation glide direction, and has been a matter of debate for several years. Density 

Functional Theory (DFT) calculations have shown that in pure bcc metals the core 

structure of ½<111> screw dislocations is symmetric, or non-polarized [1], but that in W, 

it becomes polarized upon alloying with Re [2]. Concomitantly, empirical potentials 

calculations in Fe and W have shown that the core structure becomes polarized with 

increasing temperature [3, 4]. In the present work, we investigate the link between lattice 

variations and dislocation core polarity in W and Fe, as well as in other bcc transition 

metals. 

We first investigated the dependence of the core polarity with lattice parameter using two 

empirical potentials for Fe: the Mendelev potential [5] and the Ackland potential [6], for 

which the dislocation core at equilibrium lattice parameter is respectively non-polarized 

and polarized. Our results show that in both cases the core structure changes from non-

polarized to polarized as function of lattice parameter (or as pressure decreases) with a 

first-order type transition occurring at a negative and positive pressure, respectively. We 

then used DFT calculations to investigate the core polarization under lattice expansion in 

bcc transition metals. At equilibrium lattice parameter, the dislocation core is non-

polarized in all elements, as expected [1]. But for a few metals non-zero polarity is 

evidenced in a specific strain range. The present calculations show that there is a general 

link between pressure and core polarity as in all cases lattice expansion tends to polarize 

the core. 
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Recent studies [1] of ½<110> screw dislocation core in MgO showed a major influence 

of high-pressure on the dislocation core. Based on a generalized Peierls-Nabarro model, it 

was demonstrated that ½<110> core evolves from a planar core in {110} at low pressure 

to a spreading in {100} at pressure higher to 50 GPa. Here we revisit these conclusions 

using full atomistic calculations. Classical rigid pairwise potentials of Buckingham form 

are used to model both core structure and calculate associated Peierls potentials through 

Nudge Elastic Band (NEB) method. 

As expected from [1], pairwise potentials results confirm that dislocation core evolves 

from a spreading in {110} (at low pressure) to a narrower configuration spread in {100} 

at high pressure. In the same time, it is worth noticing that the stable position of core in 

the lattice is also evolving. The displacement of stable configuration into the lattice 

corresponds to an exchange between stable and unstable position according to {110} 

Peierls potentials. Consequently, Peierls potential and/or Peierls stress for gliding in {110} 

do not evolve monotonously with pressure. As such effect could be related to the choice 

of potential, we will present DFT calculations of periodic dipole arrangement, confirming 

this unusual change of stable core position with pressure. Further calculations relying on 

core shell model potentials, taken into account for bonding polarization, show also a 

remarkable agreement with previous DFT or Buckingham potentials calculations 

regarding both core spreading and core energy. 

This work is supported by funding from the European Research Council under the 

Seventh Framework Programme (FP7), ERC grant N°290424 – Rheoman. 
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One of the intrinsic properties of ceramics is their high hardness.  An ab initio 

computational investigation has been undertaken to elucidate the changes in hardness in 

metal carbides, with particular attention to sub-stoichiometric anomalous increases in 

hardness for certain carbides. Investigations into the group IV and V carbides has 

revealed a monotonic increase in hardness with respect to carbon concentration with the 

group IV carbides up to a maximum when the metal:carbon ratio is stoichiometric. For 

the group V carbides, which can promote the precipitation of the vacancy ordered Me6C5 

phase, increases in hardness are observed experimentally at sub-stoichiometric ratios. Our 

results, which rule out hardening caused by an increase in bond strength, lends significant 

evidence towards the increase in hardness being associated with the formation and 

spacing of Me6C5 domains that precipitate out of the MeC matrix grains during cooling.  

In addition, atomistic simulations have suggested that alloyed Ta-Hf-C ceramics can offer 

a high melting point and higher hardness than either single metal carbide.  
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Understanding the diffusion properties of hydrogen in metals, especially interactions 

between hydrogen and lattice defects such as dislocations, is essential in order to improve 

the performance  and reliability  of equipment  associated  with  the production, 

transportation, storage and supply of hydrogen. In this study, we investigate the effect of 

an edge dislocation  dipole  on hydrogen  diffusion  in face-centered-cubic  (fcc) metals 

using molecular dynamics simulations of palladium-hydrogen as a model system. 

