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4.10 Type-I simulation results: stress field in the clear band region. a) Calculation
mesh position: parallel to cross-slip plane (111). b) The resolved shear stress
along the 121 cross-slip direction: before clear band formation. The internal
stress field is due to the loop population only. c¢) Calculation mesh position
parallel to the cross-slip plane is the same as in a). d) The resolved shear
stress along the (121) cross-slip direction: after the clear band formation.
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cation pile-ups, debris, jogs, etc. Note the strain-induced stress distribution
modulation, in the AOB region. The simulation volume boundaries are not
shown forclarity. . . . . . . . . . . . . . . .

4.11 Type-I simulation results: internal stress field (without the applied stress
contribution) associated with a developing clear band. The average stress
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images are viewed along the glide direction of the screw dislocation. The

strain spreading in the grain, due to the multiple cross-slips is clearly visible.

4.13 Type-II simulation setup. a) Facet-loops are soft obstacles, conditionally
traversed depending on the local stress magnitude and the mobile dislocation
type, edge or screw. b) Shear band simulation in the presence of facet-loops.
The displayed loops are those traversed by mobile screw dislocations (cleared
loops) c) Stress-strain plot of simulation shown in b). Pile-up back-stress and
associated work hardening are pronounced (unlike in figure 4.8a). . . . ..

4.14 Type-II simulations: grain and tensile loading configuration, initial disloca-
tion structure and loop densities. . . . . . . ... ... L Lo

4.15 Type-II simulation results: dislocation structures and corresponding plastic
strain maps of 1um? grains stained in uni-axial tension. a) Dislocation
structure of the un-irradiated, grain deformed up to ep = 1.4 x 1072, b)
Plastic strain map of the same un-irradiated deformed grain as in frame-a.
c) Dislocation structure in the presence of 10*2/oops/m? . The loops are not
shown for clarity. d) Plastic strain map of the irradiated grain, i.e. in presence
of 10*loops/m3. The arrow markers indicate the positions of pronounced
slip steps associated with clear bands developing within the grain. . . . ..

4.16 Type-II simulation results: plastic strain induced evolutions with and without
facet-loops. a) Stress-strain behavior. b) Cross-slip frequency with plastic
strain development. Interaction with the loop-obstacles partially inhibit
cross-slipping out of and back to primary slip planes. . . . .. ... ... ..
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4.17 The stress ratio R is defined as 7,,,,/7.s. The values of 7,,, and 7., used

to calculate R are displayed in Fig.4a and 4b, respectively. (a) Iso-values
R = +1 are marked with a superimposed contour; highlighting a sub-region
where a screw dislocation can easily bypass the facet-loops, through multiple
cross-slipping. b) The iso- contour 7. = 32M Pa (i.e. = 77;7) is superimposed
to the R mapping. The position of iso-contour 7., = 32M Pa nearly coincides
with the position of iso-contour R =41 . . .. ... ... ... .......

4.18 Type-II simulation results: effect of material and irradiation condition

parameters on clear band distribution in a model fcc metal strained to
€, = 1.4 x 1072, The dark lines (pointed at by the white arrows) indicates the
steps on the surface make by dislocations coming out of the clear channels.
The blue arrows indicate the clear-channel separation. The parameters asso-
ciated with cases - are listed in Table 4.4. The tested grain sizes (< 1.3um)
and loop densities (< 10??m~3) are taken as per table 4.4. a) Case 2. b) Case
3 c) Case 4 The clear bands are highlighted by dashed lines superimposed to
the plastic strainmaps. . . . . . . . . . ...

4.19 Type-II DD simulation results: correspondence between the pronounced

5.1

5.2
5.3

5.4

5.5

surface steps and clear bands developing within the irradiated grain. The
superimposed dashed lines indicate the clear band (or channel) positions.
Leftmost frame: interacting (or absorbed) facet-loops and corresponding
dislocation structures, including primary and secondary channels. Central
frame: facet-loops interacting with and possibly absorbed by the mobile
screw dislocations. Rightmost frame: plastic strain map of a 1um? deformed
grain,uptoe, =14 x 1072 . . .. oL L

Tetrahedron formed by the four nearest neighbors of a face-centered cubic
structure. Figure taken from reference [Hull & Bacon 2011]. . . . . . .. ..

Thompson’s tetrahedroninfce. . . .. ... ... .. ... .. ........

Partial dislocations in a fcc stacking. The Burgers vector BB’ b can split into
two partial Burgers vector b,,and b,,. . ... ... ... ..o 00 L.

Various dislocation configurations referred to in this work. Figure a is a
parallel split dislocation; the next image, figure b, is of a split FR source
and the right most one, figure c, is a perfect FR source. The region colored
green is where the stacking sequence differs from the rest of the crystal. The
arrows on each of the partials represent the Burgers vector of that dislocation.
It is clear from the line and Burgers vector directions that the dislocation
configuration depicted here is a screw dislocation. This cartoon shall be
referred to at several places in this and the subsequent chapters. . ... ..

Schematic of forces acting on a dissociated dislocation. The applied stress is
such that the forces on the partials F; and F; act from left to right. D; and
D, are the damping forces, acting from right to left, 2 is the elastic repulsion
acting away from the partials, and the stacking fault force is acting towards
thepartials. . . . . . . . . . e e
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character of this split dislocation is inferred from the angle ¢ that the line
orientation ¢ makes with the Burgers vectorb. . . . ... ... ... .... 162
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5.19 The image on the left is a schematic of Escaig induced loop growth, and the
images on the right are snapshots of DD simulations. The red circles are the
dislocation nodes, and the area in green is the stacking fault area. . .. ..

5.20 The initial configuration for demonstrating the Escaig stress induced dislo-
cation activation, and its evolution in the dislocation dynamics simulations.
The points A and B represent the pinning points of the split FR source. C and
D are the points of maximum separation. The dislocation segments AE and
BF are the perfect dislocation, whereas the dislocation segments EDF and
ECF represent the initial partial dislocation segments. The arrows at nodes C
and D indicates the Burgers vector of the partial dislocations. The nodes E
and F are two points at which three dislocations (two partial dislocations and
one perfect dislocation) meet. Compare this figure with the FR multiplication
figure 2.17 onpage 58. . . . . . . .

5.21 Flow chart for the stress variation adopted in section 5.9. ¢ is the stress
magnitude and ¢ is the angle between the shear direction m and the Burgers
vector b, as shown in the top right inset. At § = (°, the stress is pure glide
stress whereas at § = 90°, the stress is pure Escaig stress. . . . ... .. ..

5.22 Variation of glide and Escaig stresses as a function of time, when the angle ¢
and the stress amplitude o are progressively varied, according to the scheme
given in figure 5.21. The two stresses, when nonzero, are out of phase with
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5.23 Plot of dissociation width, color-coded as a function of Escaig and Glide
stresses. The inset on the top right is the actual color-coded interpolated 2D
plot of dissociation width, from which the main contour plot is obtained. The
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5.24 Variation of dissociation width with normalized stresses. Each of the stresses
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5.28 Comparison of plots 5.26 and 5.27, at one particular stress amplitude of 250
MPa. . . e e e e e e e e e

6.1 Proposed cross-slip mechanisms: a,b) the Schoek-Seeger mechanism. c) The
Friedel mechanism. d,e) The Friedel/Escaig mechanism. The regions in
green are the stacking faults in the primary plane and the blue regions are
the faulted regions on the corresponding cross-slip plane. . . ... ... ..

6.2 Cross-slip, according to Fleischer mechanism. . . ... ... ... ......
6.3 Friedel-Escaig mechanism of cross-slip. . . . . . ... ... ..........

6.4 The section of the Thompson’s tetrahedron that is of interest to this work. A
screw dislocation with Burgers vector b lies along the side common to both
the faces, n,and n.,. This dislocation can hence split to partials on either of
the planes. The table here shows the possible Burgers vectors for splitting in
n, and n.. See table 5.2 on page 154 for more information. . .. ... ..

6.5 Instantaneous configuration of a partially cross-sliped perfect composite
screw FR source of total length L, + L.,. A segment of length L, from the
left end (colored in red) glides in one plane n, and the rest of the segment
of length L., (colored in blue) glides in another equivalent plane n.,. The
arrows at the common point indicates the direction of the line tension. The
segment bowing out in the primary plane is an arc whose radius of curvature
is R, and similarly R, is the radius of curvature of the segment bowing out
inthe cross-slipplane. . . . ... ... ... ... .. .. .. . . ...

6.6 The dislocation configurations used in these simulations. See text for descrip-
LOML. . . o ot e e e

6.7 Energies of the configuration, as a function of the length of cross-slip segment.
The y-axis represents the total energy (in eV) and the x-axis represent the
fraction of the dislocation length that has cross-slipped. The plot in green
corresponds to the configuration 6.6b. The plot in red corresponding to
configuration given in figure 6.6d, and the plot in blue corresponding to
figure 6.6e. The configurations are also depicted within the graph for quick
reference. . . . . . ... e e e e e e e

6.8 The evolution of a three segment split composite FR source of the form
shown in the figure 6.6b. The figures from top-left to bottom-right illustrate
the annihilation of the central cross-slipped section. . . . . . . ... ... ..

6.9 The evolution of a three segment split composite FR source of the form
shown in the figure 6.6b. The figures from top to bottom illustrate the
cross-slip segment spreading over the whole dislocation length. . . . . . ..
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6.10 The stress zone obtained in the first three cases discussed in table 6.3. The
x-axis refers to the stress acting on the primary slip system, o, = ‘o .n,.b,
and y-axis is the stress resolved in the cross-slip plane, 0., = 7 .n..b. The
regions in red indicate the (0,,0.;) combination that leads to the cross-
slip spreading the whole dislocation length, and region in blue indicates
the (o,, 0.s) combination that leads to the length of the cross-slip going to
zero. The regions in green indicate the (o, 0.,) values where the composite
configuration neither glides totally into cross-slip plane nor glides totally in
the primary plane. Plot a corresponds to set 2, plot b corresponds to set 1,
and Plot c corresponding to set 3 of thetable 6.3. . . ... ......... 219

6.11 The stress zone obtained in simulations set 5,6 and 7 of table 6.3. The
x-axis refers to the stress acting on the primary slip system, o, = o .n,.b in
MPa and y-axis is the stress resolved in the cross-slip plane, 0., = 7 .n..b
in MPa The regions in red indicate the (o0,,0.s) combination that leads to
the cross-slip spreading the whole dislocation length, and region in blue
indicates the (0, 0.s) combination that leads to the length of the cross-slip
going to zero. The regions in green indicate the (0, 0.s) values where the
composite configuration neither glides totally into cross-slip plane nor glides
totally in the primary plane. Plot a corresponds to set 6, plot b corresponds
to set 5, and Plot c corresponding to set 7 of the table 6.3. . . . . .. .. .. 221

6.12 Color-Coded plot corresponding to set 8 of table 6.3. In these simulations,
the segment length in the cross-slip plane is only %th of the total length, but
the glide of the dislocation in the primary plane is arrested but inserted an
impenetrable obstacle. . . . . ... ... ... .. .. . o 222

6.13 The set-up and result corresponding to the set 9 of the table 6.3. The image
on the left is explained in the text. The image on the right corresponds to
the result of primary and cross-slip stress acting on this configuration. The
x-axis refers to the stress acting on the primary slip system, o, = o .n,.b in
MPa and y-axis is the stress resolved in the cross-slip plane, 0., = ‘o .n.,.b
in MPa The regions in red indicate the (o, 0.s) combination that makes the
length CD equal to AB, and region in blue indicates the (o, 0.;) combination
that makes the length CD tend to zero. The regions in green indicate the
(0p, 0cs) values where the length of cross-slip segment CD neither goes to 0
nor equals distance between pinning points AB. . . . . ... ... ... ... 224

6.14 Evolution of length of the cross-slip segment as a function of time, under the
action of various Escaig stresses (o, 0..s) as discussed in Scheme-III. The
plot in red corresponds to (—100, 0), plot in blue corresponds to (100, 0). The
plot in green corresponds to (0, —100) and the plot in black corresponds to
the (0,100). The stresses are givenin MPa. . . ... ... .......... 227

6.15 Definitions of 6,, and #,, used in this scheme. Figure a) is the variation of
angle 6,,, which is the angle between the shear plane n and the primary glide
plane n,. Figure b) is the variation of angle ¢,, which is the angle between
the shear direction m and the Burgers vector b. In figure a the plane of the
figure has the normal as b, whereas in figure b the plane of the paper has
thenormaln. . . ... ... L 230



6.16 Color-coded plot, obtained for the simulation set 1 of 6.6. The x-axis is the
angle 6, (in degree) between the shear plane n and primary glide plane
n,. The y-axis is angle 6,, (again in degrees) between the shear direction
m and the glide direction b. The white dots are the data points where the
simulations are performed. The color-coding is obtained by extrapolating
the results at these data points. The regions in red indicates the regions in
the (0,,,0,,) where the cross-slip segment spreads over the full dislocation
length, and the regions in blue indicates those (6,,, 6,,) values where it gets
annihilated. The regions in green corresponds to the dislocation neither
growing nor annihilating. . . . ... ... ... ... ... o ...

6.17 Color-coded plot corresponding to the simulation set 2 of table 6.6. Here
the length of the cross-slip segment is less than the length of the primary
segment. The x-axis is the angle 6, (in degree) between the shear plane
n and primary glide plane n,. The y-axis is angle 6¢,, (again in degrees)
between the shear direction m and the glide direction b. The white dots are
the data points where the simulations are performed. The color-coding is
obtained by extrapolating the results at these data points. The regions in
red indicates the regions in the (6,,, 0,,) where the cross-slip segment spreads
over the full dislocation length, and the regions in blue indicates those
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6.18 Color-coded plot corresponding to the simulation set 4 of table 6.6. The x-axis
is the angle 6,, (in degree) between the shear plane n and primary glide plane
n,. The y-axis is angle 6,, (again in degrees) between the shear direction
m and the glide direction b. The white dots are the data points where the
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Chapter 1

Plastic deformation in irradiated steels

1.1 Motivation

Choosing materials appropriate for different components in nuclear fusion and fission reac-
tors is a formidable challenge: these materials must withstand large spatial and temporal
gradients in stresses and temperatures, resist highly corrosive chemical environment, all in
the presence of intense irradiation doses, and high temperatures [Waltar & Todd 2011]. A
variety of structural materials have been employed or proposed as candidates for different
components in nuclear reactors, depending on the stresses and neutron irradiation doses
those components are subjected to. Of these range of materials, our interest in this thesis

shall be primarily confined to ferritic steels and austenitic steels.

These materials, when subjected to large neutron exposure undergo micro-structural

changes that can have detrimental effect on the mechanical properties as listed by [Odette et al. 2008]:

(a) hardening at lower temperatures due to the formation of dislocation
loops, precipitates and cavities, (b) enhanced softening and recovery at high
temperatures, (c) loss of toughness, (d) loss of ductility due to strain localization,

(e) void swelling, (f) irradiation induced creep etc.
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Experimentally, the effect of irradiation on the strength of the materials is examined by
placing the test specimen in the irradiation environment and then by carrying out the
mechanical tests like tensile tests, creep tests etc on those irradiated specimen. These tests
are time-consuming and expensive, and require repetition when the irradiation conditions
or other operation parameters change. Moreover, the test results have to be extrapolated
for the end of lifetime of components, which can be as large as 60 years. This extrapolation
is meaningful only if the underlying mechanisms are understood, reliable models based on
physical insights are constructed based on available data, and predictions of the model are
validated by tailored experiments. Computer simulations and modeling can complement
the experimental tests in generating such phenomenological models that can explain the
mechanical deformation of materials as a function of irradiation dose, temperature, stress
etc. These models can then be used to design materials whose mechanical degradation

remains within the tolerable limits for their whole envisaged lifetime.

This thesis presents a modeling and simulation work carried out using a computation tech-
nique called “Dislocation Dynamics” for understanding strain localization phenomena in
irradiated ferritic and austenitic steels. Since dislocations are the prime carriers of plasticity,
understanding their interaction with irradiation-induced defects can shed light on the
process of mechanical deformation under irradiation. The focus of the thesis is three-fold:
First, to understand the phenomenon of strain localization, in the presence of defects
produced due to irradiation and the dispersoids added to the matrix for strengthening. A
manifestation of strain localization is the formation of narrow, defect-free regions called
clear-channels under the tensile loading conditions. The second part of this thesis provides
a possible mechanism for understanding multiple clear-channels in austenitic steels, and
factors controlling the separation of channels. The role of cross-slip in the formation of
multiple clear channel is illustrated. The role of different glide and non-glide stresses on

the dislocation in leading to its cross-slip in fcc materials is also studied, in more elementary
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DD formalism is the third focus of this thesis.

1.2 Radiation damage in austenitic and ferritic steels

The primary effect of neutron irradiation on crystalline materials is the initiation of “radia-
tion damage” through the generation of the primary knock-on atoms (PKA) [G. Was 2006].
They are those atoms to which the neutrons transfer a large fraction of their kinetic en-
ergy. These PKAs have energies of the order of several hundreds of keV, which is spent on
generating a cascade of point defects by further knocking out the atoms from their lattice
positions. Although most of the vacancies and interstitials so generated recombine and
annihilate each other, a significant fraction of these escape the “cascade zone” through
diffusion. These point defects, subsequently, agglomerate into volumetric defects like voids
and cavities which can later collapse into vacancy platelets. Similarly, the self-interstitial
atoms can also distribute themselves one beside the other and reduce their elastic energy.
When planar interstitial clusters are big enough to be considered locally as additional (or
missing) atomic planes, they have the same effect as a dislocation and, thus, they are called

dislocation loops, as shown in the figure 1.1.
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a) b)

TS~S———
-~ —
- {Vaca ies — —
- e S
i o S

<) d)

Interstitials ——
H
u

Figure 1.1 — Formation of irradiation induced dislocation loops. Figure a and b portray the
formation of the vacancy loops, whereas figure c and d display the formation of
interstitial loop.

These loops can be glissile (i.e. perfect edge dislocation loops capable of gliding along their

Burgers vector) or sessile, faulted loops (Frank loops, typical of fcc metals).

