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A new model for dynamic recovery in Stage III deformation of FCC 
metals  

 
A. S. Argon  

 Massachusetts Institute of Technology 
Cambridge MA 02139 

 
Since the early researches on the strain hardening of FCC metals in the 50s 
by Seeger and others who followed, it has been generally accepted that 
dynamic recovery in Stage III deformation of FCC metals is controlled by 
massive cross slip of screw dislocations, circumventing linear Lomer-
Cottrell (LC)  dislocation barriers and  results  in decreasing strain hardening 
rates. Apart from fragmentation of slip bands and the dependence of τIII, on 
stacking fault energy, which can both be explained differently, this 
proposition is  quite inconsistent with the cellular dislocation microstructure 
that develops in Stage III hardening, and can not provide a rational 
explanation of its self similar reduction in scale  with increasing plastic 
resistance.  
In a proposed new mechanism dynamic recovery results from the systematic 
removal of LC locks in cell walls under the repeated impingement of 
dislocation fluxes that, in turn, trigger associated collapse events in  much of 
the pinned redundant cell wall dislocation microstructure. This then provides 
the required kinematic degrees of  freedom for displacement of cell walls 
and permits the flow-noise-induced  cell refinement process of Haehner and 
Zeiser, to develop unhindered. The model correctly predicts the onset of 
dynamic recovery at τIII, its dependence on temperature and stacking fault 
energy, as well as the temperature and stress dependence of the decreasing 
strain hardening rate of Stage III, referred to as the Voce Law.  
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Dislocation climb plasticity: modelling and comparison with the high-temperature 
mechanical properties of quasicrystalline AlPdMn, and superalloys 

 
Frederic Mompiou and Daniel Caillard 

CEMES-CNRS, BP 4347, 31055 Toulouse Cedex, France. 
 

We propose a model which fully accounts for several unexplained aspects of the mechanical 
properties of icosahedral AlPdMn, published in the litterature. This model is based on post 
mortem and in situ TEM observations of two dislocation families moving by pure climb and 
exchanging vacancies. It provides the first direct evidence of the chemical (or osmotic) force 
induced by an out-of-equilibrium vacancy concentration. It relies on the following properties 
which can be considered as the signature of pure climb plasticity: 
- a high strain-hardening at yield, due to a strong decrease of the concentration of vacancies 
consumed by climbing dislocations, 
- a steady-state flow stress twice higher than the elastic limit, which is accounted for by the 
equilibrium value of the chemical stress, 
- two-stages relaxation curves defining strain-rate sensitivities in a ratio of 2, which are a 
direct consequence of the complex relaxation of the chemical stress. 
The true stress-dependence of the dislocation climb velocity, which has been determined 
accordingly, is different from the linear dependence given by classical models valid at low 
stress. It is however in a fair agreement with the model of Hirth and Lothe, which describes 
the nucleation of jog pairs on straight dislocation segments observed in TEM. The best fit is 
obtained for a jog height of about 1nm, i.e. of the order of the average distance between 
cluster rows.  
These conclusions may be transposed to crystals deformed under specific conditions 
favouring pure climb deformation. The high-temperature creep of superalloys, in which 
climbing dislocations also exchange vacancies, will be treated as an example.  
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Introducing Dislocation Climb by Bulk Diffusion in Discrete Dislocation 
Dynamics Simulations 

 
Dan Mordehai1,2, Emmanuel Clouet1,3, Marc Fivel4 and Marc Verdier4 

 

1 SRMP, CEA-Saclay, 91191 Gif-sur-Yvette Cedex, France. 
2 Department of Materials Engineering, Technion-Israel Institute of Technology, 32000 Haifa, Israel. 

3 LMPGM, Universite Lille, 59655 Villeneuve d'Ascq Cedex, France. 
4 SIMaP, Grenoble INP, CNRS/UJF, BP 75, 38402 St. Martin d'Heres, France. 

