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Abstract. Strain localization mechanisms taking place in polycrystal grains are

investigated using Discrete Dislocation Dynamics (DDD) simulations. First, elastic

Finite Element Method (FEM) simulations are used to calculate the intragranular

stress distribution linked to strain incompatibilities between grains. Many

configurations are tested to evaluate the stress heterogeneity and constitute a database

for DDD simulations. From the analysis of these microstructures, a criterion is

proposed to identify the grains where the emergence of the localization of the

deformation is the most likely. Then, DDD simulations are used to explore the plastic

strain localization phenomenon at the grain scale. Those simulations show that stress

concentrations close to a polycrystal quadruple node can play a fundamental role in

plastic strain localization. This work paves the way for future investigations to be

made thanks to DDD simulations regarding slip band initiation and strain relaxation

phenomena.
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1. Introduction

The understanding of the deformation mechanisms of polycrystalline materials is a

major challenge, especially with respect to the question of the localization of plastic

deformation into slip bands and the propagation of these bands in polycrystals.

In particular, many questions about the elementary mechanisms controlling these

phenomena in pure metals are still open, as the way a slip band is initiated and

persists in a grain. Plastic strain localization can occur for several materials, loading

conditions, and temperature. Persistent Slip Bands (PSB) are a good example of

plastic strain localization under particular loading conditions, i.e. cyclic loading, firstly

observed by [1]. In addition, strain localization is observed at different size scales,

from the nanoscale to the macroscale (in necking phenomenon for example). In order

to understand and predict the macroscopic behaviour of materials, it is necessary to

determine microstructural mechanisms at the origin of these phenomena.

Slip band formation as a localization mechanism has been widely observed in FCC

single crystals under monotonic loading, first by optical microscopy and nowadays by

electron microscopy. First observations of slip lines behaviour and kinematics have been

studied by [2, 3] in Aluminium. From these results, it appears that spacing between

slip bands is reduced during the deformation process as slip bands appear sporadically

at first and then spread out over the observed surface. Spacing between slip bands has

also been studied by [4, 5] as a function of temperature. These authors found that

the spacing between slip bands increases with temperature, but also the plastic slip

per band, thus promoting localization. In pure FCC polycrystalline materials, mainly

copper and aluminium, slip band formation has also been studied [6, 7, 8]. As for single
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crystals, slip bands are observed at the surface and in the bulk of the aggregate. The

main difference between a polycrystalline structure and a single crystal is the presence

of grain boundaries and the wide range of crystal orientations. The amount of plastic

strain can then vary significantly from one grain to another, leading to the fact that

some grains, even after large strain accumulation do not show slip bands appearing

in their volume [9]. Grain interactions also complexify the understanding of slip band

emergence as slip system activity inside the grain can be different depending on the

closest neighbour. In addition, the interaction between a slip band and a grain boundary

can lead to dislocation emission from the grain boundary on a new slip plane as expressed

in [10]. As seen for single crystals, temperature, and strain rate also play a major role

in slip band formation [11, 12, 13].

More recently, experimental techniques allowed to precisely measure plastic

deformation and its associated mechanical fields at the subgrain scale [14, 15, 16,

17]. The main challenge of these experiments lies in the ability to perform in-situ

bulk measurements, from the atomic scale to capture the features associated with

dislocations, to the macroscopic scale to capture the microstructural effects. In the

past few years, experimental studies have focused on the fatigue crack nucleation sites

in polycrystalline Nickel-base superalloys [18, 19, 20, 21] or in other materials [22, 23]

and shown the role of the microstructure in the localization of slip events. Statistical

analyses under monotonic loading show the correlations between intense slip bands at

the grain scale and the polycrystal microstructure [24], in particular with triple junctions

location. It is well known that these triple junctions or more generally intersection zones

(grain boundaries, triple junctions, and quadruple nodes) are regions where strong elastic

strain incompatibility arises [25, 26]. The increase in slip band initiation probability

from crystallographic features and morphology is discussed in [27], from experimental
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and simulation results.

In this context and in the framework of the project 3DiPolyPlast [28], we develop

a multi-scale modeling strategy allowing a direct comparison with characterization

techniques based on X-ray diffraction and electron microscopy [29, 30]. This modelling

strategy is based on a coupling between FEM and DDD simulations.

In recent years, modeling of plastic strain localization using FEM has been done

using crystal plasticity models (CPFEM). Such models can be fully phenomenological

or more physically justified depending on the choice of the constitutive law. A detailed

review of these models is given by Roters et al. [31]. Since the beginning of the 2000s,

many efforts have been made to show the consistency of a crystal plasticity model, with

experiments conducted on polycrystals. These comparisons have focused in particular on

the ability of a crystal plasticity model to predict the plastic deformation heterogeneity,

at the macroscopic and at a more local scale. First simulations were carried out on multi-

crystals (a scale between the single crystal and the polycrystal, a structure classically

containing 20 grains and having only one row of grains in the thickness), in the work of

[32, 33], a good correspondence between macroscopic values calculated by CPFEM and

experiments is obtained. With the improvement of computational capacities, crystal

plasticity simulations on polycrystals have been achieved [34, 35]. More recent studies

focused on plastic strain localization simulation of irradiated materials [36, 37, 38, 39]

as irradiation promotes localization. Nevertheless, a precise description of plastic strain

localization phenomena at the grain scale is still a difficult task. As a matter of fact,

the classical FEM model depends on the spatial discretization used and on the local

description of the constitutive equation. More complex models allow considering a

nonlocal description, which states that the behaviour of a material point is not only

dependent on its own state but also on the state of its neighbours [40, 41]. Other
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models introduce characteristic length to avoid mesh dependencies and better represent

physical mechanisms like plastic strain localization [42].