1.2.1 Dispersion strengthening in ferritic steels

Structural materials, under prolonged exposure to harsh irradiation environments, undergo
severe degradation of their mechanical properties due to processes like void swelling,
embrittlement etc. It is well-known that strength of the material and its ductility are
complementary properties. Materials with high strength generally show poor ductility and
vice-versa. In general, fcc metals offer higher ductility and BCC metals offer higher strength.
Ferritic steels having bcc structure also show better swelling resistance as compared to
fcc austenitic steels. However, these ferritic/martensitic steels in bcc structure provide
poor strength at higher temperatures. Addition of oxide dispersions is seen to enhance the
strength of ferritic/martensitic steels at high temperature as well as their resistances to neu-
tron irradiations. These Oxide dispersion strengthened (ODS) steels with 0.3-1 wt% of yt-

trium present better mechanical behavior than the base steels up to 800K and still maintain
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good properties up to 1000k, as shown in the figure 1.2 [Doan et al. 2010]. Although the
ODS steels have improved tensile and creep behavior compared to their non-ODS counter-
parts, they also exhibit high ductile-brittle transition temperatures[De Castro et al. 2007].
A homogeneous dispersion of these ODS nanoparticles is also expected to strongly inhibit
the formation of the He and H gas bubbles at the grain boundary, by acting as trapping
sites for those gasses. Thus the sub-micron grained ODS steels are expected resist the
premature failure due to the accumulation of the Helium and Hydrogen gas bubbles at the

grain boundaries [Odette et al. 2008].

A
~1000T
N4
4
£ 950+ “
=
L =)
g
o o
£ Ferritic/
] Martensitic
F 850 .

1 1 [ [
100 150 200 250
Neutron dose (dpa)

Figure 1.2 — Operating temperatures and irradiation doses for Ferritic, Austenitic and ODS
steels.

1.3 Manifestation of strain localization

Metals where the plastic deformation is spread homogeneously throughout their volume
tend to be tough and malleable. Often, however, if a metal has been hardened it will no
longer deform uniformly, but instead the stresses and strains tend to get confined to narrow
regions of microscopic sizes. This strain localization leads to plastic instabilities, ultimately
causing material failure through formation of cracks. Occurrence of strain localization can
be easily recognized even by visual inspection of the strained sample: If the material is not

uniformly elongated along its whole gauge length, but gets preferentially confined to some

S
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narrow zones in the length, then it is a sure sign of development of strain-localization in the
sample. This visual inspection can be carried out in a better way through experiments like

optical microscopy, scanning electron microscopy or by transmission electron microscopy.

The appearance of strain localization can also be studied by examining the stress-strain

maps. They usually show-up in stress-strain plots as [K. Farrell & Hashimoto 2003]:

1. Drop in yield point. 2. Reduction in work-hardening rate. 3. Reduction in elongation.

Since dislocations are the primary carriers of plasticity in crystalline materials, understand-
ing strain localization should also focus on studying the dynamics of dislocations under
the applied stresses. Strain localization is the preferential confinement of dislocations in
localized zones rather than being uniformly distributed throughout the volume. Disloca-
tions will interact with other dislocations, as well as other constituents of the materials
like precipitates, point-defects, irradiation induced line and surface defects etc. Under-
standing microscopic origins of this strain localization phenomenon in irradiated materials,
hence, requires understanding the interaction of dislocations with irradiation-induced

micro-structures like loops, voids, point defects etc.

1.3.1 Strain localization in ODS ferritic steels

It is well-known that the oxide dispersions in ODS steels strengthen the material sig-
nificantly: The ultimate or yield stresses are almost doubled in comparison with non-
strengthened materials. The creep strength is also considerably improved. On the other
hand, the ductility slightly decreases and also ductile to brittle transition temperature

increases.

The complex micro-structure of the ODS steels offers many different strengthening mecha-
nisms that can operate concurrently. The contribution towards the increase of yield stress

can come from many factors: a) the oxide dispersoids, b) Forrest type hardening, c) grain

6
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boundaries, d) solution hardening or e) lattice strengthening. Concerning oxide particles,
they are usually < 10nm in size but offer strong resistance to dislocation motion. Hardening
of the material is due to this obstruction of the dispersoids to the dislocation motion. Figure
1.3, taken from [Kubena et al. 2012], illustrates the pinning of the dislocations due to these

oxides dispersions.

/’ -
.
-

-

Figure 1.3 — Pinning of dislocations at the locations of oxide dispersions intercepting the glide
plane. Image taken from [Kubena et al. 2012].

Dynamics of dislocations in the presence of a random three dimensional distribution of
obstacles has been studied since the 1950s [see [Kocks et al. 1975] for a review]. This
problem in fact belongs to a larger class of problems: the motion of an interfaces in a
random media, of which the charge-density waves [Gruner 1988], driven flux motion in
type-1I superconductors[Larkin & Ovchinnikov 1973] , domain walls in random-field Ising
models [Ji & Robbins 1992] etc. With this analogy, the problem of dislocation dynamics
in the presence of 3D obstacles has been handled using the tools of critical phenomena,
with the control parameter being the driving force and the mean velocity of the dislocation
acting as the order parameter [Bako et al. 2008]. These studies have indicated that indeed

the depinning framework can be applied to this problem, but there were some discrepancies.
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The de-pinning stress obtained from this study was found to be considerably less than the
critical resolved-shear stress. This discrepancy was attributed to the collective effect of
dislocations gliding in the different glide planes and hence the formation of junctions which

was not accounted for in [Baké et al. 2008].

1.3.2 Strain localization as clear channels

Clear channels are narrow defect-free regions that are seen in some irradiated materials

upon deformations. See figure 1.4, for an illustration.

Figure 1.4 — Figure on the left shows the cleared channels inside an annealing twin. Middle
image is the intersection point of a channel with a grain boundary in Cu irradiated
(0.3 dpa)[Edwards et al. 2005]. Figure on the right shows the dislocation channels
as an intertwined mesh formed in 316 stainless steel, irradiated to 0.78 dpa and
strained to 32% (Figure taken from reference [K. Farrell & Hashimoto 2003]).

These bands are narrow, but have lengths comparable to the grain size. In these clear
channels the deformation can reach up to 400%, whereas the rest of the grain undergoes no
significant deformation at all. This is because the clear channels are practically independent
of irradiation induced defects, and dislocations glide unhindered in those regions, whereas
in the rest of the grain, the radiation defects present there block the dislocation glide
and multiplication and hence there is no deformation in the rest of the crystal. This
inhomogeneous distribution of strain, a manifestation of plastic instability, can lead to grain

decohesion, and ultimately to material failure. Clear channels are seen even in specimens
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irradiated only to 0.01 dpa where no yield drop was observed, and were retained even after

micro-structure recovery[Edwards et al. 2005].

A gliding dislocation can annihilate the radiation-produced defect and subsequent disloca-
tions will experience a relatively soft defect-free channel associated with ductility reduction
and plastic instabilities. Elimination of defects is understood to be the consequence of
three different phenomena : (i) pile-up effect, (ii) arm exchange, and (iii) avalanche effect
(activation of a segment on a dislocation in a pile-up which can activate segments on its
preceding dislocations which then activate other dislocations, and so on, leading to an

avalanche of activations).

A significant drop of local shear stress in the channel occurs because of the defects getting
cleared in the early stages of channel formation but, subsequently, the local stress returns

quickly to a stress level as high as those in adjacent regions as the back stress builds up.

Most of the clear channels spread as long as the grain itself, and only stop when they reach
the grain boundary. Thus the end points of the clear channel are effectively the grain-
boundary itself. Since the channels end at the grain boundaries, all the strain accumulated
within the channel are deposited there [Nishioka et al. 2008], leading to a significant
amount of strain accumulation at the grain boundaries, in a localized fashion that produces
a formation of steps on the grain boundary, as shown in the figure 1.5.Clear bands are

initiated by the passage of a pile up group of dislocations [Robach et al. 2003].
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Figure 1.5 — AFM micrographs of 316L steel specimens strained to e, = 8%. a) 2 dpa irradiated
specimen, b) as-received specimen. The z-axis represents the heights of the steps on
surface, in nanometers. Slip steps are more distant, pronounced in the irradiated
than in the as-received specimen. The scan size is 30pum x 30um.

Figure 1.5 shows the AFM micrographs of deformation surfaces of irradiated and un-
irradiated specimens. Both the samples are deformed to the same plastic strain level. It
can be seen that the slip steps are fewer in the irradiated specimen than in the as-received
specimen (note that the z-axis scale is different in both the images). Fewer slip steps on
the surface indicates greater slip heights, as the plastic strain is the same in both the cases.
Hence slip in the irradiated sample is confined to certain narrow zones in the material,
and is not uniformly spread over the whole surface. These highly localized deformations
can lead to crack initiation at those points. Note that the cross-slip traces are also more
pronounced the in irradiated specimen.

The effect of channeling, at the grain boundary is shown in the figure 1.6. The steps on
the grain boundary surfaces can lead to cracks or act as initiation sites for clear channel

formation in the neighboring grain.
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Figure 1.6 — Micro-structure in a grain in a 4 dpa specimen deformed at a slow strain rate
[Nishioka et al. 2008].

The main conclusions with regard to clear channel width are:

1. The greater is the applied stress, the thicker is the band.
2. The larger is the pile-up, the thicker is the band.
3. The stronger the defects, higher is the width of the band.

4. The greater the defect density, the thinner is the band.

Obtaining a more qualitative understanding of clear-channel properties and its dependence
on material parameters is a complex problem owing to its multiscale nature. Even if the
main mechanisms governing clear banding are broadly understood, the qualification of
clear bands is difficult, because their development inside the material depends on several
parameters which no single experiment can probe. The full development of a slip band
takes place in less than a second. This suggests that several thousand of dislocations moved

simultaneously in an instant to form such a dislocation channel that depends of the velocity
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of glide of dislocations. These clear channels emerge upon deformation of the irradiation
materials, and are not pre-existing prior to loading, indicating that their birth and growth is
due to the interaction of dislocations with irradiation induced defects. These defects are
typically a few nanometers, whereas the clear channels are typically of the same length
as the grain, indicating that the dislocation-loop interaction at the nanometer lengthscale

controls the mesoscopic deformation behavior.

1.3.3 Cross-slip and Strain localization

Cross-slip is a mechanism by which a screw dislocation leaves its glide plane and glides
in a conjugate “cross-slip” plane. In circumstances where climb is inhibited, it is the only
available mechanism whereby a dislocation can leave its glide plane. In-fact, climb and cross-
slip are complementary features that aid strain spreading in a grain, through edge and screw
dislocations respectively. Cross-slip, unlike climb, can happen at any temperature and is also
very sensitive to the local stresses. So, any local stress inhomogeneity can trigger cross-slip
locally, leading to strain spreading. It plays an important role in phenomena like work-
hardening, fatigue, creep etc, by providing the screw dislocations an extra degree of freedom
for their motion [Kubin 2013]. It provides screw dislocations in close-by slip-planes a way
to annihilate with each, leaving the crystal with a low-energy, multipolar edge dislocation
network [Jackson 1985]. Cross-slip is also responsible for lowering the strength of the
dispersion strengthened materials from their theoretical value predicted by the Orowan
limit. This is because screw dislocations can bypass an obstacle just by cross-slipping,
instead of forming an Orowan loop around it [Humphreys & Hirsch 1970]. Cross-slip is also
responsible for the “Wall-and-Channel” structures, known as persistent slip bands (PSBs),

which are formed during the cyclic deformation of fcc crystals[Sauzay & Kubin 2011].
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1.4 Modeling and simulation of dislocations

Modeling crystal plasticity is an involved problem because the features of plasticity manifest
at varied length and timescales. A useful strategy to tackle this multiscale problem is to
have different simulations and modeling tools for probing different length and timescales.
The timescale of physical phenomena and the corresponding modeling tools is illustrated in

figure 1.7.

Hardening, plastic instability,
void swelling, stress corrosion
cracking etc..

Defect and solute migration
and clustering

Multiple cascades
Single cascade

Quenching e iR Mechanlt':al
phase deformation

10-14 10-12 |p'8g §|0'6 ; 10-4 10° 104

( § ‘Time (sec)

| Collision Annealing | Evolution of

| phase phase [ Microstructure
D AL N

& - ) :
€ >

Figure 1.7 — Timescales at which physical phenomena manifest, along with that accessible to
the various computation techniques.
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1.4.1 Molecular dynamics simulations of dislocations

It can be seen from figure 1.7 that molecular dynamics (MD) gives access to the smallest
timescales: the timecales at which the radiation damage is initiated. In MD the elementary
entities are the atoms, which interact with each other through an inter-atomic potential.
At every timestep the position and velocity of each of these atoms are updated based on

the force acting on it due to all other atoms, along with the external force if any. This way,
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the whole atomic configuration is evolved for a total-time that is long enough to capture
the physical phenomenon that one intends to capture. The ability of a MD simulation
to realistically capture the details of a physical phenomenon depends primarily on three
things: 1. The nature of the inter-atomic potential, 2. Simulation Volume, and 3. Total
simulation time. EAM potentials are widely used potentials for simulating dislocations in
metals. These potentials are of the many-body type which are necessary for reproducing
the elastic constants of the material. It is well-known that the simple pair-wise interaction

potentials fail to compute the elastic constants of cubic crystals correctly.

Molecular Dynamics simulation of dislocations is primarily of two types: Zero temperature
modeling, which corresponds to temperature 7" = 0, provides information on equilibrium
structure under a given strain, which can be compared directly with continuum modeling
of dislocations. Finite temperature modeling, on the other hand, corresponds to finite
temperature, and allows for kinetic properties of moving dislocations to be investigated. The
stress-strain curve can be obtained with both approaches and its dependence on strain rate
studied in dynamics. In dynamic simulations the primary aim is to obtain the stress-strain
plots corresponding to an elementary dislocation-defect interaction. From these stress-strain
plots, one infers the Critical Resolved Shear Stress (CRSS), which is the measure of the
strength of the individual obstacle. As an illustration, the strength of various obstacles to
edge dislocation in a bcc iron matrix is shown in the figure 1.8. It can be seen that the
strength of the obstacles increases with their radius, although it always remains less than

the highest obstacle strength offered by the Orowan bypassing mechanism.

14



Modeling and simulation of dislocations Chapter 1

300 - .
MD modeling in Fe: 4nm
1 edge dislocation 1/2<111>{110 -~
250 1 edge dislocation 1/2<111>{110} )

temperature 300K

] obstacle spacing 42nm /
200 ' —

150 ?__——-?/Cf)zm

] o..-—-—"""_ == \
1002 Q// ___,.‘-——'-*“\ //
505 %) / ®

] T/ 1nm|
9

Cu-prpt void He-bubble rigid Orowan
He/Vac=0.5 particle mechanism

CRSS (MPa)

Figure 1.8 — Critical resolved shear stress for various defects obtained through the molecular
dynamics simulations. The three plots refer to the defects of different sizes. Image
from [Osetskiy & Stoller 2011].

1.4.2 Dislocation-interstitial loop interactions

A dislocation whose glide plane cuts through an irradiation loop, will feel a retardation
force in its glide motion. The retardation per unit length of the dislocation can be obtained
by computing the stress field due to an irradiation loop at points on the dislocation line.
Since these stresses fall off rapidly with distance, this retardation is appreciable only when
the dislocation comes very close to the loop. But at this length scale, the elastic theory
formulae for stress fields are not appropriate as the dislocation core effects come into play.
MD dynamics simulations have been an invaluable tool for understanding the interaction
between the interstitial loops and dislocation. This interaction is, in general, as function
of the Burgers vector and line character of the incoming dislocation, the temperature of

simulation, the plane of irradiation loop etc.
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1.4.2.1 Dislocation-loop interactions in a BCC structure

In bce Iron, it was found that the crystallography and density of loops depends on radiation
dose and temperature. At higher doses, the most visible irradiation defects are of interstitial
type with vector equal to either 1 (111) or (100). At high temperature (> 250°C), the

fraction of (100) loops is higher [Terentyev et al. 2010].

Edge and (100) type irradiation loop interactions Molecular dynamics simulations of
an edge dislocation with (100) type interstitial loops, were carried out by Terentyev et al
in [Terentyev et al. 2008]. The strain rate of 107s~! was applied in all these simulations.
The volume of the box was approximately 30 x 41 x 20nm? and contained about 2.1 million
mobile atoms. An square-shaped interstitial dislocation loop of with sides of length 2.6nm

was placed in different positions with respect to the dislocation.

a b c

b="5[111]

b,=[001] %,

b=Y2[11-1]

Figure 1.9 — One of the possible interactions of a edge dislocation with a [110] type interstitial
loop, as seen in MD simulations. At the end of the simulations, it can be seen
that the irradiation loop is released with the same orientation as it was before the
interaction. (Image taken from reference [Terentyev et al. 2008])

The main observations of this study were:

1. Almost all the reaction mechanisms observed can be described in terms of conventional

dislocation reactions in which Burgers vector is conserved.
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2. In some cases, the loop is totally absorbed on the dislocation line as a set of superjogs
after conversion to 3 (111) form. In others, part of the loop remains as a loop after the

dislocation has broken free. The fraction of loop left behind varies from 25 to 100%.

3. Some residual loops retain their original (100) Burgers vector, whereas others are

transformed by the reaction(s) into 3 (111) type.

Screw and (100) loop interactions MD simulations of screw loop interaction was studied
in [Terentyev et al. 2010]. Here, ot was found that this interaction it results in the formation
of a helical turn on the screw dislocation line and breakaway from the helical turn occurs at
a stress level high enough to cause turn to close on to itself so that a 5[111] loop is emitted
back into the crystal (see figure 1.10 ) The stress required is always higher than that at

which the process of loop absorption on the line is completed.

(c) (d)

Figure 1.10 — Reaction of a screw dislocation and a [100] interstitial loop. The dislocation glide
in the direction of the arrow. It is visible that at the end of the interaction, the
screw dislocation moves through the irradiation loop as if by just shearing it,
and the loop, and it’s Burgers vector is fully restored. (Image from reference
[Terentyev et al. 2010])
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One of the most important difference between the screw-loop and the edge-loop interaction
is that in case of a screw dislocation interacting with an interstitial loop, it absorbs the loop
into its line as a helical turn. Since the segments with an edge component are more mobile
than a pure screw dislocation and the helix expands along the direction of the dislocation
line in order to decrease the total line length. However, in the simulations above, the
dislocation side arms bowing forward under increasing applied stress prevent unlimited
elongation of the helix. They force it to contract and, when the stress is high enough, the
helical turn closes and is released as dislocation loop with the same b as the dislocation

line.

1.4.2.2 Dislocation-loop interactions in fce Cu

These simulations were carried out by Nogaret et al [Nogaret 2007, Nogaret et al. 2007],
using the EAM potential. The interaction of screw and edge dislocations with the irradiation

loops, relevant in this study is as presented below:

Screw-loop interactions When the first dislocation comes into contact with the loop
border, it progressively removes the double stacking fault of the loop (figure 1.11a) and
results in the absorption of the loop in the form of a helical turn on the screw dislocation
(figure 1.11b). The applied stress required to form the helical turn is low, about 40 MPa.
The helical turn expands along the entire dislocation in order to minimize its length and
the associated line tension energy. In this configuration, the dislocation does not belong to
any specific (111) plane and is constricted along its entire length as seen in figure 1.11b.
The helical turn is an obstacle that pins the first dislocation because it can glide only in the

Y, Burgers vector direction and not the X-glide direction.
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(c) (d)

(e) ()

Figure 1.11 — MD simulation of two dislocations interacting with an irradiation loop in fcc Cu.
Snapshots shown at (a) 5 MPa, 15 ps, (b) 40 MPa, 89 ps, (c) 180 MPa, 148 ps,
(d) 180 MPa, 153 ps, (e) 180 MPa, 165 ps, (f) 180 MPa, 169 ps . Image obtained
from [Nogaret 2007].