 
One of the powerful computational tools to study dislocation microstructure and 
plasticity at the mesoscopic scale is Dislocation Dynamics simulations, in which 
dislocations are treated as elastic entities. In this talk, we present a method to 
incorporate dislocation climb by bulk diffusion in Dislocation Dynamics simulations, 
by coupling this simulation technique with the diffusion theory of vacancies. We 
adapt the method to a 3-dimensional Discrete Dislocation Dynamics (DDD) 
simulation, in which each dislocation is represented by pure edge and screw 
dislocation segments. We firstly discuss the case in which the interaction between the 
flux fields of climbing segments is omitted. The calculation is demonstrated by 
simulating the activation of a Bardeen-Herring climb source upon the application of 
an external stress or under vacancy supersaturation, as well as isolated dislocation 
prismatic loops shrinkage and expansion. The model is then extended to allow climb 
in bulk materials, where dislocations are sources of vacancies, by considering simple 
interaction between the segments' flux fields. Subsequently, the model is shown to 
reproduce the coarsening of dislocation loops in annealed bulk. We observe in our 
simulations that large dislocation loops expand on the expense of smaller ones. 
Medium size loops are found to translate from expansion to shrinkage, as the vacancy 
supersaturation is relieved along the calculation. The processes observed in our 
simulations agree with experimental observations in fcc metals. 
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Mechanistic Insights for Modeling Dislocation Climb 
 
Timothy Lau, Mukul Kabir, Krystyn Van Vliet, and Sidney Yip 
Department of Materials Science and Engineering and Department of Nuclear Science and 
Engineering, MIT, Cambridge, MA 02139 
 
The interaction between dislocation climb and glide is a central issue in understanding 
creep.  While there are atomistic methods to treat glide, the study of climb is still a challenge. 
The long time scale nature of dislocation climb mandates that modeling such phenomenon 
requires coarse graining the atomistic details of one or more vacancies binding to dislocation 
core. We use an empirical interatomic potential for BCC Fe1 to obtain atomistic details of 
vacancy diffusion near a (110)<111> dislocation core, the intention being to extract mechanisms 
that can be fed into kinetic Monte Carlo simulations of climb. We will present results on binding 
and migration activation of the single vacancy as a function of distance from the core, along with 
evidence showing the adparticle nature of binding of additional vacancies. We then build upon 
this understanding to discuss results on the migration energetics of the additional vacancies 
relative to that of the single vacancy migration. From these results we obtain a general set of self-
consistent observations on vacancy-core binding, and discuss their applicability in a kinetic 
Monte Carlo simulation framework. 
 
We gratefully acknowledge financial support from SKF Global, Inc. and from the US National 
Defense Science and Engineering Graduate program (T. T. L.). 
 
Preference: Oral Presentation 
Presenter: Timothy Lau 
 
1 T. T. Lau, C. J. Först, X. Lin, et al., Physical Review Letters 98, 215501 (2007). 
 
[NOTE: I would like this abstract to be considered for the travel fellowship.] 
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In situ study of the evolution of dislocation structures during strain path changes  
 

C. Wejdemann1, W. Pantleon1, U. Lienert2, H. F. Poulsen1 
 

1 Center for Fundamental Research: Metal Structures in Four Dimensions, 
Materials Research Department, Risø DTU, Denmark 

2 APS, Argonne National Laboratory, USA 
 
During plastic deformation of metals, such as copper, dislocations are produced, and as 
the dislocation density increases their arrangement becomes markedly heterogeneous. A 
structure is formed, consisting of almost dislocation free regions separated by dislocation 
rich boundaries. This structure changes as the deformation proceeds leading to 
progressively smaller boundary spacings. 
 
At the APS synchrotron we have set up a novel X-ray diffraction technique, which 
combines an angular resolution of 5 millidegrees with fast three-dimensional reciprocal 
space mapping. This allows us to see reflections from deeply embedded dislocation free 
volumes and study the evolution of dislocation structures in polycrystalline copper 
samples during strain path changes. During a strain path change, the main axes of the 
deformation are altered, and the dislocation structure established during pre-deformation 
may become unstable and be replaced by a new structure characteristic of the new 
deformation conditions.  
 