On the other side, since the early ’90s and the first 2D simulation [43], DDD has

become an essential method to describe plastic mechanisms at the mesoscopic scale.

DDD simulations [44] are particularly powerful in investigating the discrete nature of

plastic strain and its non-local character by modeling the individual and collective

dislocation properties [45, 46]. In this context, DDD has been widely used to enrich

continuous models [47, 48, 49, 50, 51] and to access precise information about dislocation

microstructure evolution during plasticity. The problem of plastic strain localization has

been studied through DDD simulations in alloys [52] by the mechanism of precipitate

shearing, under cycle loading [53, 54] or in the case of irradiated materials [55, 56, 57],

revealing the key role played by dislocation interactions on strain localization.

In the present work, mechanisms promoting incipient plastic strain localization

in intense slip bands at the grain scale during monotonic tensile deformation are

investigated. Pure Nickel polycrystalline aggregate is considered as a model material.

The paper is organized as follows. First, the two computational methods used, i.e.

the Finite Element Method (FEM) and the Discrete Dislocation Dynamics (DDD)

simulation, are briefly presented. Then, the behavior of a reference grain, part of a

periodic polycrystal, is studied in a linear elastic framework using FEM in a systematic

way according to the aggregate microstructure (orientations and shapes of grains).

With this we will highlight the effect of elastic strain incompatibility, trying to better

understand the origin of the heterogeneity of intragranular stress and strain fields.

In addition, a criterion to identify within an aggregate the most favorable grain for

plastic strain localization is proposed. This criterion is proposed on the basis of

FEM calculations, which means that statistical trends can be obtained with much
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shorter calculation times than with the DDD. Lastly, DDD simulations are performed

to elucidate the role of elastic strain incompatibilities on dislocation microstructure

evolution. The outcome of these simulations highlights more intense slip activity, even

at low total plastic strain, in the regions with larger stress concentrations.

2. Computational methods

As introduced in the previous section, we propose to study the problem of intragranular

plastic strain localization through two simulation methods, FEM and DDD. It is

commonly accepted that these two simulation methods are complementary since FEM

provides a good description of the complex boundary conditions of a polycrystalline

aggregate and DDD offers a more justified description of plastic mechanisms. In

addition, FEM allows computing the polycrystalline behaviour of representative

aggregates (with several grains) [58, 59, 35] whereas DDD simulations are more limited

to the modelling of one or few grains due to limits in computational capacities. In this

work, to take advantage of both methods, a weak coupling between FEM and DDD

is proposed. FEM computations will be used to model the behaviour of all grains in

the aggregate during the elastic part of the loading, thus providing necessary boundary

conditions for the DDD computation. One grain of the aggregate is then selected to run

DDD simulations to model its plastic behaviour. A detailed description of simulation

parameters and main characteristics is given in subsection 2.1 and subsection 2.2.

2.1. FEM simulations

Finite Element simulations were run using the Z-set software package jointly developed

by Ecole des Mines de Paris and Onera [60]. Polycrystalline aggregates have been

generated and meshed with c3d10 elements by the open source software Neper [61],
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well suited for building up Voronoi and Laguerrre tessellations. In order to explore the

intragranular elastic behaviour in a systematic way, three distinct series of simulations

of polycrystalline aggregates were performed. The first series of simulations (series

1) considers a change in the crystalline orientation of neighbouring grains relative to

a reference grain chosen in the aggregate. For this reference grain, the crystalline

orientation remains unchanged for all simulations. Referring to the notations in figure 1,

this means changing the neighbouring grains’ matrices Pj while the grain orientation

matrix Pi is fixed. The second series of simulations (series 2) consider the modification

of the reference grain crystalline orientation while orientations of its neighbouring grains

are fixed. Again referring to figure 1, this means changing the grain orientation matrix Pi

while the other orientation matrices Pj are fixed. Finally, the third series of simulations

(series 3) is used to study the role of the morphology (grain size, aspect ratio) while

the reference grain crystalline orientation is fixed. Series 1 and 2 contains two hundred

draws, while series 3 contains only one hundred draws. In each series, quantities of

interest like heterogeneity, stresses, and strains are computed.

Simulation parameters are also listed in table 1 and are identical for every five hundred

simulations. Elastic constants for pure nickel can be found in [62]. The aggregates

constructed are elementary periodic units that can be repeated ad infinitum, so the

boundary conditions used are periodic boundary conditions, allowing us to avoid

boundary effects. At each Gauss point, the resolved shear stress is computed for each

slip system s thanks to the Schmid law :

τ s = σ : ms (1)

With σ the Cauchy stress tensor and ms the orientation tensor defined as :

ms =
1

2
(ns ⊗ ls + ls ⊗ ns) (2)

let us note ns the normal to the slip plane and ls the slip direction.
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Figure 1: Schematic of the simulations associated with series 1 and 2 used in the present

work. On the left side is the reference periodic aggregate used in series 1 and 2. On

the right side, the definition of Pi and Pj, the orientation matrix of the reference grain

(in orange) and the orientation matrices of the neighboring grains, respectively. In the

first simulations series, the orientations of Pj while keeping Pi constant are randomly

changed. In the second simulations series, the orientation of Pi while keeping Pj constant

is randomly changed. Lastly, in the third simulations series, one hundred aggregates

with different grain morphologies are randomly defined while keeping the reference grain

orientation constant.

Table 1: Simulation parameters for the FEM computations presented in this article.