As the applied stress is increased, the second dislocation approaches. The two dislocations
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repel each other since they have the same Burgers vector. The portion of the helical
turn near the second dislocation rotates and becomes perpendicular to the latter (figure
1.11c). This configuration (with perpendicular dislocation segments) minimizes the elastic
repulsion between them. The rotation of the jogs implies a contraction of the helical turn
and an extension of one arm of the first dislocation in an upper (111) glide plane, where it
locally dissociates, as seen in the upper part of figure 1.11c. It is noted that the dissociated
segment is systematically emitted from the second upper corner of the initial loop. When
the second dislocation comes into contact with the helical turn, the contact is immediate.
The two dislocations spontaneously exchange arms, after which the helical turn is shared
by the two dislocations, as seen in figure 1.11d. Each jog now connects one segment of
the first dislocation to another segment of the second dislocation. During this process, the
upper dissociated arm continues to expand and bows out, being repelled by both the second
dislocation and the applied stress. Then, this segment undergoes an Orowan process (figure
1.11e), unpins and leaves behind the second dislocation that now contains the helical turn
(figure 1.11f). The net result is the absorption of the Frank loop into itself, followed by

re-emission in an upper (111) plane.

Edge-loop Interaction Unlike the screw-loop interaction which results in the absorption
of loops as helical jogs on the screw dislocation line, the edge-loop interaction is much
simpler: the edge is just seen to shear the loop, and creating the vacancy-type step on the
surface, which is mobile and annihilates on the loop border, (see figure 1.12d). Thus there

is no permanent damage on the loop.
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(b)

(d)

Figure 1.12 — An illustration of a possible interaction between an edge dislocation and the
interstitial loop in fcc Cu, as seen in MD simulations. Image obtained from
[Nogaret 2007].

1.4.3 Dislocation-ODS precipitate interactions

ODS precipitates act as strong pinning points to dislocation motion. Overcoming these
obstacles, in the absence of climb mechanism is only either by Orowan Bypassing or by
shearing of the precipitates. The latter case happens only with the elastic constants of the
precipitates differ from those of the matrix. The stress required for a dislocation to shear

through a particle is given by[Kubena et al. 2012]:

_ymd

AT —
’ 2bx

(1.1)

where b is the magnitude of Burgers vector, d, the mean particle diameter, y,, is the mean

separation between the particles in the glide plane and ~ is the stacking fault energy
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(with dimensions of energy per unit area). This energy was given by Takahashi et al
[Takahashi et al. 2011] , using atomistic simulations as 20 m.J/m?. Substituting the values
corresponding to the typical ODS steels, the formula 1.1 yields a stress of about 10 G Pa.
This is an unusually large stress, considering that the theoretical shear stress for iron itself
is about 7.5 GPa. It is hence more likely that dislocations bypass the Y,O; precipitates
rather than cut through them. This is primarily because cutting through the precipitates
requires breaking of the bonds between Y and O. To summarize, according to Kubena et al

[Kubena et al. 2012], two conclusions can be drawn:

1. The effect of oxide dispersion could theoretically explain the observed increase of

strength of the ODS steels in comparison with steels without oxide.

2. The Orowan mechanism of dislocation is energetically favored to the particle cutting

process.

1.4.4 Modeling dislocations by Dislocation Dynamics

The strength of the MD technique lies in its ability to give full access to the microscopic
length and timescales at which these interactions operate, without making any distinction
between core and elastic regimes. This strength of MD, however, also happens to be its
biggest weakness. The phenomena of hardening, loss of ductility etc; manifest at the scale
of grain size, whereas the MD techniques are efficient only at a length-scale of nanometers.
This is because, in MD a dislocation is not explicitly simulated but is implicitly tracked
through the arrangement of millions of atoms. It is hence practically impossible to simulate
in MD a grain containing realistic dislocation and defect densities, up-to the deformation

levels where the issues of hardening emerge.

The idea that plastic deformation can be microscopically analyzed by directly simulating the

evolution of dislocations was first proposed by Ghoniem et al [Amodeo & Ghoniem 1990].
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The premise of “Dislocation Dynamics (DD)” is that, under certain approximations, the
motion of dislocations can be abstracted out of the underlying crystal structure and can be
independently studied. This premise instantly reduces the complexity of the problem from
simulating several millions of atoms to simulation of only a few dislocations. The effect
of the underlying crystal structure would manifest itself only through the dynamics of the
dislocation and in its interaction with other defects. Directly simulating dislocations them-
selves, instead of indirectly tracking them by simulating the dynamics of atoms comprising
the crystal allows us to access length and time scales that are not traditionally accessible
in classical molecular dynamics (MD) simulations. These DD simulations, however, lean
heavily on the molecular dynamics technique for providing the dislocations mobility rules
and rules for modeling the elementary dislocation-defect interactions. Figure 1.7 shows the
timescales at which different computational techniques are effective. From the schematic, it
can be seen that DD sits as a bridging tool connecting the MD and the continuum scales
(FEM). This promises us that, with proper exploitation of the DD technique, an atomistically
accurate model of crystal plasticity can be constructed, whose predictive power ranges in

the time scales of hours and length scale of meters.

A large part of this thesis is based on the results obtained using a DD code called TRIDIS
[Verdier et al. 1998], developed at Génie Physique et Mécanique des Matériaux (GPM2)
laboratory in France, based on the framework of [Kubin et al. 1992]. This software
has been the workhorse for understanding various dislocation mediated phenomena
like indentation-induced plastic deformation[Robertson & Fivel 1999], plasticity in Fe
laths [Chaussidon et al. 2010], fatigue in fcc single crystals [Shin et al. 2005], formation
of persistent slip bands in AISI 316L steels [Depres et al. 2006], creep behavior of ice
[Chevy et al. 2012], the phenomena of thermal fatigue [Osterstock et al. 2010], plasticity
induced by nano-indentation [Fivel et al. 1997], clear channel formation [Nogaret et al. 2008]

etc. The code is also capable of coupling to a continuum scale tool towards multiscale

23



Overview and organization of the thesis Chapter 1

modeling (see reference [Chang et al. 2010] as one illustration).

1.5 Overview and organization of the thesis

The aim of this thesis is to present some new insights on how the elementary dislocation-
defect-dispersoid interactions, operating at a nanometer length-scale, impact the overall
plastic deformation of the material at the length scale of microns. The important players
modeled and simulated in this study are a) Frank-Read sources causing dislocation multipli-
cation, b) Irradiation induced dislocation loops modeled as prismatic loops and c) Hard
impenetrable dispersoids that are opaque to the dislocations. The elementary dislocation-
loop interactions are modeled based on the available molecular dynamics simulations

studies. The thesis specifically aims to study:

1. Influence of ODS particles on strain localization in irradiated ferritic steels.

Plastic deformation of irradiated 1.m ferritic grains is investigated here and compared
with that of an irradiated ODS grain. The irradiation effect included in the simulations
are the interstitial loops. These simulations were carried out using the DD code TRIDIS
[Verdier et al. 1998], adapted for bcc materials and also enhanced with new modules
for handling the dislocation-defect interactions rules specific to these studies. The
code is also supplemented with external programs written in C+ + for post-processing
of the obtained results and also for generating the input structures. Through these
simulations, it is found that in the absence of irradiation induced defect loops, ODS-
grains are stronger and plastic strain is more localized than in the corresponding,
particle-free grain. After irradiation however, ODS-grains become more resistant to
loop-induced hardening, while plastic strain spreading is broader compared to the

particle-free grain. These results are discussed in Chapter 3.
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2. The role of dislocation cross-slip in multiple clear-channel formation under ten-

sile deformation of irradiated austenitic steels.

The goal of this work is to model multiple clear channel formation at the grain
scale, incorporating dislocation-loop interaction rules revealed in molecular dynamics.
Two types of DD simulations have been carried out based on their complementary

capacities and limitations:

In Type-1 simulations, irradiation-induced defect clusters are treated explicitly, in
the form of prismatic loops located at random positions in the simulation volume,
with a density representative of TEM observations. Dislocation evolution through
this 3D random arrangement of prismatic loops is studied at different nucleation
stresses. After a certain amount loop clearing, the corresponding internal stress field
is analyzed in terms of the shear stress resolved on the primary and cross slip systems,

and the results are understood in-terms of a closed-form 1D pile-up model.

In Type-II simulations, irradiation-induced defect clusters are treated as just planar
obstacles to dislocation motion. Modeling prismatic loops as planar obstacles allows

for accessing larger timescales where multiple clear channels can be studied

From these simulations it is found that the strain spreading into new shear bands
depends on the interplay between clear band internal stress and the strength of the
obstacle. Combination of dislocation structure and grain boundary plastic strain
mapping makes it possible to locate individual band position and assess the band
inter-spacing. The size of the simulated grain, the density of irradiation loops and
the critical cross-slip stress are systematically varied and the separation between the
bands is examined. From these sets of simulations the width of the clear channel is
estimated as a function of grain size, irradiation dose as well as the stacking fault

energy (SFE). It is found that the shear band spacing increases with decreasing SFE.
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3. Understanding the role of glide and Escaig stress on dislocation cross-slip in fcc

materials.

Cross-slip is one critical phenomenon that is known to significantly affect the strain
spreading in BCC and fcc materials, but whose microscopic origins are not yet well-
understood [Piischl 2002]. Modeling cross-slip is particularly complicated in the
case of fcc systems, as the screw dislocations there are not perfect but are split into
Shockley partials that have a well-defined glide plane. Chapter 5 and Chapter 6,
addresses this issue and provides some insights, albeit within the ambit of DD, on
the effect of different glide and non-glide components of the applied stress tensor on
the equilibrium dissociation width of split screws, and hence their role in cross-slip.
These simulation involve a more realistic representation of dislocations, including
partials, formation of junctions and inclusion of stacking fault contribution to the
split dislocations. These simulations were carried out using the nodal based DD code
NUMODIS [L. Dupuy & Coulaud 2013], under development at CEA, Saclay. Carrying
out the above simulations necessitated writing new software modules for computing
stacking fault area, the elastic and core-energies of dislocations and an algorithm for
controlling the external stresses on the simulation volume etc. Software for generating
initial dislocation configurations and for post-processing of the data is also developed

as a part of this thesis.
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Chapter 2

Methodology of Dislocation Dynamics

simulations

This chapter provides a brief introduction to the dislocation dynamics technique as applied
in the simulations presented in the rest of the thesis. Two complementary DD techniques:
the Edge-screw based dislocation dynamics and the Nodal-based dislocation dynamics, are

explained along with the relevant post-processing tools.

2.1 Introduction

The initial development of dislocation dynamics was confined to only 2D and the plane of
simulation was either a) coinciding with the glide plane of the dislocation or b) parallel to
the dislocation lines. Simulations carried out in the first case, hence, cannot accommodate
the mechanisms that lead to change of glide plane like climb and cross-slip. The studies

were mainly confined to understanding line tension effects and the equilibrium shape of
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dislocations under external stress [Brown 1964]. These 2D simulations have also yielded
valuable insights in understanding the glide of dislocations through a random arrangement
of point obstacles [Foreman & Makin 1966]. The other kind of simulations involve simu-
lating infinitely long dislocations of the same character that pierce through the simulation

plane [Lepinoux & Kubin 1987].

Three dimensional dislocation dynamics simulations allow for simulating all the features
of dislocations like cross-slip, climb, formation of junctions etc [Canova & Kubin 1991].
Within 3D dislocation dynamics, there are different models for representing the dislocations
of arbitrary orientation and Burgers vector. These models can be broadly divided into
two classes: The Edge-Screw model and the Nodal-model. In the edge-screw model of
dislocation dynamics, a dislocation of arbitrary character is represented as a collection
of interconnected edge and screw dislocation segments. The dynamics of dislocations
is obtained through the evolution of the constituent dislocation segments. In the nodal
based representation a dislocation line is parameterized into a collection of nodes and
the dynamics laws are applied to these nodes. This representation allows for greater
precision in dislocation topology but is computationally intensive compared to the edge-
screw based DD. The nodal based DD is more appropriate when studying the dislocation
splitting and complex topological changes involving multiple junction formation (see ref-
erences [Shenoy et al. 2000, Weygand et al. 2001, Schwarz 1999, Ghoniem et al. 2000]).
The edge-screw based DD, on the other hand, is appropriate to study the collective effects
of dislocations and for predicting phenomena at the length-scales of up to microns. The

rest of the chapter discusses in detail these two dislocation dynamics models.
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2.2 Edge-screw based dislocation dynamics

In this model, a dislocation of arbitrary line shape is discretized into a series of perpendicular
segments. This leaves only two types of dislocations in the simulation volume: screws and

edges, as shown in the figure (2.1).

Figure 2.1 — Edge-Screw modeling of a dislocation of mixed character. Since the Burgers
vector is along the horizontal direction, the dislocation segments represented as
thick black lines are edge dislocation segments whereas the dislocation segments
represented in brown are the screw dislocation segments.

Distinction is made between the dislocation line and the dislocation segment. Consider the
figure (2.1). This figure depicts a single dislocation line, which is represented through a

series of connected dislocation segments.

A dislocation segment is characterized by its

1. Length, 2. Center, 3. Line direction, 4. Burgers vector, 5. Glide direction, 6. previous

and next pointers.

The maximum length of a dislocation segment is fixed by a parameter of the model called
the discretization parameter d,..., Which sets the accuracy of the representing dislocation
lines as a series of segments. The smaller the discretization length, the greater is the
accuracy in approximating the mixed dislocations in terms of edges and screws. In the
course of the dynamics, if the length of a dislocation segment exceeds the discretization
length, the segment is split to two segments, one with length d,.,., and the next segment

with the rest of the length. Similarly if the sum of the two dislocation segments having
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the same line direction are such that the sum of their lengths is less than or equal to d ..,
the two segments are merged into one. Thus the number of dislocation segments in the
simulation volume keeps varying with the number of time-steps, although in a typical
simulation, under tensile loading conditions, on average this number increases. This marks
an important distinction between an MD simulation and a DD simulation. In a typical MD
simulation, the time it takes for evolving the system through N time-steps is same whether
the first V time-steps are considered or the last N time-steps, whereas in a typical DD
simulation the time taken for evolving NV time-steps is different for first N compared to the

last.

The beginning and the end positions of the dislocation segment change as it evolves in
time, but one can store only the center of the segment in the memory. The start and end
points can be constructed from the information about the line direction and the length of

the segment.

Similarly the glide direction of the dislocation can be obtained from the cross-product of
the line direction and the Burgers vector direction unless the dislocation segment is a screw
segment, in which these two directions coincide. The glide direction of a screw segment is
hence hand-put and needs to be updated whenever cross-slip has to be activated for that

segment.

The next and previous are pointers to the next and previous dislocation segments. This
information also needs to be updated at each time-step, since as the dislocation segments
evolve their neighborhood connections also change. A dislocation segment can have one
or both its neighbors to be null. A dislocation segment whose previous neighbor is null
represents the beginning of a dislocation line, whereas a segment whose next neighbour

link is null represents the last segment of a dislocation line.
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2.2.1 Enforcing segment connectivity

Consider a dislocation configuration, pinned at AB shown in figure (2.2). Here the disloca-
tion line AB is initially (at ¢ = 0, say) is split into three dislocation segments Sy,,, So, Snext-
Under the evolution, these segments will always move perpendicular to their own line
direction, as shown in the figure (2.2b). Since the dislocation is pinned at A and B, as
the segments S, and S,.,: evolve, they generate two dislocation segments to ensure line
connectivity at A and B. These segments are of opposite type: If S,,., and S,.,; are edge
type, the new segments connecting A with S,,., and S,,.,; with B will be screw dislocations,

and vice versa.

a) b)
So

Sprev Snexc

A sprev So Shext B A B

Figure 2.2 — The dislocation, pinned at points AB, is initially consisting of three segments. b)
After evolution of a time-step At, the segments are connected by adding new
segments of opposite type, shown in green.

Similarly, if the segment S, acquires greater velocity and hence evolves further than S,
and S,,.,:, again two new segments are generated to connect Sy with Sy, and Sy.:. These

two new segments have opposing line directions, and hence are attractive.

2.2.2 Strain induced by dislocation motion

The strain induced by a collection of dislocations in the simulation volume is obtained by

summing up the slipped area in each slip system, which is computed as

_ bl A

v (2.1)

Yi
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where ~; is the slip induced in the " slip system, b is the Burgers vector, V is the simulation

volume, and A, is the area swept by the mobile dislocations in the i** slip system:

J

where the summation runs over all the dislocation segments in the i" slip systems. From

the slip, the strain is computed as

N,
- 1 S S S S
oy = ok (8 ) o, 23)

s=1

where nf) and bg-s) are the slip plane normal and Burgers vector component in the i** and

5t direction.

2.2.3 Stresses acting on dislocation Segments

In MD, atoms are treated as point particles which respond to the forces, and themselves
exerting forces on other atoms. Similarly, in DD dislocations are treated as lines responding
to external stresses and themselves act as source of stresses. The dynamics of a dislocation

hence depends on the net stress acting on it which is the sum total of :

1. The stress due to all other dislocations in the simulation volume, excepting its two

neighbors. This stress is termed as the internal stress.
2. The external applied stress.
3. The line tension stress that tends to minimize the dislocation length.

4. The Peirerls stress, due to the atomic nature of the lattice.

The contribution of each of the four stresses are explained below
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2.2.3.1 Internal stress on a dislocation

Of these four contributions, computing of internal stress is the most computationally
intensive aspect of a dislocation dynamics simulation. The stress field of a dislocation at an
arbitrary point r in the simulation volume depends on the character of the dislocation of the
dislocation and its length. In this section, formulae for the stress field due to infinitely long
edge and screw dislocations are presented, and subsequently the procedure for obtaining

the stresses produced by finite dislocations is given.