Our  results  predict  high  hydrogen   diffusivity   along  dislocation   lines  in  Cottrell 

atmosphere  with  high  hydrogen  density  after  hydrogen  accumulation  caused  by  the 

interactions between hydrogen atoms and tensile hydrostatic stress field created by edge 

dislocations. Figure 1 shows the 

Arrhenius plot of the hydrogen 

diffusivity in palladium in only one 

direction, the direction of the 

dislocation lines. The activation 

energy of the hydrogen  diffusivity  

in  perfect  crystal without the 

dislocations is estimated to be 0.16 

eV, which is in excellent agreement 

with value obtained by means of 

the first principles calculation [1]. 

In addition, the value corrected by 

zero- point energy is 0.24 eV, 

which is consistent with reported 

experimental value of 0.23 eV [2]. 

On the other hand, the activation 

energy of the hydrogen diffusivity 

in a system with the edge 

dislocation dipole is estimated to be 0.10 eV, which is 38 % smaller than that in the 

perfect crystal. In the case of 300 K, the hydrogen diffusivity in the system with 

dislocations is 4.4 times larger than that in the perfect crystal. 

A part of this work has been supported by New Energy and Industrial Technology 

Development Organization (NEDO) under "Advanced Fundamental Research Project on 

Hydrogen Storage Materials". 
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Hexagonal close packed (HCP) rhenium (Re) exhibits a unique combination of properties 

that make it a very attractive material for high temperature applications. Most notably, it 

has no measureable ductile-to-brittle transition temperature, leading to a high ductility 

over large temperature ranges. The high ductility is related to a dense pattern of twins that 

form upon deformation. However, the high cost of rhenium and the limited worldwide 

reserves prohibit its usage in many applications. 
 
In this work we aim to create a replacement strategy for Re. Calculations based on 

density functional theory are carried out, with the aim of screening for cheaper Re-X 

alloys while maintaining or improving the beneficial properties of pure Re, especially 

ductility. Using two ductility parameters for HCP (one based on elastic constants, the 

other on twin boundary and surface energies) it is shown that solutes to the left of Re in 

the periodic table increase the ductility, whereas those to the right embrittle Re. Both 

ductility parameters are shown to give consistent results. 
 
Finally, it is shown that solutes to the left of Re significantly decrease the twin boundary 

energy whereas those to the right lead to a strong increase. The surface energies vary very 

little with alloying. We show that these effects can be largely attributed to band filling. It 

is also shown that the tendency of rhenium to form finely spaced twin boundaries is 

related to band filling effects and the presence of competing crystal structures that are 

close in energy to HCP for Re. 
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Discrete   dislocation   dynamics   (DDD)   simulations   were performed  to correlate 

surface roughness evolution with the evolving dislocation microstructure under 

thermomechanical cyclic loadings.  The role of grainsize and initial dislocation 

densities on the morphology of surface extrusions/intrusions and dislocation 

substructures are evaluated through systematic large scale 3dimentional DDD 

simulations of nickel microcrystals. Cyclic thermal loadings are introduced into DDD 

simulations through a hierarchical modeling approach in which the thermal stresses 

arising in the crystal are computed from a finite element model. Cyclic mechanical 

loads and image fields arising from the evolving free surfaces and grain boundaries are 

introduced into the DDD  simulations  by  coupling  between  the  finite  element  

method and the DDD framework. Finally, the evolving surface morphology  due to 

dislocation  interactions  with free surfaces is actively computed from the full 

displacement field produced by the evolving dislocationnetwork. A surface roughness 

measure is developed and several dislocation microstructures of different crystal sizes 

and initial dislocation densities were simulated for a number of loading cycles. The 

preliminary results show that the surface roughness character is independent of the 

dislocation density and number of cycles but changes with crystal size. 