Aggregate size (µm) Anisotropy coef. Mean grain size (µm)

95 × 95 × 95 2.51 24

C11 (GPa) C12 (GPa) C44 (GPa)

246.5 147.3 124.7

Burgers vector (m) Loading Series 1†

2.489 × 10−10 ⟨Ezz⟩ = 0.1% Ṗi = 0, Ṗ j ̸= 0

Series 2† Series 3* Draws per series

Ṗ i ̸= 0, Ṗ j = 0 Morphology 200(†)/100(*)
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To the best of the author’s knowledge, a systematic analysis of the role of the

microstructure on the intragranular elastic loading has never been reported, especially

considering local values. Few authors have studied the polycrystalline elastic behaviour

statistically but focused on average stress values variation and not with the scope of

plastic strain localization phenomena [63, 64, 65].

2.2. DDD simulations

DDD simulations were run with the ’microMegas’ code [66] and using a kind-like

superposition principle [67, 68] as already discussed. This solution is preferred to

other methods like the discrete continuous model [69, 70] for reasons of simplicity.

The heterogeneous stress applied inside the simulated grains (σFEM) is the sum of

a mechanical loading corresponding to the tensile test in the Z direction (see table 1)

and the stress field induced by the incompatibility of elastic deformation between the

grains, part of the polycrystalline aggregate. The stress field σapp is calculated directly

with the FEM simulations presented in subsection 2.1. The simulated grain in DDD

is supposed to be surrounded by fully linear elastic grains, this hypothesis allows for

faster computations as the initial σFEM can be updated by applying a pre-factor. This

process is further described later in this section. Such a hypothesis is supposed to be

valid as the total plastic deformation calculated during DDD simulations is small (less

than 0.001). In addition, the simulated grain is supposed to be the first one to trigger

plasticity in the aggregate, this point is better detailed in subsection 3.3.

The initial microstructure is made of a random distribution of Frank-Read sources.

That kind of initial microstructure is known to describe well the plastic behaviour of

large grains in DDD simulations [71]. The reason the use of Frank-Read sources is

preferred in this work is motivated by the desire to consider low dislocation density in

the initial configurations. Indeed, the dislocation density is increasing very fast in such
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simulations, and for numerical reasons, it is useful to start the computations with a low

number of dislocation sources. With low dislocation density, if one uses configurations

made of relaxed loops, the number of junctions anchoring the dislocation network is

low and may not be sufficient to stabilize the few dislocation sources in the volume

of the grain. This well-known problem is even amplified in this work focusing on the

plasticity of polycrystals. In such types of materials, the flow stress is high enough

to result in the destruction of all the formed junctions during the relaxation process.

Frank-Read sources are described by their length, their character, and the fact that

they are pinned at both ends by infinitely rigid pinning points [72]. For our simulations,

we impose initial dislocation segments of length 5 µm, the initial dislocation density

is ρsini = 1 × 1011 m−2, which correspond to a set of 30 Franck-Read sources per slip

systems and the grain boundaries facets are impenetrable barriers for dislocations. All

simulations are made at a constant plastic strain rate ε̇pzz equal to 200 s−1.

To impose a constant plastic strain rate, a proportionality coefficient, 0 < α < 1,

is applied to the elastic stress field solution calculated with the FEM simulations of the

subsection 2.1 at 0.001 total deformation. Such a solution has already been used in [73]

to model size effects in nanoparticles. Thus, let’s note :

σapp = α× σFEM (3)

with the proportionality coefficient α computed at any time step t from the relationship

:

αt+∆t = αt +∆α (4)

and,

∆α =
(ε̇p − ε̇pm)× δt

ζ
(5)

where ε̇p is the desired plastic strain rate, ε̇pm is the measured plastic strain rate at the

time δt and in a given direction, ζ is a scaling factor.
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To calculate the local intragranular plastic strain field, a specific post-processing is

used. A discretization of the grain into voxels is performed which allows the calculation

of the area swept by each dislocation segment, ∂Si, due to the motion of dislocation

lines in each voxel of volume V . These swept areas are directly related to the elementary

plastic strain associated with each slip system, ∂Si, as :

∂γi =
bi × ∂Si

V
(6)

This provides a precise measure of slip system activity inside the grain at the scale of

a few slip plane spacing. One example is illustrated in figure 2-(b) where the activity

of (111) slip planes can easily be identified. Applying various visualization thresholds

allows us to only visualize the most intense slip events and then quantify slip localization

events during the simulations. On the other hand, figure 2-(a) offers a more global

description of the slip system activities, following the evolution of the average plastic

slip as a function of the average applied stress inside a grain.

Figure 2: Heterogeneity of the plastic deformation inside the grain. (a) Illustration of the

slip system activity on the whole grain as a function of the increasing applied stress. (b)

Visualization of slip system activity of slip system C5 for γC5 ∈ [1.× 10−3; 1.7× 10−3]

whose average mesoscopic value is ⟨γC5⟩ = 0.6× 10−3.
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3. Investigation of the elastic properties

As observed in the literature, the intragranular elastic loading is supposed to play an

important role in plastic strain localization, as most intense slip bands looks to be

influenced by the so-called intersection zones [24]. Therefore, the detection of elastic

strain incompatibility between the grains is important as it is the source of the strain and

stress field heterogeneity inside the grains. In this section, FEM calculations are used to

investigate this effect. The reference grain is randomly selected from the microstructure

used in series 1 and 2, then reused for series 3.

Figure 3 shows the dispersion of the local resolved shear stress inside the reference

grain for a given set of orientations. Histograms show values computed at each

Gauss point of the defined mesh (the whole mesh contains 1843230 Gauss points and

the reference grain contains 11890 Gauss points). Significant dispersion of resolved

shear stress values can be observed by the amplitude ∆τ s = |τ smax − τ smin| as the

average dispersion of all slip systems is approximately ±30 MPa from the mean

resolved shear stress value computed over the total grain volume. This behaviour

is very different from that of single crystals, as dispersion is the direct result of

incompatibility in elastic deformation. Looking at ∆τ s values, not many differences

are reported from the comparison between slip systems, although Schmid factors are

very different (see table 2). This first result therefore shows that the calculated stress

dispersion is influenced more by interactions with neighbouring grains than by the grain’s

own orientation, once again highlighting the predominant role of elastic deformation

incompatibility.