2.2.3.2 Stress Field of finite dislocation segments

Consider a semi-infinite dislocation oriented along the z-axis, and whose Burgers vector is

b = (bs, by, b.). The stress field at an arbitrary point (xz,y, z) due to this dislocation is given

by:

—byy —byx  2*(byy — byx)(2r — 2)

T () = rr—2z) r3(r — z)? @4
o) = L _ P
oute) = =) 2o
0, (r) = —y(bmyr; br) % + —g c i)l;)x 2.7)
02(1) = 2bey — byr) - vby - 4= v)by (2.8)

73 r r(r—=z)
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0..(r) = y(%f - i?;)/y) B wy(bx:i irby_rﬂl(;r —2) (2.9)

Where r is the perpendicular distance between the point (z, y, z) and the dislocation line
. These stresses are in units of W‘_V), where 1 and v are the shear modulus and Poisson

ratio of the material respectively.

These formulae are applicable in the case of an infinitely long dislocation, located the origin.
The stress formula allows us to compute the stress due to finite dislocation segments as
follows. The stress field due to a dislocation of finite extent located along z; to 2z, on the
z axis, is equal to the difference between the stress fields produced by two semi-infinite

dislocations oriented along from z; to oo and z; to oo on the z-axis.

Semi-infinite 4
dislocations ;
|
4 1
1
Finite : 0
dislocation 1 :
1
|
l |}
N =
1
1
1 ZI

Figure 2.3 — Obtaining Stress-Field due to a finite dislocation, from the difference of the stress
fields produced by two semi-infinite dislocations. The stress field due to a finite
dislocation segment extending from Z; to Z, is computed by taking the difference
due to the stress due to two semi-infinite dislocation segments ranging from Z; to
oo and Z to oo respectively.

The stress field of a semi-infinite dislocation located at z; instead of at the origin is simply
obtained by replacing z in equations (2.4-2.9) by z — z;, and similarly from the other

dislocation lying at z,. Hence we have
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Uij(r) = 0yj (r)|z:z—z1 - Uij(r)|z:z—z2 (210)

This formula is applicable only if the finite dislocation is aligned along the z-axis. If the
dislocation is along any other direction, these formula are to be be treated with a co-ordinate
transformation to align dislocation along the z — axis. A coordinate independent way of

expressing the stress field is given by Devincre in [Devincre 1995, Shin 2004].

r'e

X Y

Figure 2.4 — Geometry of the configuration considered in formula 2.11. The dislocation is
located along the direction of pink arrow and extends from r', to rj;. The stress
due to this dislocation of length L is computed at the point r. The line direction t
is the unit vector along r/, torlg.

Consider a semi-infinite dislocation located at r’, having a Burgers vector as b, and oriented
along an arbitrary direction t as shown in figure 2.4. The stress field due to this dislocation

at an arbitrary point r is given by Devincre [Devincre 1995] as :

1 . (b Y1) 9 L
[btY]; — 20— <5z'j tlti+ 35 (Piy}‘ +pYi+ EKYJ)H

(2.11)

Where R=r—r1,L=Rt,p=R - Ltand Y = R + Rt, (b,Y,t) is the triple product,

and [bYt];; stands for the component (b x Y)it; + (b x Y);t,)).
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From the stress formula Eq (2.11) the stress field due to a dislocation of finite length lying
between r, and rp is determined by substituting r4 and rp for r’ in Eq (2.11) and then
taking the difference between those two stresses. All these stress formulae breakdown at
the very close to the dislocation line. This is because these are derived within the domain

of the Hooke’s Law of linear stress-strain dependence.

2.2.3.3 External Applied Stresses

Apart from the internal stress generated by other dislocations, a dislocation will also couple
to the external stresses acting on the simulation volume. The form of this external stress is
specific to the loading conditions that one wants to mimic. All the simulations presented
here are carried out in the tensile loading scheme, and the applied stress is homogeneous
throughout the simulation volume. This implies all dislocations in the simulation volume
experience the same external stress. Although the stress is homogeneous in space, it can be
varying in time depending on the experiment being simulated. The three prominent stress-
control schemes used in DD calculations are a) Constant stress simulations, b) Constant
stress rate simulations and ¢) Constant strain-rate simulations. The cases a) and b) are easy
to understand, where the stress is held constant and varied linearly with time respectively.
Constant strain-rate simulations, on the other hand, stand on a different footing compared
to the other two. In here, the stress acting is manipulated such that the strain deformation
in the system proceeds at a constant pre-defined rate. This means that the stress acting on
the system is a function of the current deformation level. This loading scheme is the closest
to the experimental tensile loading conditions. The simulations presented in chapters 3
and 4 are carried out in the constant strain rate conditions, and the procedure employed is

illustrated in algorithm 2.1.
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Algorithm 2.1 Algorithm for constant strain rate simulations employed in chapters 3 and 4.

* First, the strain at any instant of time in the edge-screw model is computed as

N
- 1 S S S S
i = D5 () + 0 ) 5, (2.12)
s=1

where ngs) and bg-s) are the slip plane normal and Burgers vector component in the i** and

4" direction, and s refers to different slip systems, and ~ is the slipped area (see equation
2.1).

* At any time step n, the applied stress magnitude depends on the difference between
the desired strain rate ¢, and the actual strain rate calculated over a certain number
of timesteps 7,,,:

Oapp(N) = Ogpp(n — 1) = C [(en — e@f"““g> — navgété?‘” (2.13)

%) v

where C is the elastic compliance tensor.

2.2.4 Line tension stress acting on a dislocation

In the absence of any external stresses, the energy of a dislocation that is constrained to
pass through two points is minimum when it is straight. Upon application of an external
shear stress to this dislocation, it bows out to a curved shape such that the increased
line energy balances exactly the work done by the external stress (see figure 2.5). If
the external stress is subsequently withdrawn, the dislocation line returns to the original
straight configuration. This propensity of a dislocation to acquire a linear shape when the
external stress is withdrawn can be conceived of as a line tension force which acts on the
end-points of any curved dislocation, tangentially and opposes the forces that make the

dislocation bow.
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A

F

Figure 2.5 — A dislocation bowed at its end-points A and B, upon the action of a glide force
F perpendicular to the line joining the pinning points. The line tension forces T
operates at the ends of the pinning points tangential to the local line direction at
those points.

Even though screws and edge have different energies, in the context of line tension compu-
tation, all dislocations are assumed to have same energy per unit length, and hence the line

tension is

T = aub? (2.14)

Where 1 is the shear modulus, and b is the magnitude of the Burgers vector, and « is a
scaling factor. If R is the radius of curvature of the dislocation arc, the line tension creates a

force on the dislocation

T
N 2.1
TR (2.15)

So, if a dislocation is bent in the shape of arc, its line tension will be given by

= % (2.16)

A straight dislocation segment has a radius of curvature R — oo, so it experiences no line
tension force.

Since the edge and screw dislocations don’t have identical energies, the formula in equation
(2.14) is not quite appropriate. Incorporating edge screw energy differences, the line

tension force is given by [Foreman 1967, Shin 2004]:
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b
(1 — I/)R(

Ty =

1 — 2v + 3vcos?h) (ln (%) — VCOS(QQ)) (2.17)

where ;1 and v stand for the shear modulus and the Poisson ratio respectively. R is the
radius of curvature, L is the length of a segment and ¢ is the angle between the Burgers

vector b and the dislocation line vector.
Current segment

Previous segment L b Next segment

Sprev

’

-------

Figure 2.6 — Procedure for calculating the line tension on a given segment (labeled “Current
segment”). The blobs on the segments indicate their midpoints. The dotted circle
is the one that passes through all these three midpoints.

In TRIDIS, the local line direction is defined as the line joining the mid-points of the
neighboring segments. R is the radius of the circle passing the midpoints of the current
segment and the two neighboring segments, as illustrated in Fig. 2.6. The information
about the next and previous neighbors of a dislocation segment is available, since they are
always stored, as explained in the introduction section. Note the stress contribution of the
two neighboring segments was not included during the internal stress computation. They

contribute only through the line tension.

2.2.5 The Peierls Stress

Peierls stress is defined as the minimum resolved shear stress required to initiate glide

motion in a dislocation residing in a crystal.

39



The Peierls barrier and the Peierls stress Chapter 2
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Figure 2.7 — Origin of Peierls stress. Figure taken from [Bulatov & Cai 2006]. The images on
the left are viewed along the dislocation line, which is as a filled circle. a) In
the absence of external stress, Ej, is the energy barrier that the dislocation sees.
b) The energy barrier decreases with the increasing stress . c¢) At T = 7,, the
energy barrier disappears completely. d) The three dimensional view of mechanism
nucleation of kink-pair, at T = 7).

This stress arises because the preferred dislocation position in a crystal is at the minimum
of the potential offered by the crystal lattice (see figure 2.7). This potential is, by symmetry,
periodic with the same period as the crystal. So, if a dislocation has to glide from one energy
minima to the next, it has to do so by crossing the potential barrier presented by the atoms
on the lattice. The energy barrier per unit length that a dislocation has to surmount to glide
from one energy minima to the next at zero stress is termed as the Peierls barrier, E,. Now,
the presence of an external stress adds a constant slope to the potential landscape offered
by the crystal, which effectively reduces the energy barrier that a dislocation sees. The
critical value of the applied shear stress at which the Peierls barrier vanishes altogether is
termed as the Peierls stress 7,,. At stresses less than this Peierls stress, the dislocation cannot
move unless aided by thermal fluctuations. This thermal-fluctuation assisted dislocation
motion happens through the formation of kink-pairs and proceeds segment by segment
rather than all at once. Hence the dislocation motion is distinctly different between resolved

shear stress less than 7, and when it is greater than 7,,.

In case of fcc metals, the Peierls stress 7, ~ 10~°y, where y is the shear modulus of the

materials. Since it is so small, ignoring its contributing in the simulation would not have
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much impact on the results. In bcc materials, however, the glide of screw dislocation
is heavily influenced by the presence of Peierls barriers, and happens only through the
formation of double kink-pairs. Details about handling glide of a screw dislocation in a bcc

system is provided in Chapter 3 (see page 62).

2.2.6 Forces acting on a dislocation

If the stress field at the center of a dislocation segment is ¢ and its Burgers vector b, the
magnitude of force per unit length acting on this dislocation is given by the Peach-Koehler

(PK) formula [Hirth & Lothe 1982]:

f=17"bx¢| (2.18)

where ¢ is the local line direction. The stress o is net total of the stresses acting: external
as well as internal stresses due to other dislocations and defects. From equation (2.18) it
can be inferred that the force acting on a dislocation always acts in a direction normal to
the local direction, and the magnitude of this force is always the stress tensor resolved in
the direction of it’s Burgers vector. In the absence of climb, the scalar version of equation

(2.18) can be written as

f=% nb (2.19)

Where n is indicates normal to the glide plane of the dislocation. From equation (2.19), it
can be seen that the component of the stress that leads to the evolution of the dislocation
is the one that acts in the glide plane n and in the direction of the Burgers vector b (see

figure 2.8).
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a) Edge |b) ¢  Screw

Figure 2.8 — The deformation of a) edge and b) screw dislocations under the glide stress of
magnitude o.nb. Since the two dislocations have the same Burgers vectors, the
stress force acting on the two dislocations will always be the same in magnitude
but in a direction perpendicular to the local line direction.

The bowing of the screw dislocation in a direction orthogonal to the direction of the applied
stress, as shown in figure 2.8 is counter-intuitive at first. The arrangement of atomic planes
which leads to this type of motion for a screw dislocation is illustrated in figure 5b of
Chapter 88 of book [Hirth & Kubin 2009]. It can also be understood by examining a typical

screw dislocation in the simple cubic crystal structure as shown in the figure 2.9.

Figure 2.9 — A typical screw dislocation in a simple cubic structure. The screw dislocation here
is SS', oriented along the [010] direction. Image from [Kelly & Knowles 2012]

The dislocation here is S5’ oriented along the [010] direction, and gliding in the [001] plane.
Now, under a stress in the plane [001] and along the direction [010] will shear the crystal
further, causing the dislocation S5’ to move towards RT, along the direction [100]. This

illustrates that a dislocation can bow in a direction different from the direction in which the
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shear is applied. Hence it can be concluded that in the case of conservative motion, the
shear plane is the glide plane of the dislocation, and the shear direction direction is the
Burgers vector b and that this is independent of the line character of the dislocation. Only

the direction of the force depends on the local line character (see figure 2.10).

A Tb B

Figure 2.10 — Direction of forces acting on an arbitrary curved dislocation. The arrows in green
indicate the direction of the force, whereas the arrow in black is the direction
of Burgers vector of the line. The force direction matches the Burgers vector
direction only if the dislocation is locally an edge.

2.2.7 Velocity of a dislocation

The dependence of velocity of a dislocation segment on the force acting on it is a complex
function depending upon the dislocation character, the temperature and the stress itself. It
also, of course, depends on the material composite and its crystal structure. In the case of
closely-packed structures, at 300K, the velocity of the dislocation segment is found to be
directly proportional to the force acting on it. In this regime the velocity of the dislocations
is governed by the thermal vibrations of the lattice. The dislocation will move in a drag
field provided by the phonons of the crystal lattice and hence the dislocation is termed

over-damped, where the velocity is given by

vy = % (2.20)

where B is termed the phonon drag coefficient. In principle, B itself can be different for

edge and screw dislocations, and it is also a function of the dislocation velocity through
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Bvg) = ——— (2.21)

Where c is the velocity of the sound. But in the current simulations, for computational
simplicity, the dependence of B on the dislocation velocity is not considered. Instead, the
maximum velocity of a dislocation is capped at v,,,, such that the denominator of equation
(2.21) is always close to unity. In these simulations, B is taken constant, independent of

the line orientation.

2.2.8 Dislocation-Dislocation interactions

A dislocation interacts with other dislocations as will as other entities in the simulation
volume like the precipitates, irradiation loops etc as it glides in its glide-plane. In handling

dislocation-dislocation interactions, the following distinction is made[Shin 2004]:
e Co-planar interactions: Here the two dislocations are gliding on the same plane.

* Non-coplanar interactions: Where the two dislocations two dislocations are gliding

on different planes.

Co-planar interactions are handled very easily: If the two segments have opposite line-
directions, the intersecting portion is deleted and rest of the dislocations is re-constructed.
If the dislocations are of same direction, the segments are not annihilated but are arrested

next to each other, as shown in figure 2.11.

Figure 2.11 — Annihilation of co-planar dislocations of opposite line characters.
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Non-coplanar interactions lead to the formation of junctions and is handled through the

hardening theory, with the hardening parameters depending upon the kind of junctions[Shenoy et al. 2000

Case 1 Dislocations with the same Burgers vectors but gliding on different slip planes.
Case 2 Dislocations with different Burgers vectors, and gliding on different slip planes.

Case 3 The Burgers vectors are other orthogonal to each other and the dislocations are

gliding in different glide planes.

Case 4 Dislocations are such that the sum of their Burgers vectors is a possible Burgers

vectors for that crystal structure.

Case 5 Dislocations are such that the sum of their Burgers vectors is not a possible Burgers

vectors for that crystal structure.

Case 1 corresponds to the usual cross-slip configuration, and this is handled just by changing
the neighborhood of the segments. Cases 2 and 5 correspond to the Hirth and Lomer-Cortell
locks which are handled by implementing the hardening coefficients. Case 4 is handled by
examining the energetics and checking the Frank-energy criteria. The hardening parameters

are obtained in [Shin et al. 2001].

2.2.9 Computing displacement fields

The computation of the displacement field of dislocations is very useful in analyzing surface
deformation induced by dislocations. The displacement produced by any closed dislocation

configuration, at a point r is given by the Burgers formula:

/ /
b, 1 fbxd 1 vyg(be)dz

——Q - — 2.22
A A R * 8r(1—v) R (2.22)

u(r) =
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where b is the Burgers vector, v is the Poisson’s ratio, and {2 is the solid angle through which

the dislocation loop is seen:

R.dA

The methodology for obtaining a displacement field for a triangular loops is provided
by [Hirth & Lothe 1982], and it is an involved problem to obtain analytical solutions for
arbitrary dislocation configurations. Hence, the general way to compute the displacement
field due to an arbitrary dislocation loop is to decompose the dislocation loop into a

collection of triangulated loops, as shown in figure 2.12.

Field point

b) _
Q . triangular loop lide plane
R Aghde Plane W g P

| T [ f
Il
% “ Dislocation 77 Dislocation

loop segment

a)

Figure 2.12 — Barnett triangulation scheme [Barnett 1985]. The dislocation loop of b) is divided
into a collection of triangles. The displacement at the field point due to the loop
in figure a is computed by summing the vectorial displacements due to the the
triangles shown in the figure b. Image taken from [Shin 2004].

The displacement field at a computation point P(r) due to a triangular dislocation loop with

points A(r,), B(rp) and C(r¢) is given by

b
u(r) = —EQ—FFAB—FFBc—FFCA (2.29)

where

Q = —sign(Ri.n) [4 arctan <\/tcm G) tan (S 3 a) tan (ST_b) tan (8 3 C))] (2.25)
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and

1 — 2V Rj + Rj'tij 1

F,i= - (bxt;)l
J 87T(1 — I/)( . ]) an + thl] 871'(1 -V

)(b.nij) (— - g) xn; (2.26)

where the vectors are indicated in figure 2.13, and s is the semi-perimeter of the triangle.

Figure 2.13 — Parameters for Barnett’s triangulation formula.

2.2.10 Algorithm of Edge-Screw Dislocation Dynamics

Once the computation parameters like the time-step At, the total simulation time 7}, stress
increment scheme etc are chosen, an elementary dislocation dynamics simulation is carried

out as described in the algorithm 2.2.

Algorithm 2.2 Edge-Screw Dislocation Dynamics.

1. Initialize t = 0.

2. Compute the forces acting on the dislocation segments, and then compute their
velocities. Advance the position of the all segments, by one time step corresponding
to their velocities. Increment time ¢ = ¢ + At.

Re-establish segment connectivity by creating new dislocation segments, if necessary.
Merge or split dislocation segments depending upon the current length.

Compute strains and dislocation densities corresponding to this time-step.

AL

Update external stress, if needed, depending on the current strain level or other
parameters.

7. Return to step 2, unless ¢t > T;,;, or deformation is equal to the desired value or other
such termination condition is met.
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2.2.11 Typical outputs of a DD simulation

Output of a Dislocation Dynamics simulations is usually in terms of stress-strain plots
and dislocation densities. One can also monitor the spread of dislocations into different
slip-planes, whereby obtaining the distribution of strain into different slip-systems. It is also
possible to get access to the velocity profile of the dislocation segments and the number
of cross-slip events registered per unit time through which one can estimate the role of
physical parameters like temperature etc as well as effect of irradiation, precipitates etc on

cross-slip process.