Peierls stress, Pile-ups and Inertia effects in Field Dislocation Mechanics 
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A two dimensional dislocation plasticity model is developed under the framework of 

Field Dislocation Mechanics (FDM). We address various plane strain dislocation pile-ups 

problems numerically. The motion of dislocations and their corresponding stress field is 

studied under various grain boundary conditions. Relation between applied load and the 

deformation of a grain cell is analyzed as dislocations forming a wall against the grain 

boundary under shear load. The simplest example of such problems is that all dislocation 

pile-ups lie on one common slip plane. Such case has been analytically studied by 

Eshebly Frank and Nabarro, although only for limited types of load conditions. We are 

able to do more complex cases, for example, multiple layers of dislocations of arbitrary 

signs under different types of load conditions. Within the same model, some qualitative 

aspects of FDM are explored including 1) Peierls' stress effect in a translationally-

invariant continuum theory like FDM 2) Interaction between dislocations such as 

dislocation annihilation 3) Dislocation dynamics in the presence of significant material 

inertia. 
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One great challenge for the application of HCP metals as structural materials is the low 

ductility, due to the limited number of slip systems in comparison with FCC or BCC 

structured metals. On the other hand, HCP metals have more twinning systems because of 

the lower lattice symmetry, where at least five different twinning systems have been 

reported [1]. In HCP metals increased elongation may be realized when deformation is 

governed by one twinning system initially, with a second triggered at higher strains. 

 

In this work, we present simulation results showing the possibility of secondary twinning 

in HCP Mg nanowires. These molecular dynamics simulations correspond to tensile 

straining of 1120  -oriented nanowires, and show 60% fracture elongation, as 

illustrated in Figure 1. The mechanism of secondary twin formation is studied through 

analyses based on crystallography and local stress state. The deformed nanowires are 

observed to recover their original configuration after removing the external strain, 

presenting typical pseudo-elastic behavior. 

 

[1] J. W. Christian and S. Mahajan. Prog. in Mater. Sci, 39, 1 (1995). 

 

    
Figure 1:  Stress-strain curve of Mg nanowire during tension process. Three 
snapshots of the nanowire inserted show different variants after twinning. The 
atoms are colored according to basal plane vector orientation. 



   

 

On the effect of dislocation emission on intergranular fracture in Ni 
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Using molecular dynamics, we investigate crack tip dislocation emission and decohesion 

during intergranular fracture in Ni. For some grain boundaries, cracks propagate in a 

brittle-like manner by bond breaking despite copious dislocation emission. Indeed, 

dislocation emission appears to assist crack advance by bond breaking. This result will be 

discussed in reference to the Rice-Thompson criterion, which views dislocation emission 

and decohesion as competing mechanisms during crack propagation. 

 

 

 
Figure 1:  Dislocation emission during brittle-like fracture in a Ni bicrystal. 

 

This work was funded by the BP-MIT Materials and Corrosion Center.   

 

 



Dislocation-obstacle interactions and effects on glide from atomistic simulations
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The interaction of dislocations with obstacles (atoms in solid solution, voids, precipitates, 
other dislocations) is expected to play a major role in the strengthening of metallic alloys.  
In this work, with the aim of modeling dislocation-obstacle interactions and its effects on 
dislocation glide, we have used the model proposed in Ref. [1] to build a simulation box 
containing an isolated screw dislocation in bcc Fe with periodic boundary conditions in 
the glide direction. The separation between the dislocation and its periodic images was 15 
nm, corresponding to a dislocation density in the order of 1014/m2. 

Three different systems were simulated. The first system consisted of pure Fe (i.e., no 
obstacle). The second system was Fe-C, with either a random carbon distribution and a 
carbon Cottrell atmosphere. The Cottrell atmosphere was modeled by Monte Carlo 
considering that the carbon content was in the range 30-2700 ppm. Finally, we considered 
a Fe-Cu-Ni system for which we have also used Monte Carlo to model the formation of a 
Cu-rich precipitate in the vicinity of the screw dislocation.

Dislocation glide in the presence or not of 
obstacles was simulated by molecular dynamics 
using the LAMMPS code. Following the same 
protocol presented in Ref. [2], the bottom of the 
simulation box was kept fixed while the atoms in 
the top were displaced in the Burgers vector 
direction with constant velocity in order to apply a 
constant strain rate. The simulations were 
performed in the NVT ensemble for temperatures 
in the range 70-700 K. As a matter of example, in 
Fig. 1, one can see the stress-strain curve of a 
screw dislocation gliding in the presence of a 
random carbon distribution and a Cottrell 
atmosphere, considering a carbon content of 2700 
ppm.

Funding provided by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), 
grant 2011/19564-6, is gratefully acknowledged. 

[1] D. J. Bacon, Y. N. Osetsky and D. Rodney, Chapter 88 In Dislocations and Solids, 
Elsevier (2009).
[2] C. Domain and G. Monet, Phys. Rev. Letters. 95, 215506 (2005). 