A complementary observation of the resolved shear stress field dispersion is provided

by figure 4 showing a mapping of the resolved shear stress at the surface of the reference

grain with two different visualization viewpoints (a) and (b). Computation of the
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Figure 3: Distributions of the resolved shear stress τ s computed at each Gauss point

inside the reference grain for one of series 1 simulations on the twelve FCC slip systems

(from 1 to 12).

resolved shear stress is made on the most active slip system C5. The field is strongly

heterogeneous at the surface of the grain and zones of lower or higher intensity are

mainly located near intersection zones. These dispersion regions are quite thick (∼10

µm) and can be amplified by increasing the stiffness differences between the grains in

contact. Similar results are given in [27] where strain field dispersion is found to be

mostly influenced by the anisotropy ratio A.

This first set of calculations shows the importance of statistically analyzing the

elastic interactions between grains. More details and an analysis of the role of

the aggregate microstructure on intragranular elastic loading are given in the next

subsection.
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Figure 4: Shear stress mapping resolved at 0.1% strain, (a) the reference view of the

DDD-simulated grain that will be used in the following, and (b) an alternative view.

Stress values are extrapolated to the nodes.

3.1. Statistical analysis of the aggregate microstructure effect

Following the protocol described in subsection 2.1, a total of five hundred different

aggregate configurations are created. We first analyze the results of series 1

(configurations where the orientation of a reference grain is constant while the

orientations of all the other grains are modified at each run), which will be compared

with series 2 and 3 later. Analysis of the Schmid factor values reveals two predominant

slip systems, C5 and C3, which are coplanar, and two other slip systems with relatively

high factors, D4 and D6.

As shown in figure 3, elastic strain incompatibility appears to play a major role in

the stress distribution within the grain. Since the shear stress deviations resolved on

each slip system do not vary much from one slip system to another, it should also be

noted that the Schmid factor has little or no influence on the amplitude of the stress

heterogeneity.

To study the role of the neighboring grains on the average intragranular resolved

shear stress, the orientation of all other grains is now randomly modified for each

computation. Figure 5 shows for two hundred draws, the distribution of the average
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Table 2: Solution of the calculation of the theoretical unidirectional Schmid factors with

a theoretical tension along Z-axis and for the 12 FCC slip systems in the reference grain

’i’ of the series 1. The latter orientation is given according to the Euler angle convention

(ϕ1, Φ, ϕ2) = (27.790, 48.067, 167.920), in degrees. Schmid-Boas notation is used to

index slip systems.

Slip System 1-B4 2-B2 3-B5 4-D4

Schmid factor 0.02 0.05 0.03 0.325

Slip System 5-D1 6-D6 7-A2 8-A6

Schmid factor 0.03 0.362 0.122 0.05

Slip System 9-A3 10-C5 11-C3 12-C1

Schmid factor 0.07 0.447 0.417 0.03

intragranular resolved shear stress on each slip system in the reference grain with

11890 Gauss points. We first notice from this figure that the slip system hierarchy

as planned by the Schmid factors is globally respected for all the orientation sets. Slip

systems C5 and C3 have the most intense resolved shear stress followed by D4 and D6.

Nevertheless, the aggregate microstructure strongly influences the average resolved shear

stress intensity as highlighted by the comparison with the Schmid factors prediction

(dotted vertical lines). Those values are computed considering the grain as a single

crystal, thus not taking into account elastic strain incompatibility. In some cases, the

effect of the surrounding microstructure on the reference grain leads to an increase

(slip system 3) or a decrease (slip system 10) in the average resolved shear stress with

respect to considering the grain as a single crystal. These variations can be important,

an average standard deviation of 5 MPa is computed on every slip system. Thus, without

changing the orientation of the reference grain, the intragranular elastic load depends

on interactions with neighboring grains, but the hierarchy of the slip system’s activity

remains unchanged.
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Figure 5: Histograms of the mean resolved shear stress ⟨τ s⟩ for all slip systems (from

1 to 12) on the reference grain ’i’ for the 200 configurations randomly drawn of series

1. The dotted lines represent the single crystal prediction for the homogeneous stress

solution.

Keeping in mind the fact that anisotropy clearly influences the stress and strain

field dispersion, it is of major interest to quantify the intragranular heterogeneity for

all the configurations. There, we propose to describe the heterogeneity of a mechanical

field by its standard deviation following the relation:
√
V s
a =

√
1
n

∑n
i=1(τ

s
i − τ si )

2. This

is computed for all the configurations and for all slip systems and reported in figure 6.

The use of the amplitude as in figure 3 to quantify heterogeneity is not advised, as

in elasticity no convergence from the mesh size can be obtained on the maximum or

minimum resolved shear stress values near grain boundaries. Standard deviation is well

more suited to give a justified quantification of heterogeneity and in our computations,

a convergence is quickly reached when increasing the mesh density.

Once again, and in accordance with the results of figure 6, the Schmid factor seems
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to play a minor role as the shape of the histograms is more or less the same for all the

slip systems. In addition, the mean standard deviation calculated for each slip system

shows very similar values. The dominant factor seems to be the interaction between

the grains because from one configuration to another, on a particular slip system, the

standard deviation can vary greatly. For example, heterogeneity can vary from 5 MPa

to 13 MPa in the same grain for two different configurations.

Figure 6: Standard deviation calculated on each slip system (from 1 to 12) on the

reference grain and for each configuration of the series 1 simulations.

Figure 7 illustrates this difference in the case of a low or high standard deviation.