2.2.12 Limitations of Edge-Screw based DD

The Edge-Screw based dislocation dynamics code TRIDIS is not equipped to handle dislo-
cation junction formation. It also cannot incorporate partial dislocations and the stacking
faults enclosed by those partials. The stress-strain plots obtained by these DD simulations
are also not comparable to those obtained through conventional experiments. This is
because of the high-strain rate employed in the simulations, as well as the initial dislocation
densities chosen. The present DD simulations are carried out only on a single grain, so
influence of poly-crystallinity cannot be obtained from these simulations. Also, the accuracy
of this code is controlled by the discretization length specified in the code and all the
dislocations, of arbitrary line character, are represented as edges or screws of this minimum
length scale. In the next section, a new way of doing dislocation dynamics is introduced

which can overcome the above limitations.

Another limitation of conventional dislocation dynamics as well as molecular dynam-
ics simulations, concerning the loading conditions, is in the strain rates that are pos-
sible (see section 2.2.3.3 on page 36 for discussion on constant strain rate controlled

simulation). Typical elongation experiments are carried out at a strain rate of 10~ 4s~!
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to 10725~ [Onimus & Béchade 2009, Onimus et al. 2004, Dunlop et al. 2007], whereas in
MD and DD simulations, the strain rates are typically 10°s~! to 108s~! [Zbib et al. 2000,
Hatano & Matsui 2005]. A systematic study of role of strain rate on the dislocation inter-
action has been recently presented in [Liu et al. 2008] and [Fan et al. 2013]. Within the
context of this thesis, the sensitivity of our results to the strain rate is explained in the

corresponding chapters.

2.3 Nodal based Dislocation Dynamics

2.3.1 Representing dislocations as collection of nodes

In the nodal formalism, the dynamic variables are the so-called nodes as shown in the
figure (2.14). The dislocation segments are just straight line segments that connect a pair of
these nodes. Each dislocation line connecting nodes r; and r; can have an arbitrary Burgers
vector b,;. This readily demonstrates that the nodal based representation of dislocations
allows us to represent the dislocation junctions where two or more dislocations meet, as
shown in the figure (2.15), which is not possible in the Edge-Screw representation. At every
nodal point i, the conservation of Burgers vector demands Zbij = 0, where the summing is

J
carried out over all nodes j that connect to the node i.

e
b

Figure 2.14 — Node based discretization of an arbitrary dislocation line. Compare this figure
with the figure of Edge-Screw modeling of the same dislocation configuration.
Figure (2.1) The nodes represented in green are pinned and have no degree of
freedom, whereas the nodes in brown have two degrees of freedom, spanning
the entire glide plane of the dislocation.
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A dislocation node can also belong to more than one dislocation line, as illustrated in figure

(2.15).

Figure 2.15 — An arbitrary network of dislocation segments. Node 0 is connected to three arms,
having three different Burgers vectors. The vectorial sum of these Burgers vectors
must become zero at every such node.

At every instant in time, the set of all nodes and the Burgers vectors of all the segments
connecting the nodes: {r;, b;;} represents the complete configuration of the system. The
energy of the dislocation configuration can hence written as E;.,({r;, b;;}). The force acting
on the node i is then defined as the negative derivative of the total energy with respect to

its position r;, i.e.,

_ OB ({ri; bis})
(9ri

f, = . (2.27)

2.3.2 Non-singular stress formalism

The non-singular stress formalism provides a non-singular expressions for energies of
arbitrary dislocation configurations, and for stresses at arbitrary distances. Consider, for

example, the elastic energy of an arbitrary dislocation :
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1

E = §/Sijklaij(x)akl(x)d(x) (2.28)

where the matrix S is the elastic compliance tensor. Now, since o;;(x) falls off as 1/R, the
volume integral diverges. The appearance of this divergence should come as no surprise.
It, actually, portends to the breakdown of the linear elastic theory at very close distances
to the dislocation line, as well as on the dislocation line itself. In the Non-singular stress
formalism [Cai et al. 2006], this singularity is removed by smearing the Burgers vector
along the whole dislocation line. This Burgers vector density is represented by g(x) and the

normalization condition requires

b= /g(x)d3(x) (2.29)

This g(x) was taken of the form

g(x) =bw(x) = bw(r) (2.30)

where w(x) is chosen such that w(x) = w(x) * w(x) ,where w(x) satisfies the condition

R.(x) = R(x)xw(x) = VR(X)2 + a2 = /22 + 32 + 22 + a2 (2.31)

where « is a free parameter in the model, called the “core width”. The functional form
R,(x) was chosen such that it has the similar functional form as R(x) = /22 + y? + 22, but
remains finite even when R(x) becomes zero. The functional form for w(x) that gives the

above R,(x) is given by

w(x) = (2.32)
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where r = ||x]|.

2.3.3 Energy of a dislocation

A solid with dislocations is always of higher energy compared to the solid without such
dislocations. The line energy of the dislocation in an isotropic elastic medium is given by

[Argon 2008]:

pb? aR b’ aR
_ iy - S 2.
Fe 47?(1—1/)ln( 2 ), F 47Tln 2 (2.33)

Where F, and F, are the line energies per unit length of screw and edge dislocations, within
a range R of the outer field. The term « is there to ensure the core energy contribution, and
is of the order of 1 to 4. The contribution of the core energy is of the order of 10 — 15% of
the total energy of the dislocation. Under certain assumptions on R and «, and ignoring

the parameter v, it is possible to simplify the expressions of equation (2.33) as

F ~ fe ~ ‘FS ~ —— (2.34)

The non-singular stress formalism is self-consistent, in the sense of the force obtained
by taking the derivative of elastic energy with respect to a nodal position and the force

obtained by the usual Peach-Koehler formula.

In this stress formalism, the total energy per unit length of a dislocation configuration
is composed of two components: an elastic energy contribution e,.;; and a core energy
contribution €,,,... The elastic energy of a dislocation segment of length L, Burgers vector b,

and line direction t is given as

2

a

a { [b.b — v(b.t)?] Lin {

L,+ L 3—v
€self = -
Y ur(1 - v)

(b.t)? (Ly — a)} (2.35)
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where L, = v/ L? + a?.
To this energy, the core-energy contribution ¢.,,. is to be added such that the total energy

matches that obtained by the atomistic simulation. The core energy per unit length is given

by [Shishvan et al. 2008]:

2
2, [bxt] } (2.36)

i, a
core — —I - b.t
‘ 47 na {( ) 1—v

where a is another free parameter, which is used to match total energy with that obtained
by the atomistic studies. If the core-radius parameter « is itself taken as a, then the core
contribution to the dislocation total energy will be zero, and the elastic energy will directly

match the atomistic energy.

2.3.3.1 Interaction energy of two dislocations

Given two parallel dislocations (x;, x5y, b) and (x3, x4, b’), in the non-singluar stress formal-

ism, their interaction energy is given by [Cai et al. 2006]:

Eiy = W(x4 — xg) + W(x3 — x1) — W(xy —x1) — W(x3 — X2) (2.37)

where W (R) is given by
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WR) _ (bt)(b.R) + (b't)(b.R)

— [(2=v)(b.t)(b'.t) + b.b|R.t}n[R, + R.t]

+ [(1—v)(b.t)(bt) + b.b]R,
[b.R — (R.t)(b.t)][b.R — (R.t)(b'.t)]

a R?2 — (R.t)? Ha
a*[(1 +v)(b.t)(b'.t) — 2(b.b’)]
+ 2 (B R, (2.38)
where
. I
Wo -7 (2.39)
R=|R|| (2.40)
R, = VR? + a? (2.41)
t — XX (2.42)
[xg — X1 ]

For a collection of dislocations, the total energy is given by the sum of 1. Elastic self
energy, that includes the core-energy contribution. 2. Elastic interaction energy for every
pair of dislocations in the configuration, and 3. Energy configuration due to the stacking
fault. The pair-wise interaction energy in the non-singular stress formalism is given in
[Cai et al. 2006], whereas the stacking fault energy is taken as proportional to the area of

the enclosed faulted region [Martinez et al. 2008].
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A systematic study of variation of the total energy with line character and other physical

parameters is carried out in Chapter 5.

2.3.4 Algorithm of nodal based dislocation dynamics

Discretize each dislocation line into nodes such that the distance between two adjacent
nodes is less than or equal to a predefined value. Note that in this model the dislocation

line is assumed to remain straight between the discretization nodes.

The stress at any arbitrary point due to the dislocations connecting these discretization

nodes is given by [Cai et al. 2006]:

o"M(x) = Z o™ (x;k — 1) (2.43)
)

where ¢ (x; k — [) is the stress at x due to the dislocation segment joining nodes % and /,
and the summation is over all such connected nodes. The stress at a point x is due to all

the internal stresses due to the dislocations, as well as the applied stress.

o(x) = 0™ (x) + %P (2.44)

where o°? is the external applied stress. From the stress acting at x, the force per unit

length at that point is given by the familiar Peach-Koehler formula [Cai et al. 2006]:

fPE(x) = (0(x).b) x £(x) (2.45)

where £(x) is the local line direction at x. The PK force, hence, acts in a plane that contains
both the Burgers vector and the line direction and is perpendicular to the local line direction.
The PK force is converted into the nodal force by weighing it by a shape function. This

step is necessary for ensuring that the pinning points do not respond to any force acting on
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them. The discretization nodes are evolved for a time-step 6t with a velocity proportional
to the nodal force acting on them. Once the nodes evolve, the nodes that are closer than
a predefined value are merged, and if the nodes are farther than a predefined value, new
nodes are inserted. This process is repeated until the total time of the simulation equals the
desired time. At every certain number of time-steps, the nodal configurations, the energies,

the instantaneous dislocation lengths are recorded for processing of the results.

Algorithm 2.3 Algorithm for Nodal based dislocation dynamics

1. Initialize time t := 0.

2. Compute nodal forces and velocities, and to advance nodal positions by one time step.
Increment time ¢ := t + At.

3. For each multi-arm node, compute the rates of energy dissipation for all of its possible
dissociation outcomes and split the nodes if required.

4. For all pairs of unconnected segments, find the minimum separation d. For pairs with
d < r,, introduce new nodes at the locations of closest approach.

5. Merge all pairs of nodes within r, of each other.

6. Split every node with more than three neighbors into two nodes if this increases the
local energy dissipation rate.

7. Re-mesh the entire dislocation network.

8. Return to step 2, unless the total number of cycles is reached.

2.4 An illustration of split dislocation simulation

The nodal based DD is able to handle dislocation features like junction formation, dis-
location splitting into partials, formation of stacking faults etc which are not possible in
the conventional Edge-Screw dislocation modeling. As an illustration of strength of this
technique in modeling dislocation behavior, some elementary examples are considered

below. These simulations are carried out using NUMODIS [L. Dupuy & Coulaud 2013].
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2.4.1 Equilibrium dissociation width

Consider a split screw dislocation, constructed as shown in the figure 2.16 a below. The
nodes in red are the computation nodes with two degrees of freedom and the nodes in blue
are the pinned with no degrees of freedom. The two lines connecting two sets of nodes are
the two partial dislocation and the arrows indicated over them point in the direction of the

Burgers vector. The area in brown is the stacking fault enclosed by the partials.

Energy minimization in a

’)0 split screw dislocation

. .,.A\f\!.ﬁ”# .
d) e)

<)

Figure 2.16 — Equilibrium dissociation of split FR source. Frame a) shows the initial configura-
tion, with the brown region indicating faulted region, with the green lines being
the partial dislocations. The red dots are the nodal points where the PK forces
are evaluated.

2.4.2 Evolution of a split FR source

The snapshots in the evolution of a split Frank-Read source, under a shear stress greater than
its activation stress is shown in the figure 2.17. The initial configuration for this simulation
is the equilibrium configuration under zero stress, that is figure e of 2.16. Distances between
the pinning points in all the snapshots of figure 2.17, are of the same length, although they

are scaled differently here.
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Figure 2.17 — Evolution of a split FR source. Image a) represents the initial configuration, and
images b) to g) show various stages of FR evolution under a shear stress. The
distance between the pinning points (blue nodes), is the same for all the images.

2.4.3 Evolution of a Stacking Fault Tetrahedron

Stacking fault tetrahedra (SFTs) are a type of three dimensional defects, which are produced
along with other defects like Frank loops etc during irradiation[Kiritani 1997]. These are
the most common vacancy type defect cluster in materials with low stacking fault energy.
These defects have the shape of four equilateral vacancy type stacking faults on {111}
planes intersecting along (110) edges to form a perfect tetrahedron. Consider the Frank

loop formed as shown in the figure 2.18.
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(a) D

Figure 2.18 — The triangular Frank loop, the starting configuration for the formation of the
stacking fault tetrahedron.

The Frank-loop considered in figure 2.18 is a triangular loop with sides along the (110)
directions AB, BC, and CA. The Shockley partials of this dissociated Frank-loop react at the

intersection of the {111} planes and form stair-rod dislocations. The final configuration is

shown in the figure 2.19.

Figure 2.19 — Formation of stacking fault tetrahedron from a triangular Frank loop.

The evolution of stacking fault tetrahedron from triangular Frank-loop, as seen in Nodal
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based dislocation dynamics simulation is shown in the figure 2.20. The configurations on
the foreground of the graph are instantaneous snapshots of the formation of the SFT, and
the time-evolution is indicated by the arrows, starting from top-left to bottom-right. The
graph in the figure shows the variation of elastic energy, stacking fault energy and the total
energy as the Frank loop evolves into the stacking fault tetrahedron. The stacking fault

energy is taken as 45m.J/m?>.

8x107"8 |-

Elastic Energy
Stacking fault energy
Total Energy

0 1000 2000 3000 4000 5000
Timestep

Figure 2.20 — Change in energetics of the system as the stacking fault tetrahedron is formed
from a Frank-loop in an fcc matrix. The x-axis indicates the number of time-steps,
each timestep corresponds to 0.000015 ns.
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Chapter 3

Effect of oxide dispersions in strain
localization of irradiated ferritic steels

This chapter discusses the results obtained in DD simulations of strain localization studies in
irradiated ODS steels. The interplay of dislocations, irradiation-induced defects and dispersoids
in affecting the stress-strain behavior and strain localization in one micron grain is investigated

in detail. The chapter is primarily divided into three sections:

Dislocation dynamics in bcc systems: Here, the mobility and cross-slip rules required for
carrying out the dislocation dynamics simulations in bcc are discussed, along with the imple-

mentation details as applicable to the subsequent sections.

Dislocation evolution in the presence of loops and ODS precipitates: Results obtained
by performing three-dimensional discrete dislocation dynamics simulations of ODS steels are
presented and the effect of irradiation on strain localization and hardening is compared between

ODS steels and pure « Iron.

Effect of irradiation loop density on plastic deformation in RPV steels: The previous study
of irradiation in bcc iron is here extended to understand the role of loop density, temperature,
and loading in irradiation-induced hardening, with loop densities appropriate for Reactor

Pressure Vessel (RPV) steels.
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3.1 Dislocation dynamics in bcc systems

The shortest lattice vector in bec is of the type £ (111) and hence this defines the Burgers
vector in a bece crystal. The slip planes over which the glide happens is more complex to
define. Slip is seen to happen in three different crystallographic slip planes: {110}, {112}
and {123}. It is important to note that each of these slip planes contains the (111) direction.
In fact, three {110} three {112} and six {123} planes intersect along the same (111) direction.
Thus it is possible for a screw dislocation in the (111) direction can glide in any of these
planes and can also, for instance, randomly change its glide plane from one of the {110}
type planes to another, even to one of {112} or {123} type leading to wavy dislocation
motion. The ease of cross-slip in beec compared to fec indicates perhaps that the stacking
faults are of very high energy. Molecular Dynamics simulations performed by deliberately
creating the stacking faults in low-index planes have revealed that stacking faults are

unlikely to form in bcc.

The DD code used in this study is based on the discrete edge—screw model [Verdier et al. 1998]
introduced earlier (section 2.2 on page 29), but adapted to the bcc crystalline structure,
including 12 /2110 (111) slip systems. The dislocation glide on the other planes is not

considered in this study.

3.1.1 Dislocation mobility rules

Dislocations motion in bcc materials is a much involved process compared to that in fcc
structures. This complexity in bcc is attributed to its unusual core structure. The edge
dislocations are found to move with a velocity proportional to the force acting on them, but
the glide of screw dislocations is an activated phenomenon, occurring through the thermal

assisted formation of kink-pairs.
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Ferritic materials undergo a smooth but well defined brittle to ductile transition in the
50-300 K temperature range. For this reason, it is essential to develop mobility rules cover-
ing this temperature range. Screw segments velocity is taken proportional to exp(AG/kBT),
as per thermal activation theory (see also expressions (3.2) and (3.3) ). In the adopted
framework, AG is the activation energy barrier to move a given screw dislocation at a given
temperature T and a given effective resolved shear stress 7* [Caillard et al. 2003]. Here,

we assume the stress dependence of AG as given by Kocks expression [Kocks et al. 1975]:

T*

AG(r%) = AH, (1 - {T—p]py (3.1)

where AH, is the thermal activation barrier at 0K, whereas 7,, p and ¢ are fitting pa-
rameters, determined from the evolution of Fe crystal yield stress with temperature. All
three parameters were estimated during various tests, made prior to this investigation

[Libert 2007]. These and other important simulation parameters are listed in Table 3.1

below.
Table 3.1 — Mechanical and microscopic parameters of bcc Fe matrix.
AHy(eV) p q B(107°Pa.s) b (1071%m) Young’s Poisson’s
modulus E ratio v
(GPa)
0.76 0.593 | 1.223 10.5 2.5 210 0.3

From a physical point of view, mobility laws implemented so far in DD simulations were
based on the nucleation of isolated double kinks. This approach breaks down at intermediate
temperature regimes (near 300 K) and leads to computational instabilities (sharp velocity
changes for little stress increments). A possible improvement consists in accounting for the
mean free path of kink pairs. An extensive presentation of such a model can be found in

reference [Hirth & Lothe 1982].

The specific features used in this DD model are the following:
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1. In calculating the screw dislocation velocities, we consider the average distance X,
along a screw dislocation swept out by a kink before its annihilation at another kink
or, if not, at the end of the screw segment. This new rule naturally accounts for the
possibility to nucleate simultaneously several double-kinks along a screw dislocation

of finite length (see figure (3.1)).

2. Stress dependence is accounted for by critical kink pair formation.

EJ---Ih-__v________!-------\%

Figure 3.1 — Multiple kink-pair formation along a screw dislocation in Dislocation Dynamics
simulations. The average distance X'is swept out by a given kink pair before
annihilation, along a screw dislocation of finite length L. Distance X' can apply to
kinks annihilating on opposite kinks (first scheme) or if not, on two ends of the
screw dislocation.