The strain path changes considered are tension-tension sequences. Polycrystalline copper 
sheets are pre-deformed in tension to 5% strain and tensile specimen are cut with varying 
angles between the first and second loading axis. The second tensile deformation up to 
additional 5% strain is performed in situ while mapping a selected X-ray reflection of one 
particular bulk grain with high angular resolution. In this way, we are able to establish a 
systematic correlation between changes in the dislocation structure and the degree of the 
stain path change. 
 
Preference: Oral presentation  
Presenter: Christian Wejdemann 
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Crackling Plasticity 
 

Jérôme Weiss 
Laboratoire de Glaciologie et Géophysique de l’Environnement, CNRS 

38402 St Martin d’Hères Cedex, France 
 
 

As suggested by its very name and by smooth macroscopic stress-strain or creep 
curves, the classical view of plastic “flow” in crystalline materials is that of a smooth and 
homogeneous process. Yet, intermittency of plastic activity has been known for a long period 
of time. For example, it was described in Zn single crystals as early as 1932. However, these 
observations remained marginal, as the observed fluctuations were seen as sufficiently small 
and independent of one another to add at random to a smooth overall response. A 
fundamentally different picture emerged during the last few years, that of a scale-free 
intermittent plastic activity characterized by power law distributions of dislocation avalanche 
sizes, time correlations and aftershock triggering as well as fractal patterns and complex 
space-time coupling. First experimental evidences came from acoustic emission (AE) 
experiments on deformed ice single crystals that showed power law distributions of AE 
amplitude and energy, where the maximum AE amplitude A0 of an event is a proxy of the 
strain increment carried by the avalanche. These results were first presented to the dislocation 
community at Dislocations2000. Since then, they have been supported by different modelling 
approaches including 2D and 3D discrete dislocation dynamics, phase-field or continuum 
models. Independent experimental support was obtained from compression tests on Ni 
micron-size single crystals that showed staircase-like stress-strain curves with power law 
distribution of step size.  

All of these findings argue for a renewed viewpoint on crystalline plasticity, 
reminiscent of the concept of crackling noise describing out-of-equilibrium physical systems 
with bursts of activity (avalanches), in close vicinity to criticality. Recent monitoring of the 
plastic deformation of metallic single crystals (Cu, Zn, Cd) from AE and micro-extensometry 
revealed the universal character for such intermittent plasticity: extreme fluctuations appear to 
be the rule, not the exception. We note however that (i) the existence of an internal length 
scale in polycrystals, the average grain size, limits the amplitude of fluctuations and therefore 
breaks down the scale invariance, and that (ii) there are still doubts on whether this critical 
dynamics develops in materials with low dislocation mobility (because of e.g. high lattice 
friction), when obstacles to dislocation motion (such as Peierls barriers, microparticles) either 
hinder or slow down free rearrangements of the dislocation population. 

In this presentation, I will review the story of this “crackling plasticity” since 
Dislocations2000, and will discuss its consequences in terms of modelling of plastic 
deformation. 
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Dislocation dynamics, mean free path and slip avalanches in fcc crystals 
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92322 Châtillon Cedex, France 
2 Laboratoire MSSMat., Ecole Centrale Paris, Grande Voie des Vignes, 