Here, we see that the highest resolved shear stress in the grain is increased by 50 MPa

from one configuration to another. However, the average resolved shear stress in both

configurations remains the same, meaning that the increases between the lower and

upper stress areas balance out.

The above results demonstrate the important role of elastic interaction between
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Figure 7: Illustration of the resolved shear stresses for two different configurations of

neighbours grain orientations which correspond to the case of a low or high standard

deviation. Slip system C5 distribution is represented.

neighboring grains leading to elastic strain incompatibilities that modify the

intragranular elastic loading of the reference grain. On the one hand, the orientation

of the reference grain well defines the hierarchy of the slip systems that will be mainly

active, on the other hand, the orientation of the neighboring grains seems to be the most

important parameter to determine the amplitudes and heterogeneity of the intragranular

loading stress controlling the dislocation dynamics.

Equivalent observations are made for series 2, where the orientation of the reference

grain is modified while other orientations are kept constant. From the results of series

2, changing the reference grain orientation also leads to important modification of the

intragranular elastic loading. As the orientation is modified for every configuration, one

should refer to the standard deviation computation to better interpret the effect on the

intragranular elastic loading. In figure 8, series 1 and 2 are compared highlighting some

differences. On this figure, the cumulative frequency (f cum
n =

∑n
i=1 fi) is computed to

highlight differences between both series. It is observed that a quasi-systematic shift in
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the standard deviation values appears between the two series. Indeed, every slip system,

except for slip system 5, shows in the reference grain a more intense standard deviation

(more heterogeneous patterns) in the case of the series 1 simulations.

From the second set of simulations (series 2), we can conclude that the exploration

of heterogeneity within grains is simpler using the simulation protocol of series 1

simulations, which allows modelling larger amplitudes of heterogeneity. Changing the

orientation of the grains surrounding a reference volume fixed within an aggregate

is therefore the simplest approach to a systematic numerical exploration with DDD

simulations.

Figure 8: Comparison of the calculated standard deviation of the intragranular stress for

both simulations series 1 and 2, values are represented as a function of the cumulative

frequency for all the slip systems (from 1 to 12).

The last series of simulations (series 3) we tested to better understand and control

elastic heterogeneity in a periodic aggregate is now briefly presented. This series of

simulations is based on a variation of the morphology of the grains such as their diameter
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and aspect ratio. In these simulations, a reference grain is selected and the size of

neighbouring grains vary randomly, but the set of grains must always form a periodic

aggregate and the total volume of the simulation must be the same.

This series 3 leads to the same results as those observed in series 1 and 2, but

with smaller heterogeneity amplitudes as illustrated in figure 9-(a) in comparison with

“Series 1”, “Series 1, set 2” and “Series 1, set 4” curves. The “Series 1, set 2” curve and

“Series 1, set 4” curve (green and purple curves in the figure) represents the evolution of

the average standard deviation on all slip systems for two other crystalline orientation

of the same reference grain:

(i) (ϕ1, Φ, ϕ2) = (287.801, 101.222, 16.740)

(ii) (ϕ1, Φ, ϕ2) = (16.797, 75.154, 271.874)

The curves of ”Series 1”, ”Series 1, set 2” and ”Series 1, set 4” show close evolution

highlighting a weak dependency from the crystalline orientation. In comparison, in series

3 simulations, the number of grains in contact with a reference grain is often modified

and generally reduced as seen in figure 9-(b). For the hundred build configurations, only

8% of them have a number of neighbours equivalent to or higher than the one in series

1 and 2. This result strongly suggests that there is a correlation between the number of

neighbours and heterogeneity. Close attention to the ”Series 1, set 3” curve consolidates

this assumption. Indeed, this set of calculations is realized considering a reference grain

with a lower number of neighbours, 12 in total (against 23 for ”Series 1”, ”Series 1, set

2” and ”Series 1, set 4”), but with the same crystalline orientation as for the ”Series

1” curve. The average standard deviation calculated for this series of simulations is

lower due to the smaller number of neighbours. What these results demonstrate is that

intragranular elastic loading heterogeneity is statistically amplified with a high number

of neighbours. Indeed, the larger this number, the larger the probability of being in
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contact with much ”harder” or much ”softer” grains.

Figure 9: Comparison of the average standard deviation per slip system between series 3

and various sets of series 1 (a). Sets 2 and 4 correspond to the series 1 statistical analysis

with two other crystalline orientations of the reference grain while set 3 corresponds to

the series 1 statistical analysis with a reduced number of neighbours. The number of

neighbours is represented by the number of grain boundaries NGB for the reference grain

and for every configuration in series 3 (b). As a comparison, the dashed line represents

the number of neighbours for series 1 and 2 simulations (23 neighbours).

3.2. Stress concentration analysis

The numerous observations from the three series studied in section 3.1 (see for instance

the results in figure 4) and from the literature show that the heterogeneity of the stress

field is not constrained to isolated points, but refers to more mesoscopic regions with

length comparable with the grain size. These regions are located near intersections in

between grains as grain boundaries, triple junctions, and quadruple nodes. One way

to validate these observations from our statistical analysis is to plot the evolution of

the resolved shear stress on a particular slip system as a function of the distance to

the quadruple node (see figure 10). In our simulations, quadruple nodes are supposed

to be the most critical intersection for the emergence of stress concentration leading to

heterogeneity as it represents the intersection among the largest number of grains.