The screw dislocation velocity corresponding to rules (i) and (ii) is expressed by:

VUScrew = h'XIJ (32)

where h is the distance between two consecutive Peierls barriers, X  being the average
annihilation distance for a kink pair through a L long screw dislocation (see also figure
3.1), whereas .J is the double-kink nucleation rate per unit length. Quantities ./ and X" are

calculated according to the following expressions [Garcia-Rodriguez 2011b]:
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Srr* AG
J = MBhexp(—kBT) (3.3)
and
; XL
S X+l (3.4

here y is the shear modulus, B is the phonon drag coefficient, k5 the Boltzmann’s constant
and T the simulation temperature (while AG is derived from expression (3.1)). The term
7* in pre-factor of expression (3.3) implicitly accounts for the stress dependence for critical
kink pair formation. Quantity X, is the average distance swept by a kink pair before

annihilation with another kink pair, along an infinitely long screw dislocation:

X, =2 (“—j) (3.5)

where the kink velocity v, is assumed to be equal to edge dislocation velocity v.qs.. The
screw dislocation velocity calculated using expressions (3.1)—(3.5) with the parameters
listed in Table 3.1 is fully consistent with experimental measurements made in Fe single

crystals, in the whole 4-300 K temperature range [Urabe & Weertman 1975].

It can be seen that the velocity of edge dislocations is at least an order of magnitude higher
than the screw dislocations. This strong anisotropy between edge and screw velocities can
induce strong slip instabilities in simulations. Consider, for illustration, figure 3.2, showing

an edge dislocation segment evolving under stress.
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t 4

\i\k&rew dislocations created due

; to motion of an edge dislocation.

Figure 3.2 — The evolution of a pinned edge dislocation from AB to A’B’ creates two long
screw dislocations, AA’ and BB'. The arrows on the lines indicates their Burgers
vectors.

As the velocity of edge dislocations is independent of their length, evolution of a small edge
dislocation AB to A’ B’ will create long parallel screw dislocations AA’ and BB’, very close
to each other. These screws, having the same line direction, strongly repel each other and
this leads to unrealistically large displacements in the screw dislocations in the subsequent
timestep. This instability in the dynamics can be avoided by decoupling the edge and screw
evolutions from each other. That is achieved by setting the timestep of edge dislocation
as N times the timestep of a screw dislocation, where NN is temperature and strain rate

dependent.

3.1.2 Cross-slip Algorithm

Implementing cross-slip phenomenon into dislocation dynamics is a difficult task: A realistic,
averaged cross-slip probability computed in the DD framework has to be representative of
numerous single cross-slip events, each one taking place at the atomic scale and during very
short characteristic periods of time. In MD simulations for instance, the glide plane is found
to fluctuate within the time scale of a few tens of picoseconds and length scale of one b,

whereas in a DD simulation, the typical time and space scale are rather of the order of 1000
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ps and 10 b [Chaussidon et al. 2008]. An accurate cross-slip scheme must hence provide a

coarse-grained approximation of this atomistic cross-slip phenomenon at the length and

timescale of dislocation dynamics. Also, recall that the Burgers vector of the 1 (111) type

can glide on any of the three {110} planes, and hence for every primary plane, there is a

choice of two cross-slip planes to which the screw dislocation can cross-slip.

3.1.2.1 Choice of cross-slip plane

The Thompson tetrahedron for the bce structure is given in figure 3.3.
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Figure 3.3 — Thompson tetrahedron in bcc crystal structure. On each side of (111) type normal
traces of {110} and {112} planes are shown. The bright areas correspond to
twinning whereas dark areas correspond to the anti-twinning.

An important complication in bcc not present in fcc crystals is the so-called “Slip Asymmetry”.

Consider a dislocation living in a particular slip-plane. It has been found experimentally
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that the shear stress required to move this dislocation in one direction is not the same as
the stress required to move it in the opposite direction. This asymmetry in the context of
choice of cross-slip plane, illustrated in figure 3.3, is based on the observations seen in prior
molecular dynamics (MD) simulation results of bcc systems: Nucleation of kink pairs never
takes place in the anti-twin planes, regardless of the applied loading conditions. The above

asymmetry is implemented in the current DD technique as shown in the algorithm 3.1.

Algorithm 3.1 Implementation of twin-anti-twin asymmetry in TRIDIS for bcc systems.

* First, the maximum resolved shear stress plane (MRSSP) orientation, characterized
by the angle it makes with respect to the (101) glide plane taken as a reference, is
determined (see figure below).

b)

Closest to .

MRSSP\ Sl

Second Q
closest to \'
MRSSP

Twin plane

* The primary slip plane is then the closest 110 slip plane to the MRSSP. The cross-slip
plane is defined as the second closest slip plane from the location of the MRSSP.

* If the angle falls in an anti-twin zone (see case 'a’ in figure), cross-slip is inhibited and
the screw dislocation continues to glide in the primary slip plane only.

* If the angle falls in a twin zone, the screw dislocation can glide on either the primary
or cross-slip planes (see case b’ in the figure), depending on a cross-slip probability at
each step.
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3.1.2.2 Algorithm of cross-slip

The cross-slip algorithm is implemented as suggested in [Chaussidon et al. 2008]. Let p;
and p, be the rates of gliding in slip plane 1 and slip plane 2 at the atomic scale. If d is the
average distance between the two consecutive Peierls valleys, then the average velocity on
the plane 1 is v; = p;d and similarly for the average velocity in plane 2. Now the average

time between any two of these events taking place is

1
- 3.6
(0 D1+ P2 (3.6)

During the DD simulation timestep At, the number of atomic jumps will be

n = At.(p1 + p2) 3.7)

The average velocity during the time At is

n.d
(v) = i (p1+ p2).d = v1 + v3 (3.8)

So, at each time step At, the glide plane of each screw segment is chosen according to the

relative probability of glide in slip planes 1 and 2.

The normalized probability p; for a given screw dislocation to glide in the primary slip

plane 1 is:

(%1

V1 + Vg

3.9)

p1 =

where v; (respectively v5) is computed using equations (1)—(5) for each screw dislocation
segment. Similarly, the normalized probability p, for the same screw dislocation to glide in

the cross-slip plane 2 is:
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V2

=1—p = 3.10
P2 b1 o1+ Vg ( )
The probability for gliding in the primary plane is then obtained as
p—_ __ (3.11)
P1+Dp2 U1t U2
and the probability of gliding in the corresponding cross-slip plane is given by
pp=—r2 __ (3.12)

N p1tp2 V1t

The velocities v; and v, are obtained from the resolved shear stress in the primary and
cross-slip stresses respectively, in conjugation with equation 3.2. With these velocities, the
probability P, is calculated. A random number P, between 0 and 1 is then drawn and
compared with P;. If P, > P,, the dislocation continues to glide in the primary plane, other

wise it glides in the cross-slip plane!.

It must be pointed out that this method is not adapted to predict single (atomic scale)
cross-slip events, for which minimum energy or maximum entropy criteria are, in principle,
better suited. Rather, this method is dedicated to the mesoscale typical for DD modeling,
both in terms of space (minimum glide distance is 100) and time (typical DD time step is
10719 ). This approach is very robust and correctly describes 3D dislocation populations
spreading in bcc Fe crystals, in the whole 50-300 K temperature range and for an arbitrary
applied stress tensor (in single or multiple slip). The results are consistent with observations
regardless of the simulation volume geometry, including thin laths and equi-axial grains

[Chaussidon et al. 2010, Garcia-Rodriguez 2011a].

I'The cross-slip algorithm for the fcc case is explained in section 4.5 on page 134.
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3.2 Dislocation evolution in the presence of loops and

ODS precipitates.

Poly-crystalline ferritic steels strengthened by oxide particle dispersions (ODS steels)
are prime candidates for future nuclear applications, involving high irradiation doses
and temperatures [Oksiuta et al. 2009, De Carlan et al. 2009]. Plastic flow and strain ac-
cumulation in crystalline materials are carried out by dislocation motion. Therefore,
particles or irradiation-induced defect clusters can strongly influence material mechan-
ical response, by obstructing dislocation motion and multiplication. In particular, cer-
tain Oxide Dispersion Strengthening (ODS) alloys exhibit better post-irradiation duc-
tility and hardening characteristics, by comparison with their single phased counter-
parts [McClintock et al. 2009, Schaeublin et al. 2002, Alamo et al. 2004, Baluc et al. 2004,
Ramar et al. 2007]. So far, beneficial effects of ODS particles are not completely explained,
in terms of dislocation based mechanisms [Kimura 2007]. In this work, plastic defor-
mation of 1 ym grains (with and without ODS particles) is investigated in more details,
by means of 3D dislocation dynamics (DD) numerical simulations[Verdier et al. 1998].
Recent papers focused on the hardening effect of precipitates in bcc ODS systems, us-
ing DD simulations with specific dislocation mobility rules and boundary conditions
[Bako et al. 2007, Bako et al. 2008, Bako et al. 2009]. The hardening effect of irradiation-

induced He bubbles [Bako et al. 2009, Schaublin et al. 2008] has also been investigated.

In this work three-dimensional discrete dislocation dynamics simulations were carried out
to analyze pre and post-irradiation plastic deformation in ferritic grains, with and without
ODS particles. The edge-screw based DD [see section 2.2 on page 29] simulations are
performed in a representative of small (1xm) bulk grains, embedded in a poly-crystalline
matrix. This technique is valid not only for analyzing hardening due to dispersoids and

defect loops, but also for describing 3D evolutions of the dislocations structures that can be
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compared with microscopic observations (TEM micrographs, for example).

This section is structured as follows: The following subsection 3.2.1 provides a detailed
description of the assumption, features and methodologies used in this chapter. Subsection
3.2.2 illustrates the various configurations used here, including impenetrable ODS particles,
irradiation-induced defect loops and a combination of ODS particles and defect loops. In
subsection 3.2.3, simulation results obtained with these different obstacle configurations
are presented. Corresponding results are analyzed in terms of strain localization and
stress—strain characteristics, using specially developed post-treatment tools. Subsection

3.2.4 is a discussion based on the aforesaid results.

3.2.1 DD adapted to ferritic ODS systems: model description

3.2.1.1 Simulation volume, boundary conditions and initial dislocation microstruc-

ture

The adopted simulation volume (dodecahedral grain) morphology and size (1um) is shown
in figure 3.6. Outer interfaces are taken as impenetrable obstacles to dislocation motion,
as if for highly disordered grain boundaries. Unlike periodic boundary conditions, the
chosen conditions allow for a realistic description of intra-granular stress and associated
deformation mechanisms (strain localization, for example), assuming stress heterogeneities
due to grain dis-orientations are neglected. In real ODS systems, precipitates have different
sizes and are distributed at random positions in the grain. In our simulations however,
precipitates (and irradiation-induced defect clusters) are regularly spaced, in the form of a
three-dimensional array. With this simpler arrangement, strain localization in lower particle
density regions is avoided and hence, comparison between different simulated systems
(see Section 3.2.2) mainly depends on the implemented facet properties. Irradiation loops

formed at high temperature in bcc Fe alloys are sessile due to their specific Burgers vector
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[Jenkins et al. 2009, Marian et al. 2002]. Such defects can therefore be introduced in the
form of immobile facets, as shown in figure 3.4b. Unlike precipitate-facets, loop-facets
are (conditionally) crossed by mobile dislocations. In this work, the loop-facet strength
is taken as per DD [K. Gururaj 2010] and MD calculation results[Terentyev et al. 2010,
Terentyev et al. 2008] and depends on the character of the incoming dislocation (edge or

screw, see also section 3.2.3.5).

.......................................................................................................................................................................

b)
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Single precipitate: Single loop: |
eight hard facets one soft facet |

Figure 3.4 — Intra-granular obstacles to dislocation motion are introduced in simulation volume
as planar interfaces called facets: (a) impenetrable or “hard” facets are used to
simulate the presence of incoherent ODS particles, and (b) shear-able or “soft”
facets are used to simulate the presence of irradiation induced defect clusters, in
the form of sessile (immobile) dislocation loops. Dislocation can penetrate these
facets provided a local stress criterion is satisfied.

MD results (see section 1.4.2.1 on page 16 ) have revealed that dislocations tend to absorb
the loops as helical jogs and release them at higher stress [Terentyev et al. 2010]. Comple-
mentary DD calculations were performed using loops made of four glissile segments. These
simulations are carried out with much smaller length and time step than the conventional
DD simulations. It was possible to observe the formation of helical loops and their subse-
quent detachment from the dislocation line for both edge and screw dislocations. Figure

3.5 shows the interaction of a screw dislocation line with six equidistant loops.
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Figure 3.5 — Elementary dislocation dynamics simulations of a screw dislocation with six in-
terstitial loops. a) represents the initial configuration. b) is an intermediate
configuration where the loops are absorbed as jogs on the dislocation line. c) is the
configuration where the irradiation loops are restored from the dislocation line.

Since these simulations gave exactly the same mechanical response and dislocation mi-
crostructure (helical turns in bcc Fe are compact and unstable), it was decided to use the
facet representation mainly to save computation time. Indeed, this method allows using a

time step as high as 107'°s compared to 10~!2s for the dislocation loop case.

3.2.2 Simulated cases

The DD simulations were performed at room temperature (300 K), under fixed plastic strain
rate conditions. This means that the applied stress is feedback controlled, in order to keep
the (plastic) deformation rate at a constant, pre-selected level. Stress correction magnitude
at a given time depends on current accumulation of plastic strain. Four different cases were

investigated, for analysis and comparison purposes:

Case-1: One ferritic grain, without particle-facets or loop-facets. This case represents a

non-irradiated conventional grain.
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Case-2: One ferritic grain including a mono-modal distribution of 0.5% volume fraction of

hard D = 20 nm particles. This case represents a non-irradiated ODS grain.

Case-3: One ferritic grain including a mono-modal distribution of 10?°m? density of soft

20nm loop-facets. This case represents an irradiated, conventional ferritic grain.

Case-4: One ferritic grain containing a combined distribution of 0.5% volume fraction of
hard 20nm particles and 102°m? density of soft D = 20 nm facets. This case represents

an irradiated ODS grain.

Grain+particles
5 [E) Ny —— ) B

Grain

Figure 3.6 — The different simulated cases investigated in this paper. Analysis of more complex
particle and irradiation loop effects is facilitated by comparison between the
different cases.

All simulated grains are loaded in uni-axial tension along the (001) axis and initially contain
2 edge dislocation sources, with L = 500 nm. One source belong to the a/2(101)[111] slip
system, taken as the primary slip system (cross-slip systems associated with that source are:

a/2(011)[111} and a/2(110)[111]). The selected loading direction yields the same resolved
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shear stress in each slip system (Schmid factor = 0.41), a condition that also maximizes
the time-dependent probability for cross-slip. Positions of the initial sources are exactly
the same in all 4 cases, with a view to facilitate analysis of the results. In particular,
stress—strain curves corresponding to different cases can more easily be compared to each
other, to analyze certain test setup characteristics. In general however, stress—strain data
in Section 3.2.3 should not be directly compared to experimental results, obtained on
macroscopic, poly-crystalline specimens. Such comparison needs averaging over many
different calculations, where initial dislocation configurations, grain sizes and applied
stress tensor are systematically varied. This particular point therefore needs a separate

investigation, which is beyond the scope of this work.

3.2.3 Results
3.2.3.1 Plastic deformation before irradiation
3.2.3.2 Case 1: Ferritic grain

When the applied loading is switched on, familiar glide characteristics of bcc crystals are
rendered by our DD model, including: random cross-slip, pencil glide and edge-screw
mobility anisotropy [Caillard et al. 2003, Louchet & Saka 2003, Lagow et al. 2001]. Dis-
location density increases linearly throughout the simulated time, attaining 10**m 2 for
€ = 2 X 10~*. The same type (and rate) of evolution is observed in all 4 tested cases
described in section 3.2.2. In the stress—strain curve displayed in Fig. 3.7, a transient high

stress regime is first noticed, before steady state is achieved.

This transition is an artifact, associated with the chosen initial dislocation configuration and
can be totally suppressed by using a larger number of initial dislocation sources (>10 initial
sources). The chosen initial configuration is nevertheless kept the same, for simplicity and

analysis purposes.
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Figure 3.7 — Stress—strain response of an un-irradiated ferritic grain. The initial high stress
regime is transient and associated with spontaneous dislocation multiplication (see
main text). This transition regime is followed up by a lower stress, steady state
regime.

In this case as well as for case 2 reported in subsection 3.2.3.3, the initial applied
stress increases spontaneously to produce new sources: first, by cross-kink wandering
[Louchet & Saka 2003] and later on, by double cross-slip mechanism [Depres et al. 2004].
Spontaneous source formation and subsequent multiplication lead to stress level and

dislocation velocities stabilization (see Fig. 3.8).
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Figure 3.8 — Dislocation kinetics in an un-irradiated ferritic grain: (a) residence time calculated
from screw dislocation velocities, using expressions (3.13)—(3.15). Lower initial
residence time is associated with a stress—strain transition regime, and (b) average
screw dislocation velocities evolutions.

It is important to note that the same stabilized stress level is achieved (300 MPa, in figure
3.7 ), regardless of the initial number of initial dislocation sources (at least, up to 20 initial

sources). In steady state, the number of immobile dislocation far exceeds that of mobile
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dislocation (estimated ratio 1:40), which is a well know character of plastic deformation, in
metallic systems. With our initial dislocation configuration, none of the above processes are

imposed and emerge as a natural outcome of the simulations.

Thermally activated glide and cross-slip for screw dislocations are time-dependent processes.
This means a given microstructure containing mobile screw dislocation can be associated
with a definite “dwell time”. For this reason, the time step of DD simulations generally need
not coincide with the actual, physical time of atomic events such as cross-slip. Hence, if the
dwell time of a given dislocation configuration is larger than the numerical time step used
to calculate the next configuration, the actual strain rate is larger than the apparent strain
rate? and vice versa. The actual dwell time depends on many different factors including
the applied stress, size of the system, temperature, etc. From [Chaussidon et al. 2008], the

dwell time the of a mobile screw segment at a given time step corresponds to equation 3.6:

1

)= ——
(0 D1+ P2

(3.13)

where p; is the glide frequency in primary slip system “1” and p, is the glide frequency in
cross-slip system “2”. Unlike expressions (3.9) and (3.10) in subsection 3.1.1, quantities p;

and p, have s~! units and relate to instantaneous dislocation velocities v; and v, through:

(p1+ p2).d = v + vy (3.14)

where velocities v; and v, are computed using expressions (3.1)—(3.5) in subsection 3.2.1.1.
The magnitude of parameter d is set to one Burgers vector. For a dislocation microstructure
comprising N = N...., screw dislocations, the dwell time T associated with time step-i is

simply:

2Apparent strain rate = (cumulated plastic strain/cumulated numerical time).
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Nserew

T=3 ) (3.15)
j=1

Calculating the period T; associated to each time step allows determining the “actual” strain
rate achieved during our simulations. In the present case, plastic strain ¢, = 2 x 107* is
completed after 20, 000 time steps of At = 5 x 10~'s, i.e. after 10°s of simulated time. The

corresponding apparent strain rate is thus 2 x 1074/107%s = 20s~ 1.