    

Figure 1:  Stress-strain curve for a 
screw dislocation gliding in the 
presence of a random carbon 
distribution and a Cottrell 
atmosphere.
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Developing micro- and macro-scale models for yield in body-centered cubic (bcc) metals 

that capture the underlying physics is important to accurately predict performance and 

guide design for structural applications of these materials. This has proven challenging 

due to the complexity associated with the mechanisms for plastic flow in bcc metals. 

Among these is the observation of non-Schmid slip of dislocations, i.e. that components 

of the stress state other than those that contribute to the resolved shear stress affect the 

slip process. In addition, plasticity is known to be thermally activated, and the rate of 

plastic deformation can be directly connected to the activation enthalpy for dislocation 

motion. How this enthalpy functionally depends on both the applied stress state and the 

material resistance to slip is neither trivial nor obvious for materials that violate Schmid’s 

Law.  

 

In our efforts to develop a physically accurate yield model for bcc iron, we perform 

atomistic calculations to quantify the non-Schmid, stress dependent effects of slip. An 

atomistic potential for bcc iron is identified that captures the stable compact core 

dislocation core structure and single peak Peierls barrier (i.e. no metastable split core) 

consistent with what is predicted from ab initio calculations. Using this potential, we 

evaluate the zero temperature critical resolved shear stress (CRSS) necessary for slip to 

occur for a variety of different stress states. The CRSS obtained from atomistic 

simulations is then used to fit a generalized non-Schmid yield law that captures the 

dependence of the yield stress on shear stresses both parallel and perpendicular to the 

shear direction, as well as changes in pressure. Of particular significance, we show that 

atomistic results provide insight on the activation enthalpy for non-Schmid slip, and 

suggest a functional dependency between enthalpy, the applied stress state, and the CRSS 

that appears valid across a range of stress states and loading orientations.  

 

Sandia National Laboratories is a multi-program laboratory managed and operated by 

Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the 

U.S. Department of Energy’s National Nuclear Security Administration under contract 

DE-AC04-94AL85000. 
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In body-centered cubic (bcc) metals, plasticity arises from the motion of ½<111> screw 

dislocations. These dislocations are subjected to a lattice resistance that can be described 

through the two-dimensional energy landscape of the dislocation in the {111} plane, the 

so-called 2D Peierls potential. Here, we employ ab initio calculations based on Density 

Functional Theory (DFT) to determine the 2D Peierls potentials in bcc transition metals: 

V, Nb, Ta, Mo, W, Fe [1]. We use these potentials to deduce several properties of 

dislocation glide and in particular, the kink-pair formation enthalpy, as well as the 

dependence of the Peierls stress on crystal orientation, well-known in bcc crystals for 

their deviations from Schmid law. 

Dislocations move between Peierls valleys by the 

nucleation and propagation of kink-pairs. In this work, we 

calculated the kink-pair formation energy in bcc transition 

metals using a line tension model parameterized on the 2D 

ab initio Peierls potentials [2], allowing to predict kink 

properties from ab initio calculations performed in cells 

containing only a few hundred atoms. The formation 

enthalpies thus obtained show large deviations from 

isotropic elasticity and, when compared to experimental 

data, suggest an important contribution of the entropy to 

the Gibbs formation enthalpy. Moreover, the temperature 

dependence of the kink-pair enthalpy sheds a new light on 

the implication of dislocation glide in the brittle-to-ductile transition. 

We then used the 2D ab initio Peierls potentials calculated under no applied stress to 

predict the behavior of dislocations under stress. We thus calculated the dependence of 

the Peierls stress on the orientation of the applied stress with respect to the crystal 

orientation, allowing us to analyze deviations from Schmid law in various bcc metals. 

These results are compared to direct ab initio calculations of Schmid law deviation, in 

order to test the validity of using zero-stress Peierls potentials. The calculations show 

large variations between metals that are discussed with respect to available experimental 

data. 

 

[1] L. Dezerald, L. Ventelon, E. Clouet, C. Denoual, D. Rodney and F. Willaime, Phys. 

Rev. B 89, 024104 (2014). 

[2] L. Proville, L. Ventelon and D. Rodney, Phys. Rev. B 87, 144106 (2013). 

 

 

 
Figure 1:  Ab initio 2D Peierls 
potential in W [1]. 
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