Figure 10-(a) shows the evolution of the resolved shear stress in the reference grain

volume as a function of distance to the N quadruple node existing on the surface of the
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grain (in series 1). The calculation is performed as follows: for each configuration, the

stress concentration regions are identified by calculating the maximum resolved shear

stress on the mesh. Then, from these regions, the distance to all N quadruple nodes

is calculated and the smallest one is selected. As a result of all these computations,

an average curve is plotted as in figure 10-(a) representing the average evolution

obtained from all the configurations. It should be noted that quadruple nodes are

also the regions where low stresses can be concentrated depending on the neighbouring

grains’ configuration. Figure 10-(a) confirms that stress concentration regions are

systematically observed in the vicinity of quadruple nodes and the way the stress

decreases from the quadruple nodes, progressively, shows that the stress concentration

is more or less distributed in the vicinity of the quadruple nodes.

Another interesting observation is that the calculated stress in those specific

regions decreases at the center of the grain to values close to the grain mean value.

Hence maximum and minimum stress regions are more expected close to the grain

boundaries. The figure 10-(b) shows an example of one specific configuration with a

stress concentration near one quadruple node and three triple junctions, this region

is spread at the grain surface (about 10 µm long). It is hard to quantify if stress

concentration regions are systematically of this importance (in terms of stress intensity

and spatial distribution) but it has been observed in many configurations tested in the

present work.

Besides reported computations, many attempts have been made to identify a simple

mathematical model to predict the emergence of stress concentration within grain from

its own configuration and the one of its neighbours. Such research appeared to be

difficult as the number of neighbours can be large (see figure 9-(b)) for a given grain,

resulting in many possible configurations. The simulation results strongly suggest that
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Figure 10: Illustration of the existence of stress concentration near quadruple nodes. (a)

Variation of the resolved shear stress τC5 as a function of distance from the quadruple

nodes dqn divided by grain diameter deq. This curve is computed from all configurations

of the simulations series 1. The dashed line represents the mean resolved shear stress

computed in the full grain volume ⟨τC5⟩. (b) Visualization of the stress gradient for

one particular configuration where stress concentration zone is observed close to one

quadruple node.

the primary parameter explaining the presence of stress concentration and heterogeneity

in an aggregate is the disorientation between neighboring grains. Nevertheless, no simple

relationship has been found based on a direct calculation of the disorientation between

grains in contact. Alternatively, we explored other possibilities like focusing our study

on grain triplets. We define grain triplets as three grains in contact with each other

and with the reference grain, thus defining a quadruple node intersection. In this case,

we focused on computing the strain dispersion in the triplets, also leading to very low

correlation coefficients. What these attempts suggest is that the problem of stress

fluctuation within a grain is a very local problem depending on every interaction and

cannot be assimilated to a less local variable that would suppose interactions to be

averaged.
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3.3. Identification of the most favorable grains for a localization of the plastic

deformation

On the basis of the previous results and observations, we have proposed a simplistic

criterion based on elasticity, which makes it possible to select, within a simulated

aggregate, the grains that are expected to plastically deform first and that exhibit a

high degree of stress heterogeneity, i.e., the grains most favorable to the observation of

strong localization of the early stages of plastic deformation.

This criterion is based on the correlation between two quantities, the intensity of

the resolved shear stress and the level of heterogeneity, as shown in figure 11. The use of

quantities projected onto slip systems as resolved shear stresses instead of stress tensor

components or invariants is justified by our will to study plastic strain localization at

the scale of dislocations. The first grain to plastify is expected to be the one with the

most intense resolved shear stresses and the most heterogeneous field. As a matter of

fact, in equation 7 we define an average over all the slip systems of the resolved shear

stress maximum values calculated at Gauss points, and in equation 8 an average on slip

systems of the standard deviation value (
√
V s
a ). To give more weight to the most active

slip systems in this criterion, we add to the computation of the standard deviation a

correction by the Schmid factors (ms). In addition, the calculation result is weighted

by the average Schmid factor (⟨ms⟩), which represents the expected average plastic

activity for the given crystalline orientation. This normalizes the results and makes

them independent of the number of active slip systems.

⟨max(τ s)⟩ =
∑12

s=1max(τ s)

12
(7)

Λ =

∑12
s=1

√
V s
a

12
× ms

⟨ms⟩
(8)

Figure 11 presents the evolution the corrected standard deviation Λ as a function of
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maximum resolved shear stress ⟨max(τ s)⟩ for three distinct following simulation cases:

a) a test performed on one aggregate containing a hundred grains;

b) a test performed on a grain for which we modify the orientation a hundred times;

c) a test performed on two grains of different orientation for which neighbours

orientations are changed a hundred time.

Figure 11: Corrected standard deviation Λ evolution as a function of maximum resolved

shear stress ⟨max(τ s)⟩ for three different cases explained in the text. Horizontal lines

represent the maximum and minimum values of the interval. The criterion is applied

to a random aggregate (a), to a grain whose orientation varies (b) and to two grains of

different orientations for which neighbours orientations are changed (c). The green dot

shows the configuration used in section 4.

By applying the formulations presented in equation 7 and equation 8, it is possible

to classify the configurations (grains or orientations) from the most favourable to the
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appearance of localized plastic deformation to the least favourable. For each of the

examples, a linear regression is calculated from the point clouds derived from the

statistical data. In graphs (a) and (c), the slopes calculated are almost identical,

showing that the criterion is consistent. The Pearson coefficients [74] calculated on

these two graphs indicate a good correlation and justify the link between the presence

of stress concentration and the presence of intragranular heterogeneity. The two trends

presented in graph (c) show an equivalent slope, the two linear regression curves are

parallel but have a slightly different Pearson coefficient certainly linked to the number

of points used for the statistics. If we look a little more closely at the evolution shown in

graph (b), we can see that the slope calculated is weaker. Furthermore, the correlation

coefficient calculated for this case study is very low and does not allow us to conclude

on the presence of a correlation. In addition, we can see that for this particular

case, the corrected standard deviation and maximum resolved stress value intervals

are small. This last statement reflects the greater difficulty in obtaining heterogeneous

configurations within the framework of series 2 simulations, as illustrated in figure 8,

and demonstrates once again the importance of the neighbourhood in comparison with

reference grain crystalline orientation.