92295 Châtenay-Malabry Cedex, France 
 
At the micrometer scale, plastic deformation happens by intermittent bursts or slip 
avalanches, which are characterized by scale-free behavior within a bounded domain of 
amplitudes or energies. The probability density of slip avalanches, their processes of initiation 
and termination and their contribution to dislocation storage during plastic flow are 
investigated with dislocation dynamics (DD) simulations. For this purpose, a representative 
volume element of copper with periodic boundary conditions is strained along high symmetry 
orientations. The distribution of avalanches measured with DD simulations exhibits, for all 
the tested orientations, a scaling exponent of 1.6 similar to what is reported in the literature. 
However, the corresponding average amplitude is found to be orientation-dependent. 
Furthermore, for all tested orientations, the ratio of the dislocations mean free path, as defined 
in continuum plasticity models, to the average characteristic length traveled by dislocations 
during slip avalanches appears to be a constant. This constant ratio shows that an implicit 
coarse-graining procedure is performed when measuring dislocation mean free path in DD 
simulations or consistently that the discrete nature of plastic deformation in fcc crystals can be 
incorporated into continuum models. 
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Statistical Characterization of Dislocation Systems with Dislocation Dynamics Simulation
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The usual goal of performing Discrete Dislocation Dynamics (DDD) simulations is to study the 
microscopic phenomenology of bulk or microcrystal deformation. Here we present another 
utilization of the DDD methodology, to provide input to statistical theories of crystal plasticity.

The last ten years saw the steady development of continuum bulk crystal plasticity theories based 
on the statistical mechanics of many-dislocation systems. One of the most important findings in 
strongly simplified two-dimensional slip geometries was the recognition that gradient terms, needed 
to describe size effects in continuum theories, are the direct consequences of short-range dislocation 
correlations. With the advent of three-dimensional generalizations of these continuum plasticity 
theories it became necessary to study the pair correlation functions of the complete three-
dimensional dislocation problem. In this paper we present DDD simulation results for the range of 
dislocation pair correlations in fcc single crystals.

Recently, the intermittent plastic deformation of microcrystals has attracted a lot of interest. As 
typical for critical phenomena in general, many observed statistical characters of microcrystal 
plasticity show scale-free characteristics. Experimental results for the probability distribution of 
strain burst sizes also fall into this category, which would paradoxically indicate the largest strain 
bursts to be observable in macroscopic samples. With the DDD simulation of the quasi-static plastic 
deformation of a large number of fcc microcrystals we established the existence of an upper cut-off 
for the scale-free distribution of strain burst sizes. By varying the system size, the slip geometry, the 
temperature and the loading conditions, a universal functional form for the strain burst size 
distribution function was also demonstrated for a wide range of different conditions.

Preference: Oral presentation
Presenter: Ferenc F. Csikor

IBM's User
Text Box
8



Topology and transport in driven vortex lattices

Paolo Moretti and M. Carmen Miguel
Departament de F́ısica Fonamental, Facultat de F́ısica, Universitat de Barcelona,
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Recent studies have established a tight connection between driven vortex lattices in Type II superconductors and

plastically deforming crystals. Both the atomistic and the mesoscopic behavior of disordered vortex assemblies under

the effect of applied external currents implies topological rearrangements which involve dislocations and dislocation

assemblies and result in the emergence of polycrystalline and amorphous states.

In this work we would like to emphasize the close relation between topological adjustments of the vortex lattice

and its electrodynamic response. We perform a numerical study of the critical current by tuning certain relevant

parameters, namely the magnetic field, the density of defects and, most importantly, the typical disorder strength, or

pinning force.

In the case of weak pinning interactions, the dynamics of dislocation assemblies is the relevant mechanism that

accounts for the collective motion of the vortex array. Dislocations rearrange into grain boundaries, accounting for

the emergence of polycrystalline order. We prove that grain boundary interactions with defects are responsible for

a non-trivial dependence of critical currents on the average defect density and we are able to corroborate previous

analytical results which predicted the observation of individual and collective pinning regimes. Dislocation motion

is associated with non trivial 1/f -noise features, which signal the emergence of correlated deformation patterns and

strain avalanches.

In the case of higher defect strengths, instead, the vortex assembly loses lattice ordering and falls into a completely

disordered phase. The consequent increase in the number of degrees of freedom results in a huge increase of the

critical current. Depinning is now strongly heterogeneous, accompanied by a sharply discontinous transition and

jerky individual vortex dynamics. For applied currents right above the depinning threshold, the flowing state is

anticipated by a moving state in which only a restricted number of vortices is in motion and plastic activity is

strongly localized.

Preference: Oral presentation
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