Computing the dwell time using expression (3.13)—(3.15) yields 7; ~ 1.5 x 10755, in the
steady state regime (see figure 3.8 a and b). The estimated actual strain rate is therefore
equal to €,/[1.5 x 107%s/At] ~ 7 x 10~2s~!, which is reasonably close to usual tensile testing
conditions, given the actual strain rate sensitivity of poly-crystalline Fe at room temperature

[Nakada & Keh 1968].

Whenever possible, simulation parameters for different simulations are adjusted to obtain
exactly the same, average steady-state dislocation velocity. This precaution ensures that
in all the cases, exactly the same actual strain rate and mobile dislocation densities are
obtained. In this manner, differences in stress—strain behavior can be genuinely attributed
to the adopted simulation setup, i.e. loops, particles, grain boundaries, forest dislocations

or any combination of the above.

3.2.3.3 Case 2: Ferritic grain including a mono-modal distribution of ODS particles

Mechanical behavior of ODS steels is determined by interactions between lattice dislocations
and particles which lead to dislocation pinning and thus to an increased flow stress of
the material. Grain deformation simulations made in this section include a 0.5% volume
fraction mono-modal distribution of hard D = 20nm particles, yielding an average inter-
particle spacing L. = 80nm. The dislocation/precipitate interaction methodology introduced

in subsection 3.2.1.1 on page 72 is first tested here with a simple configuration, including
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one dislocation line and two hard precipitates, as shown in figure 3.9. Precipitates are
by-passed by mobile dislocations, whereby residual “Orowan” loops are left around each

by-passed precipitate.

D'\\Do\e drag

/
o 0S

A S

/ # ?Q\\ Orow\a“ ooP
a) Initial b) Pinning at -

Configuration particles ¢) Unpinning

Figure 3.9 — Interaction between one edge dislocation and two impenetrable D = 20 nm
particles. (a) Interaction configuration evolutions, under controlled plastic strain
rate loading conditions, in uni-axial (0 0 1) tension. Center to center particle inter-
spacing is 80 nm. The 150 nm long initial edge source is pinned at its extremities
and belongs to the a/2(1 0 1)[1 1 1] slip system. An Orowan loop first formed
around the particle positioned to the left-hand side. Dipole drag is visible at the
end of the interaction, just before its annihilation and the formation of a second
Orowan loop, around the right-hand particle. Interaction asymmetry between the
two particles comes from the (deliberately) slightly asymmetric position of the
initial pinning points, with respect to particle center positions. Particle-induced
hardening corresponding to this configuration is AT = 89 M Pa.

The critical stress of this mechanism is called the Orowan stress, which is given by the

following expression®, based on (elastic) line tension theory [Bacon et al. 1973]:

o 1 b b b
—=————|=In(=+—=)+0.615 3.16
T A R (3.16)
where 1 is the material shear modulus, v the Poisson coefficient, b is the Burgers vector
magnitude, L distance between hard particles and D, the particle diameter. Using the

above-mentioned D and L values together with b = 2.5 x 1071%n, u = 55G'Pa and v = 0.3

in expression (3.16) yields AT = 95M Pa. Hardening corresponding to figure 3.9 is Ao =

3This particular expression applies for edge dislocations, assuming fiparticie = Pmatriz-
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220M Pa i.e. AT ~ 95M Pa, which is fairly consistent with expression (3.16). This result
is also comparable to independent DD simulation results reported in [Shin et al. 2005].
This means that at room temperature, line tension controls the hardening response of

precipitates in both bcc and fec crystals.
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Figure 3.10 — Comparative stress—strain response of un-irradiated ODS grain (with particles)
with an un-irradiated reference grain (without particles). Averaged dislocation
velocities achieve a steady state in both simulations for ¢, > 10~*, where hard-
ening due to precipitates can be estimated with better accuracy (see main text).

When the external loading is applied, initial dislocation sources are activated and give rise
to a similar stress—strain behavior as observed in the previous case (see figure 3.10 and
subsection 3.2.3.2 on page 76). Shear loops are emitted until dislocations are stopped by the
hard precipitates and grain boundaries. Orowan loop (typically 1 or 2 loops) accumulation
around the particles generates high internal stress, giving rise to further cross-slip activation
(see subsection 3.2.4 on page 88). Repetition of this process can generate high density
dislocation tangles which are three dimensional random arrangements of dislocations with
no characteristic polarity. Illustration of such tangles in the presence of precipitates is also

provided in [Shin et al. 2007]. Such tangles then act as pinning point for incoming mobile
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dislocations, effectively increasing the capture cross-section of the precipitate around which

they are formed.

During the simulations, processes of dislocation accumulation, unpinning and tangle
destruction is time (or plastic strain level) dependent. In other words, new sources are
either shorter or longer than the previous ones, depending on instantaneous configurations
involved. This leads to the steady state regime (for ¢, > 10~ in figure 3.10), where
corresponding hardening level Ao is comprised between +20 and +80 MPa. These values
correspond to A7 ~ 7.8 x 107°-3.1 x 10~*u, which is fairly comparable (though somewhat
smaller) to dislocation depinning transition stress obtained elsewhere (7. ~ 3 to 6 x 104,
see [Baké et al. 2008]), using 2um simulation volumes*. The smaller hardening obtained
herein is a consequence of cross-slip activation, providing an additional degree of freedom
that facilitates dislocation unpinning (see also caption of figure 3.9). In the scope of this
thesis hardening, unless mentioned otherwise, refers to the increase of the yield point. The

slope of the stress strain curve is referred as the work-hardening.

3.2.3.4 Plastic deformation after irradiation
3.2.3.5 Case 3: Ferritic grain including a mono-modal loop distribution

Irradiation effects on plastic deformation is examined here, by introducing defect clus-
ters in the form of dislocation loops, a feature common to a wide range of irradiation
doses and temperatures, in metallic materials. MD calculations show that defect loop
resistance to dislocation motion (“loop strength”) generally depends on the character
of the incoming dislocation. In particular, screw dislocations can absorb [0 0 1] loops
in the form of helix jogs, producing a strong pinning effect [Terentyev et al. 2010]. In
the edge/loop interaction case, loops are simply sheared-off, yielding lower interaction

strength. In MD calculations, maximal loop strength is 2.26 times the Orowan stress

4They used random size particle distributions with a mean radius of 26 nm and 0.5% volume fraction.
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for screw dislocations [Terentyev et al. 2010] and 0.7 times the Orowan stress for edge
dislocations[Terentyev et al. 2008]. Grain deformation simulations made in this section
include a mono-modal 10*°m~2 density of soft 20 nm loop-facets with, with irradiation
doses of 0.5—1 dpa (estimated), performed at 7' = 400°C' [Porollo et al. 1998]. This setup
yields L = 80 nm and a critical Orowan shear stress A7 = 95 M Pa (for edge dislocations).
Hence, we set the loop-facet strength at A7 = 2.26 x 95 M Pa = 215 M Pa for screw/loop
interactions and at A7 = 0.70 x 95 M Pa = 67 M Pa for edge/loop interactions (see subsec-
tion 3.2.1.1). Adopted loop interaction methodology and simulation parameters are tested

using the simple DD simulation setup as shown in figure 3.11.

When tensile loading is applied to the irradiated ferritic grain, initial sources are activated
and shear loops are emitted in their respective, initial glide planes. Mobile dislocations
then interact with loop-facets and grain boundaries. Unlike in the previous two cases (see
subsections 3.2.3.2 and 3.2.3.3), the applied stress level achieved here is quite stable with
cumulated plastic strain ¢, > 10~° (see figure 3.12). In other words, the initial transient

regime is much less pronounced than before.
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Figure 3.11 - Interaction between one dislocation and 2 loop-facets. Calculations are performed
under controlled plastic strain rate loading conditions, in (001) uni-axial tension.
Loop diameter is D = 20nm and center-to center loop inter-spacing is 80nm. The
initial L. = 150nm long segment is pinned at its extremities and belongs to the
a/2(101)[111] slip system: (a) edge-loop case. Corresponding hardening is At =
58 M Pa and (b) screw-loop case. Corresponding hardening is At = 88M Pa. In
both cases, loops are simply sheared-off, no debris is left after dislocation—loop
interaction completion.

The hardening numbers referred in the figure 3.11 are obtained as the difference between
the yield points in simulations carried out with loops and without loops for edge and screw

dislocations respectively.
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Figure 3.12 — Comparative stress—strain response of an irradiated grain (with loops) with a
non-irradiated ferritic grain (without loops). Averaged dislocation velocities
achieve steady state for ¢, > 107%, in both simulations. Hardening due to
irradiation-induced loops is estimated during the steady state (see main text).

The average screw dislocation velocity is very stable during the whole simulated time since
very few new sources were generated; indicating that generation of new sources is difficult,
due to strong screw-loop interactions. Hardening induced by loop population is estimated
to be around A7 = 41 M Pa® or At = 3.9 x 10~%p, i.e. significantly smaller than in figure
3.11. This effect is ascribed to the time (or strain) dependent dislocation configurations
generated during tensile deformation of the grain. In usual MD calculations for instance,
dislocation pinning points are located far away from the loops, where interactions are more
active. In the present DD simulations, dislocation pinning points are located at arbitrary
distance relative to the irradiation loop positions. When that distance is comparable to the
loop diameter, impinging screw dislocations are strongly bowed-out at the time of contact,
instead of in a straight line. And so, the mix of straight and bowed out segments yields
smaller hardening. Changing the facet strength by +50 affects the hardening amplitude in

the same proportion. Decreasing the loop density by a factor of 5 also changes loop-induced

>see figure 3.12, fore, > 6 x 107°
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hardening in the same, proportional way. Increasing the loop density from to 102! —1022m 3
yields hardening saturation, which is again in agreement with well know experimental
trends [Matijasevic et al. 2008, Kohyama et al. 1994, Baluc et al. 2007, Miller et al. 2009].
Sharp plastic instabilities® however develop for higher loop densities, whenever a very high
initial stress is involved, either by using a shorter initial source or by increasing the actual

applied strain rate (100 times faster, for example).

3.2.3.6 Case 4: Ferritic grain including a combined distribution of loops and parti-

cles

Simulations carried out in this section include a combined distribution of 10?° m~2 density
of soft D = 20nm loop-facets and a 0.5% volume fraction of hard D = 20 nm particles.
This configuration is consistent with 0.75 dpa irradiations performed at 400 C, in ferritic
ODS system having similar characteristics as in our investigation (0.5% volume fraction
of 28 + 8 nm Y303 particles) [Chen et al. 2008]. When the external loading is applied,
tangles develop between precipitates as described in subsection 3.2.3.3. This scenario
also holds for larger particles sizes, at least up to D = 30 nm. Unlike case 3, additional
stresses coming from the tangles allow formation of distant or dispersed sources, by double
cross-slip and wandering mechanisms. These substructures generate internal stress that
help shearing irradiation loops which otherwise, would have obstructed dislocation motion
[Nogaret et al. 2008]7. This mechanism is further discussed in the next section. As a
(beneficial) result, hardening due to defect loops is significantly reduced (see figure 3.13)
and plastic deformation spreading in the grain is much more homogeneous (see also figure
3.16, in subsection 3.2.4). Resistance to irradiation-induced hardening is also consistent

with experimental data on several ODS alloys [Kishimoto et al. 2006].

6Strong hardening followed by sharp softening.

A similar effect was observed in fatigue simulations using bi-modal particle distribution where the
presence of small precipitates helped concentrating plastic strain, until larger precipitates are sheared-off
[Shin et al. 2007].
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Figure 3.13 — Comparative stress—strain response of an irradiated ODS grain and a non-
irradiated ODS grain. Average dislocation velocities achieve steady state for
€y > 107" in ODS grain (see Fig. 3.12) and for ¢, > 10~* in un-irradiated ODS
grain, while stress stabilizes 400 MPa (see Fig. 3.10). This means the as-tested
ODS grain configuration is actually softer after irradiation (with loops) than
before irradiation (without loops). No matters how qualitative, this comparison
shows ODS particles provide resistance to loop-induced hardening (compare with
figure 3.12).

3.2.4 Discussion

In subsection 3.2.3.3 on page 80, it was shown that introduction of a mono-modal dis-
tribution of D = 20 nm particles (0.5% volume fraction) yielded significant hardening
(AT ~ +3.9 x 10~* 11). The irradiation effect in ODS grains was also examined by adding a
10%°m =3 density of D = 20 nm loop-facets having specific interaction characteristics (see
subsection 3.2.3.5). The loop spacing and size are kept exactly the same as the particle
spacing and size. Hence, the slight difference of stress—strain behavior between case 2
(subsection 3.2.3.3) and case 3 (subsection 3.2.3.5) can be directly ascribed to screw—loop
interactions®.

Edge-screw dislocation mobility anisotropy at low temperature is a well-known charac-
teristic of bce systems. Experimentally, this effect vanishes at the onset of the so-called

a-thermal regime, i.e. above room temperature in (un-irradiated) bcc Fe. The presence

8 See figure 3.12 on page 86 and figure 3.13
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of irradiation- induced loops in the crystal augments the edge/screw mobility anisotropy
at, and presumably beyond, room temperature. This characteristic can significantly affect
the material engineering characteristics, including fracture toughness. Indeed, it is known
since many years that fracture toughness measured at a fixed irradiation dose for ® = ¢
and temperature 7" corresponds to fracture toughness of the same material at & = 0 and
T =T — AT. In other words, decreasing temperature by AT possibly has the same effect

as irradiating up to ® = ¢, in terms of edge-screw mobility anisotropy.

In the above section, resistance to irradiation-induced hardening is pointed out as a bene-
ficial material characteristic. The effect of ODS particles on the hardening characteristics
can be emphasized by plotting the stress—strain curves of irradiated (non-ODS) grain and
irradiated ODS grain side by side. In figure 3.14, the irradiated ODS grain exhibit good

resistance to loop-induced hardening.
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Figure 3.14 — Comparative stress—strain behavior of irradiated ODS and non-ODS grains. Aver-
aged dislocation velocities achieve steady state for ¢, > 1075 in both simulations.
Obviously; grains with ODS particles are resistant to loop-induced hardening.

Interestingly, this characteristic totally disappears using periodic boundary conditions,
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representative of single crystals. This means that resistance to loop-induced hardening
observed here possibly relates to internal stress generated at the grain boundaries (due to
dislocation pile-ups, for example). In grains containing ODS particles, internal stress—strain

also relates to dislocation accumulation around the precipitates (see figures 3.15 a and b ).

Figure 3.15 — Dislocation structures in the presence of ODS precipitates: (a) at low plastic
strain (< 10~%), only a few particles are decorated by Orowan dislocation loops
(debris loop). Particles are not displayed for clarity, (b) at higher plastic strain
(> 4 x 10~*), most of the precipitates are decorated by loops and,/or dislocation
tangles. Tangle positions have the same periodicity as the particle network, and
(c) 1D pile-up model of inter-precipitate dislocation structures. The dislocation
source is positioned at the middle point z = 0. Shear loops emitted from the
source pile-up at obstacles, after gliding —%l and %l . In this analysis, I = 80 nm,
the inter precipitate distance (see subsection 3.2.2).

This effect can be further examined by using an analytical 1D pile-up model [Hirth & Lothe 1982].

In figure 3.15c configuration, the total number of dislocations n}Y simply writes:

2(1 —
ntV = Q/n(z)dz = %happ (3.17)

n(z) = ~Tapp (3.18)
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where [ is the pile-up of length and 7, is the resolved shear applied to the crystal. From

figure 3.15a and b, it is readily seen that n}'V lies between 1 and 3.

Taking [ = 80 nm for the inter-particle spacing, expression (3.18) prediction is consistent
with 7., = 2.2 x 1073y — 6.7 x 10~u. This represents the local or internal stress needed to
overcome ODS particles, after plastic strain accumulation. The minimal stress amplification
factor is therefore 2.2 x 1073/3.9 x 10~* ~ 6. For this reason, local stress around particles
exceeds irradiation loop strength, for both edge and screw mobile dislocations. Such a
stress level is sufficient to activate deformation in cross-slip system over relatively large
distances, from initial pile-up plane. Stress in cross-slip plane associated with a pile-up like
in figure 3.15c decays with distance normal to the reference glide plane as:
|z]

o= —Tea:p(—k(z)T) (3.19)

The closed form expression (3.19) is actually a fit to the stress field for a single dislo-
cation pile-up, generated by an ad-hoc DD simulation [Depres et al. 2004, Depres 2004].
Dependence of r on the non-dimensional quantity ||/l means the stress range of pile-up in
direction x is essentially proportional to its size nf U (see expression (3.17)). For screw-type
pileups, maximum values are k(z) ~ 5, where z = +//2. In this way, stress from configura-
tions shown in figure 3.15b falls down to the average stress level (¢ = +3.9 x 107 ) at
x = 0.32 times the inter-precipitate distance, i.e. at [ = 26 nm from individual precipitates.
Hence, both primary and cross-slipped dislocations can then go through local loop popula-
tions, in spite of the loop obstacle strength. Tendency to strain localization is avoided and

plastic strain easily spreads across the whole grain.

Though it is clearly beyond the scope of this work to predict ductility for actual poly-
crystals, comparative degrees of strain localization between different cases can be examined
quantitatively at the grain scale. To achieve this investigation, simulation volumes are first

divided into N sub-regions, parallel to the primary slip plane (see figure 3.16a). The ;'
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region is considered as being active if dislocation density is non-vanishing. The spatial
coordinate of the i** plane region, z; (in nm), is the distance of the plane i taken from a
reference grain boundary along a reference axis normal to slip planes. This axis is divided
into finite spatial intervals Az ~ 10 nm, and results are displayed in the form of dislocation
population versus position histograms (see figure 3.16). Localization effects presently
reported thus refer to the spatial extent of plastic strain spreading, in one simulation setup
relative to another. For example, if plastic deformation ¢, in setup-A is partitioned between
N, regions and ¢, in setup-B is partitioned between Ny regions, then, plastic strain is more

localized in setup-A relative to setup-B, if Ny < Np.
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Figure 3.16 — Spatial distribution of intra-granular plastic strain: comparison between the
different simulation cases, at exactly the same plastic strain level (¢, = 2 x 107%).
(a) The plastic strain distribution assessment method (see also in the main text).
Dislocation population of the most populated slice is set to 1. Populations in all
other slices are relative, with respect to this reference quantity. (b-d) Comparison
between the various cases of investigated in this work. Presence of secondary
peaks in d) witnesses plastic strain spreading at long distance from the initial
dislocation source slip plane. Solid, running average curves (calculated from the
as-displayed discrete values) are also plotted for clarity.
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In the absence of irradiation loops, plastic strain in an ODS-grain is more localized than
in its particle-free counterpart (see figure 3.16b). The present simulation results are
consistent with experimental trends obtained with early ODS steel fabrications, having 20
nm particles. In Ref. [Schaeublin et al. 2002] indeed, room temperature ductility is lower®
in ODS alloys than in their precipitate-free counterpart. In presence of the irradiation loops
however, our calculations predict an opposite trend. Namely, strain is more localized in
irradiated particle- free grains than in irradiated ODS-grains (see Fig. 3.16c and 3.16d).
This model thus predicts a beneficial role of ODS particles, on post-irradiation ductility
[McClintock et al. 2009, Alamo et al. 2004]. The relation between strain localization effects
reported above and macroscopic stress—strain behavior is not clear yet; this point would

need a separate study.