This simple relationship between heterogeneity and resolved shear stress

concentration was developed for the present study in order to identify the most

important grains in simulated aggregates on which data analysis with DDD simulations

can be focused. We note in passing that this criterion can also be used to help identify

the grains to be monitored as a priority during in situ experiments.
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4. Investigation of the plastic behaviour

4.1. Plasticity and elastic strain incompatibilities

It is now clear that elastic strain incompatibilities between grains play a major role

in intragranular elastic loading. To see how plastic deformation is affected by stress

heterogeneity within the grain, DDD simulations are performed on a configuration of

interest selected from the simulations series 1 (see figure 11-(c)).

DDD simulation conditions are the following: Plastic slip is considered on the

twelve slip systems of the FCC structure. We first decided to run simulations without

considering the possibility of dislocation to cross-slip. The resolved shear stress

dispersion associated with the simulated configuration is reported in figure 7. To avoid

biases coming from initial conditions, the plastic strain is averaged with the results of 5

simulations started with different random dislocation source configurations :

γC5
av =

1

5
×

5∑
k=1

γC5
k (9)

All the other important simulation parameters are described in section 2.2.

Figure 12 shows the results of the most intense slip traces observed during

the simulations (a) and the intragranular elastic loading associated with the chosen

configuration (b). We can compare the location of the simulated slip traces with the

applied stress field and see that the most intense slip trace develops near a region of

stress concentration.

Note that this result is obtained without cross-slip. Hence, in order to obtain this

simulation result, the density of dislocation sources in the grain must be large, or at least

one dislocation source must be located close enough to the stress concentration region.

Intense plastic slip is then observed due to successive emission of dislocation loops on

the slip plane piling up at the grain boundary. Based on these preliminary results, we
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Figure 12: Local slip system activity on slip system C5 for a reduce interval (γC5 ∈
[1.5× 10−3; 2.× 10−3] at the loading level of ⟨γC5⟩ = 0.6× 10−3. The most intense slip

traces are shown in the grain (a) and compared with the applied stress field obtained

by FEM calculation (b).

show for the first time that DDD simulations are capable of systematically reproducing

and studying the elementary dislocation mechanism controlling the formation of slip

bands in a polycrystal during the first stages of monotonous loading.

4.2. Contribution of dislocation cross-slip

Dislocation cross-slip is a well-known mechanism by which screw dislocations can move

from their initial slip plane to a deviated plane, injecting a dislocation segment into a

collinear slip system with the same Burgers vector, and possibly forming new dislocation

sources. Figure 13 shows the results of two identical simulations, but one where the

dislocation dynamics is solved without any contribution from the cross-slip mechanism

(a) and one with the cross-slip mechanism active (b). For such simulations, the initial

dislocation configuration was deliberately taken without favorable dislocation sources

close to the stress concentration region. As a result, in the simulation without cross-

slip illustrated in figure 13-(a) the most intense slip trace is not located near the

stress concentration region but in a region where dislocation sources are available.
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Examining the cross-slip simulation shown in figure 13-(b), with the same initial

dislocation microstructure, we observe the emergence of a second intense slip trace

formed near the stress concentration region. In the last simulation, the two intense

slip traces have approximately the same intensity, of the order of half the plastic

deformation concentrated in the single slip trace of the first simulation without cross-

slip. This model numerical experiment illustrates the important idea that cross-slip is

an essential mechanism for the spreading of plastic deformation within a grain. This

propagation, associated with the apparition of new dislocation slip planes in the grain,

occurs preferentially in regions of stress intensity where the formation of dislocation

sources is made possible by cross-slip.

Illustration of the role of the cross-slip and double cross-slip mechanisms is well

represented in figure 13 where dislocation dynamics is followed for one particular slip

plane near the stress concentration region. In figure 13-(c), we show the existence of

double cross-slip events associated with stress relaxation mechanism. More precisely,

dislocations of the primary slip system C5 are piling up at grain boundaries thus leading

to the rise of a backstress on the emitting source. Screw dislocations at equilibrium,

blocked, in this pileup can eventually cross-slip [66, 75, 76], allowing plastic deformation

to be accommodated. Therefore, in the small red square in figure 13-(c), cross-slip

events are monitored. Segments of dislocation after a cross-slip event begin to slip on

the collinear slip system B5. After a small displacement, the stress outside the pile-up

configuration becomes stronger again on the primary slip system (see Table 2) and the

screw sections of these bowing dislocation segments return to their original slip system

C5, following the so-called double cross-slip mechanism. Exemples of such events are

illustrated in figure 13-(c). Here it must be noted that such double cross-slip mechanism

events do not necessarily lead to the creation of a new source and new active slip traces.
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Figure 13: Illustration of the most intense regions of slip system activity associated

with slip system C5 calculated over a deformation interval at the end of the simulation

(γC5 [2.6× 10−3; 5.8× 10−3]). Comparison between two simulations starting from the

same initial dislocation configuration without cross-slip activity in (a) and with the

active cross-slip mechanism in (b). (c) and (d) are further illustrations of the cross-slip

activity associated with deformation near the stress concentration zone. Double cross-

slip on dislocations accumulating at the grain boundary near the stress concentration

zone (c). Cross-slip from other parts of the grain leading to the formation of pinning

points (d). These last two observations are given by two independent slices that are not

necessarily observed at the same loading level.

Indeed, many of those dislocation segments that cross-slip close to a grain boundary

are blocked and can hardly evolve to become a dislocation source. Nevertheless, it was

observed during the simulation that relaxation of dislocation pile-up with double-cross-

slip can sometimes lead to the creation of a new source emitting many dislocations in a

region of high stress.
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Another dislocation source formation mechanism that we have observed is

illustrated in figure 13-(d). In this second capture, the creation of a new source is

monitored close to an existing slip plane C5 and through cross-slip in the central region

of the grain. This cross-slip event originates from a B5 dislocation gliding in from

another region of the grain and interacting elastically with the numerous dislocations of

the C5 slip system accumulated in the initial slip plane C5. At the end of the process,

a new C5 slip plane parallel to the one pre-existing has formed. It is important to note

that for the deformation levels achieved in this type of simulation with the cross-slip, a

precise comparison of the influence of the level of resolved shear stress heterogeneity on

intragranular plastic slip does not reveal any major differences. For both configurations

(high and low heterogeneity), it is possible to obtain more intense plastic slip in certain

regions of the grain whose position varies with the applied stress field. However, the

slip traces obtained in this type of comparison do not show strong differences in the

intensity of plastic slip. Thus, reaching higher levels of plastic deformation is a major

challenge for studying the effect of the level of heterogeneity on plastic slip.

This initial analysis of the simulation highlights the dominant role of cross-slip. As

these results show, cross-slip of dislocations is a key mechanism that we should take

into consideration for further investigation into the localization of intragranular plastic

deformation.

5. Conclusions

In this work, the mechanisms involved in the localization of intragranular plastic

strain were studied using two simulation methods, FEM and DDD. These two types

of simulations were used to gain a better understanding of the phenomena of stress

heterogeneity in a grain included in a polycrystalline aggregate, both on a macroscopic
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scale via transgranular elastic behavior and on a mesoscopic scale via intragranular

plastic behavior.

We show how the microstructure impacts the elastic loading of a grain in an

aggregate leading to the heterogeneity of the stress and strain fields. Systematic

computations show that the intragranular elastic loading is very dependent on

interactions between grains in contact. Nevertheless, predicting the heterogeneity states

of the stress inside a grain from the configuration of its neighbours is a complex

problem. Systematic calculations show that the role of intersection zones is important

for anticipating the creation of stress concentration zones.

A criterion based on elasticity is proposed for selecting a grain, within an aggregate,

that is favorable to the localization of plastic deformation. This criterion has been

statistically validated on three different configurations where the same behavior between

heterogeneity and stress intensity is observed.

The criterion is used to select a polycrystalline configuration where the plasticity

in a particular grain is studied using DDD simulations. These simulations show a link

between the intense activity of a slip system and the stress concentration in the grain,

demonstrating that polycrystalline organization is important for predicting the existence

of an intragranular plastic deformation localization. The description of the simulations

carried out with and without the cross-slip mechanism shows that the latter property of

dislocations is a key mechanism for producing more plastic deformation near the stress

concentration zone.

More systematic DDD simulations should focus on the dislocation dynamics to

explain how a slip band can initiate and be persistent in a grain. A particular

interest may be taken on the cross-slip and double cross-slip mechanisms. The role of

heterogeneity should also be discussed with a comparison between different intragranular
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elastic loading conditions identified with the proposed criterion. The criterion developed

in this article is also intended to be used in conjunction with experimental observations

such as Diffraction Microstructure Imaging (DMI) studies. Indeed, initial Diffraction

Contrast Tomography of the specimen [77] can give access to all the grain in the cross-

section and using the criterion will allow to define a hierarchy of grains to be observed

in topo-tomography experiments [78, 79], which remains an important issue for future

work.

In addition, particular attention should be paid to the study of grain boundary

reaction mechanisms and, in particular, dislocation transmission. Indeed, in regions

of stress concentrations, the loading conditions may be sufficient to allow dislocations

to enter grain boundaries and possibly be transmitted to the neighbouring grain. The

study of these phenomena and their role in the localization of plastic deformation would

therefore be an essential part of our work. The results presented in this article being

limited to elastic strain incompatibilities, it seems equally important to carry out a more

detailed study using the discrete continuous model [69, 70] to study the interactions

between grains during their plastic deformation. The relaxation phenomena associated

with the reduction in stiffness as a result of the transition from the elastic to the

plastic domain could have a significant effect on the intragranular stress state and the

localization of plastic deformation. All the points detailed in this last paragraph will

be the subject of specific studies which will be presented and detailed in forthcoming

article(s).

Acknowledgements

This work was supported by a public grant overseen by the French National Agency

(ANR) for project ”3DiPolyPlast” (reference 19-CE08-0020-02).



Modelling Simul. Mater. Sci. Eng. 34

References

[1] Ewing J A and Humfrey J 1903 Philosophical Transactions of the Royal Society of London. Series

A, Containing Papers of a Mathematical or Physical Character 200 241–250

[2] Crussard M C 1945 Revue de Métallurgie 42 286–294

[3] Chen N and Pond R 1952 JOM 4 1085–1092

[4] Brown A F 1949 Nature 163 961–962

[5] Rosi F D and Mathewson C 1950 JOM 2 1159–1167

[6] Ikeno S, Abou S, Tada S and Uetani Y 1990 Journal of Japan Institute of Light Metals 40 918–924

ISSN 0451-5994

[7] Kitajima S and Ono N 1995 physica status solidi (a) 149 201–211

[8] Konuma M 1964 Journal of the Japan Institute of Metals 28 781–787
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expérimentale et modélisations numériques Ph.D. thesis Ecole Centrale Paris

[51] Marian J, Fitzgerald S and Po G 2020 Handbook of Materials Modeling: Applications: Current

and Emerging Materials 2243–2271

[52] Canova G, Kubin L and Brechet Y 1993 Glide softening in alloys: a simulation Large Plastic

Deformations ed Teodosiu C, Raphanel J and Sidoroff F (Rotterdam: A.A. Balkema) pp 27–38
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