3.2.5 Conclusions

Full three dimensional DD simulations of plastic deformation in 1um Fe grains have been
performed at room temperature, accounting for thermally activated glide and cross-slip
for screw dislocations relevant to bcc crystallography. A tensile load has been applied
under multiple glide symmetric conditions, up to plastic strain of ¢, = 1073. Systematic
comparisons between grains containing various types of internal obstacles have been
presented including: 20 nm hard ODS-like precipitates, 20 nm soft loop-facets and a
joint distribution of 20 nm ODS-like precipitates and loop-facets. Loop-facet strength
introduced herein is as per MD simulation predictions of irradiation-induced dislocation
loop defect clusters. DD simulation analysis shows that, in absence of loop-facets, ODS
particles reduce the dislocation mean free path and hence lead to both material hardening
and further strain localization. In the presence of irradiation-induced loop-facets however,

the co-presence of particles yields an opposite trend. This beneficial effect is especially

?Reduction of ductility and increased strain localization are related quantities.
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active in small grains and explained in terms of particle/loop interplay. During tensile
deformation, dislocations accumulate around the precipitates, generating high internal
stresses. Subsequent plastic strain then spreads on account of cross-slip activation. With
the help of internal stresses, cross-slipped dislocations then overcome irradiation defect
cluster barriers. As a result, irradiation-induced strain localization and hardening are
reduced altogether. The present work describes dislocation-based mechanisms explaining
the beneficial role of ODS precipitates. The available computational power however imposes
limitations both on the amount of simulated plastic strain and on the particle distribution

examined.
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3.3 Effect of irradiation loop density on plastic deforma-

tion in RPV steels

3.3.1 Background

The ductile to brittle transition temperature regime (DBTT) of 16 MND5 RPV steel occurs
between 150K and 300K. In this regime, material toughness (and its scattering) markedly
increases with temperature and brittle fracture initiates, after a definite amount plastic
deformation accumulation. Description of local plastic deformation in function of the
macroscopic strain, temperature and dose can therefore help to improve the existing tools
and their predicting capabilities. At the grain (or bainitic lath) scale, dislocation dynamics
(DD) simulations have been developed in the past few years and adapted to treat irradiated
metallic materials. At the continuum mechanics scale, Finite Element crystalline plasticity
models have been recently presented in [G. Monnet 2011], where stress-strain evolution
in irradiated alpha-Fe also depends on irradiation defect density evolution. In that case,
it is believed that the irradiation defect population gradually decreases with strain, due
to the glide of dislocations on slip planes intersecting the defects. Our goal in this work
is to describe the interaction of the irradiation defect population with dislocations, using

detailed three-dimensional DD simulations adapted to alpha-Fe grain plasticity.

3.3.2 Model Description

This work carries forward the “loops-as-facets” prescription introduced in section 1, to
correlate the number of irradiation loops interacting with the dislocations and the overall
plastic deformation the grain undergoes. Although the distribution of irradiation loops can
be assumed to be homogeneous across the grain, the actual number of loops interacting

with a dislocation can be confined to only a certain regions of grains, depending upon the
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distribution of dislocation sources and their suitability of loading conditions for dislocation
glide and cross-slip. Our goal in this work is to describe the interaction of irradiation defect
population with dislocations, using detailed three-dimensional DD simulations explained

earlier.

A realistic representation of an irradiation loop is to construct it as a collection of co-planar
edge type dislocations. This description, apart from being computationally intensive, also
has another drawback: the distinction between the dislocations making up the irradiation
loop and the dislocations available for glide (FR source, for example) is no longer available.
Since in our simulations, irradiation loops are implemented as just planar obstacles and not
as a collection of co-planar edge-type dislocations, it becomes possible to track the status
of each of the irradiation defect as a function of time or stress. Here the status refers to
whether the loop is pierced by the dislocation or not. Getting this information will help in
understanding the strain localization phenomenon and the effect of the loading conditions

etc on it.

Since the glide of screw dislocations is thermal-assisted, the interacting loop population
also becomes a function of temperature. In the current study our interest is to explore the
loop-dislocation interaction in the temperature window of 150K-300K which the ductile to
brittle transition temperature regime (DBTT) of low-carbon ferritic steels, like 16 MND5
bainitic steel, for example. In the DBTT regime, material toughness markedly increases
with temperature and brittle fracture initiates after a definite amount of plastic deformation
accumulation. Description of local plastic deformation in function of the macroscopic strain,
temperature and dose can therefore help to improve the existing tools and their predicting
capabilities. At the scale of continuum mechanics, stress-strain evolutions in irradiated
a — Fe also depend on irradiation defect density evolution [G. Monnet 2011]. It is believed
that the irradiation defect population gradually decreases with strain, due to the glide of

dislocations on slip planes intersecting the defects.
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3.3.3 Simulation Setup

The adopted simulation volume morphology (cubical grain) and size (1um) is shown in
figure 3.17. Outer cube interfaces are taken as impenetrable obstacles to dislocation motion,
as for highly disordered grain or lath boundaries decorated by a high density of small

carbide particles.

- ~
--
- ~

Figure 3.17 — DD simulation setup. (a) The simulation volume containing one initial dislocation
source. b) Intra-granular obstacles to dislocation motion are taken as planar
interfaces called facets.

Unlike periodic boundary conditions, the chosen setup allows for a realistic description
of intra-granular stress and associated deformation mechanisms (strain localization, for
example), assuming stress heterogeneities due to adjacent grain plastic deformation are

neglected.

3.3.4 Simulated Cases

Our DD simulations are performed at 300K and 100K, under fixed plastic strain rate
conditions, in multiple slip (uni-axial tension along the (001)axis) and single slip applied
stress tensors (pure shear stress). The applied stress magnitude is feedback controlled in

order to keep the plastic deformation rate at a constant, pre-selected level and the stress
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correction magnitude at a given time depends on current accumulation increment of plastic
strain as explained in algorithm 2.1 on page 37. Runs with non-irradiated grain (without
particle-facets) are first performed, as reference cases. Then, up to 4 different mono-modal
20 nm (diameter) loops densities are tested: 5 x 10%°, 10?1, 2 x 10?! and 5 x 10*'m =3 (see
Figure 3.18). The selected densities are representative of different experimental conditions
[Hernandez-Mayoral & Gomew-Briceno 2010], as shown in Table 3.2.

Table 3.2 — Loop features in Fe versus dose (from [Hernandez-Mayoral & Gomew-Briceno 2010]).

In RPV steel, loop diameters can be up to 50% larger and loop densities 50% lower
than in pure Fe [C. Robertson 2010].

Dose (dpa) | Mean diameter (nm) | Max. Diameter (nm) | Density (x10*m3)
0.026 2 4 34
0.051 4.9 15 8.6
0.1 7.1 21 12.8
0.19 10.2 49 39.1

In actual irradiated grains, defect clusters have different sizes and are distributed at random
positions in the crystal. In the present simulations however, loop-facet clusters are regularly
spaced, making up a three-dimensional array. With this simpler arrangement, strain
localization in lower particle density regions is avoided and hence, comparison between
different simulated systems (see section 3.3.5.2) will mainly depend on implemented
loop-facet densities and properties. All simulated grains initially contain one L = 500nm
dislocation source, in the a/2(101)[111] slip system, taken as the primary slip system (cross-
slip systems associated with the initial source are: a/2(011)[111]and a/2(110)[111]). The
position of the initial source is exactly the same in all the cases, with a view to facilitate

analysis of the results.
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Figure 3.18 — Initial meso-scale DD simulation setups. a) Un-irradiated reference alpha-Fe
grain, (b) Irradiated alpha-Fe grain containing 5 x 102°loops/m? ¢) 10*'loops /m?
d) 2 x 10*loops/m? e) 5 x 102 loops/m3.

In general, stress-strain data to be presented in section 3.3.5 should not be directly compared
to experimental results obtained on macroscopic, poly-crystalline specimens, as was the

case with the earlier section.

3.3.5 Results
3.3.5.1 Plastic deformation before irradiation: reference alpha-Fe grain

The dislocation density increases linearly throughout the simulated time, attaining for
example 10" m™2 ate, = 2 x 107*. The same type (and rate) of dislocation density
evolution is observed in all the simulations herein. In the present case, applied stress
increases until new dislocation sources are generated spontaneously: first, by cross-kink

wandering and later on, by a double cross-slip mechanism. Spontaneous source generation
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and subsequent dislocation multiplication lead to stress level and dislocation velocity
stabilization. It is important to note that the same stabilized stress level is achieved,
regardless of the initial number of initial dislocation sources (at least, up to 20 initial
sources). Beyond the transient regime, the number of immobile dislocation far exceeds
that of mobile dislocation (estimated ratio 1:40), which is a well know character of plastic

deformation, in metallic crystals.
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Figure 3.19 — Effect of plastic strain in an un-irradiated alpha-Fe grain. a) 3D dislocation
structure for 2 x 10~* plastic strain, b) corresponding 3D deformation map. c)
Equivalent stress-strain curves at 100K and 300K.
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Careful examination of gamma-tau plot (not shown) show an absence of forest type
hardening: the tau level in primary slip system is not influenced by a high density of
dislocations in the secondary slip system, i.e. tau-primary remains the same (about 250
MPa) in both single and multiple slip, at both 100K and 300K. Flow stress increase with
decreasing temperature, in multiple and single slip, reflects the temperature dependent

evolution of quantity AG/kgT with temperature (see expression 3.1).

3.3.5.2 Plastic strain after irradiation: effect of mono-modal loop density

Loop-facets Edge-Loop Interaction
9 e |
Initial Configuration Pinning at Loops Unpinning
Loop-facets Screw-Loop Interaction
Scr\ew
Initial Configuration Pinning at Loops Pinning at Loops

D\ » %35\ » \@D\

Break through one loop Unpinning the other loop. Debris

Figure 3.20 — Interaction between one dislocation and 2 loop-facets using test DD simulations.
Calculations are performed under controlled plastic strain rate loading conditions,
in (001) uni-axial tension. The loop diameter is D =20 nm and center-to center
loop inter-spacing is 80 nm. The initial L = 150 nm long segment is pinned at its
extremities and belongs to the a/2(101)[111] slip system. a) Edge-loop case. b)
Screw-loop case.
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The irradiation loops are again implemented as shearable facets, as explained earlier
(3.2.1.1). The elementary loop-dislocation interaction is as shown in the figure 3.20. The
simulation parameters of the different runs (in section 3.3.5) are adjusted to obtain exactly
the same, average steady-state dislocation velocity. This precaution ensures that exactly the
same actual strain rate and mobile dislocation densities are obtained in each case. Then,
differences in stress-strain behaviors genuinely come from the adopted simulation setup, i.e.
loops, particles, grain boundaries, dislocation-dislocation interactions or any combination

of the above.

3.3.6 Meso-scale simulations

Simulations presented in this section include different, mono-modal densities of soft loop-
facets, consistent with irradiation doses of 0.05 — 0.2 dpa (estimation based on Table 3.2
data). When tensile loading is applied to the irradiated alpha-Fe grain, initial sources
are activated and shear loops are emitted in their respective, initial glide planes. Mobile
dislocations then interact with loop-facets and grain boundaries and cross-slip spreads out
plasticity across the entire simulated space. The average screw dislocation velocity is stable
during the whole simulated time; indicating that generation of new sources is more difficult,

due to loop-dislocation interactions.
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Figure 3.21 — Effect of plastic deformation on irradiated alpha-Fe grain containing 5 x
10%'l0ops/m?. (a) 3D dislocation and loop structures, (b) corresponding 3D
plastic strain map.

Interestingly, the presence of up to 5 x 10*'/oops/m?* do not affect the meso-scale plastic
deformation significantly (compare Figures 3.21 to Figures 3.19). In other words, there
is no evidence of sharp strain localization, up to irradiation doses representative of the
tested irradiation conditions. Homogeneous plastic deformation is one important condition
for continuum-scale modelling applicability. Hardening induced by the different loop
populations is around ¢ = 50M Pa in single slip (see Figure 3.22b, for ¢, > 2 x 107%).
Loop-induced hardening has a weak temperature-dependence, between 100K and 300K

(compare Figures 3.22a to 3.22b).
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Figure 3.22 — Stress-strain data in an un-irradiated and irradiated o — Fe grain including
5 x 102*loops/m? . Stress-strain curves obtained: a) at 300K, b) at 100K.

Increasing the loop density from 5 x 102! to 5 x 10*> m~3 does not significantly affect the
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hardening magnitude significantly (not shown). Hardening saturation for those loop densi-
ties variation is consistent with well known experimental trends [Matijasevic et al. 2008,
Miller et al. 2009]. All 3 available slip systems (one primary and two cross-slip planes
corresponding to it) get activated during all the simulations. Dislocation populations in
those different slip systems and corresponding hardening amplitude strongly depend on the
applied stress tensor. Dislocation population partition between the different slip systems is,

on the other hand, weakly dependent on temperature.

3.3.7 Quantitative evaluation of interacting loop population

The nature of the irradiation defects generating strain hardening in RPV steels is still a
matter of debate. Continuum scale models assume that irradiation defects in Fe can be
treated like local obstacles, namely considering only their density and average strength,
regardless of the defect type involved. Irradiation defect population intersecting one family
of slip planes gradually decrease with cumulative dislocation glide, due to dislocation-
defect interaction. For this reason, plastic strain tends to localize on initially active slip
planes, at least until dislocation density accumulation yields an augmentation of the Critical
Resolved Shear Stress. At the continuum level [G. Monnet 2011], the equation describing

corresponding total irradiation defect population p;, is:

prL = —Epry (3.20)

where ¢ is the elimination yield of loop-defects as obstacle to dislocation motion and +, the

(plastic) shear deformation rate (in s—!). This means

pr = prexp(—£7) (3.21)

Also,
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PL = POL — PLV (3.22)

where p.y is the interacting loop population whose evolution with plastic strain is finally

given by:

prv = p1(1 — exp(—£7)) (3.23)

Here, we will compare prediction of expression 3.23 with the interacting loop population
directly calculated during DD simulation, as explained in Figure 3.23. The interacting
loop count is incremented each time mobile dislocations interact and then, go through a
loop-facet, regardless of the incoming dislocation character. The curves shown in Figure
3.24 and 3.25 thus indicate the maximum possible number of interactions, as a function of

equivalent plastic strain.

Figure 3.23 — Progressive development of plastic deformation and interaction with loop popu-
lation. In this example, loop count associated with images (a) through (f) reads:
2, 3, 5, 14, 31, 40, etc. Loop density is 5 x 10?*loops/m?> . Only the interacting
loops are represented.
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Figure 3.24 — Interacting loop population assessment at 300K, using DD simulations. a) Multi-
ple slip b) single slip.
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Figure 3.25 — Interacting loop population assessment at 100K, using DD simulations. a) Multi-
ple slip b) single slip.

Interestingly, it is possible to fit all the curves from 3.24 and 3.25 using expression 3.23
using a narrow range of the parameter £ = 100 — 120 with corresponding initial loop
densities. This means equivalent plastic strain is the main factor controlling interacting loop
population evolutions, regardless of the selected applied stress tensor or temperature. Under
controlled strain rate conditions, interacting loop population is thus independent of the

active slip system number and of screw dislocation mobility evolutions with temperature.

The quantity ¢ derived from Figures 3.24 and 3.25 data assumes a loop sweeping yield of
100%, regardless of the nature of the interacting dislocation (edge or screw). In reality,

loop removal mainly takes place due to screw-loop interactions.
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Figure 3.26 — Effect of loop-facet strength on the interacting loop population. Plastic strain is
proportional to simulated time, since the runs are made under controlled plastic
strain rate conditions.

Incidentally, the number of interactions at a certain plastic deformation level directly
depends on the obstacle strength, at least up to 300 M Pa(see Figure 3.26). This means
loop count due to edge-loop interaction (strength = 215 M Pa) should be about 3 times
as large as loop count due to screw-loop interaction (roughly: 215/67 ~ 3, see section
3.2.1.1), assuming identical edge and screw dislocation densities. Accounting for screw-loop
interaction only, the quantity x should therefore be in the range 25— 30 (instead of 100—120).
In reference [G. Monnet 2011] however, best consistency with stress-strain evolutions
observed at the macro-scale is obtained with x = 1-10. This is apparent discrepancy which
we analyze in the following way: Unlike in fcc, loops in bec are re-emitted after interaction
completion, whereby the loop is displaced over a distance comparable to the loop diameter.
This means that a given loop can interact many times with new coming mobile dislocation,
as plastic deformation accumulates, as long as it is present in the crystal. So the average
number of interactions is the crystal diameter divided by the half loop diameter. Here

we have 0.5u/0.02u = 25. Our data is compatible with both macro-data and well-known
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dislocation-loop interaction mechanisms, provided 5-10 screw-loop reactions take place,
on average, before a given loop is dragged sufficiently far to cease interacting with mobile
dislocations. The total loop displacement (from its initial position) is then about 5 to 10

times the loop diameter, i.e. 100 to 200 nm.

3.3.8 Conclusions

Full three dimensional DD simulations of plastic deformation in 1y alpha-Fe grains have
been performed at 100° K and 300° K, accounting for thermally activated glide and cross-
slip for screw dislocations. A tensile load has been applied under single and multiple
glide conditions. Glide characteristics of bcc Fe-crystals are observed during all the runs,
including: random cross-slip, pencil or wavy glide. At the grain scale, the present DD

simulations show that:

1. Flow stress variations with temperature reflect corresponding evolutions of the quan-

tity AG/kgT used to calculate the screw dislocation velocity.

2. Unlike fcc crystals, Fe grains exhibit very little forest-type strain hardening: this
means deformation mechanisms at low plastic strain are more or less independent of
the plastic strain levels. In other words, it is possible to extrapolate the evolutions

observed herein to larger plastic deformation.

3. Dislocation population evolution in the different systems strongly depend on the

applied stress tensor.

Irradiation induced loops are introduced in the form of immobile internal obstacles called
facets. During the runs, loop-facets are crossed by mobile dislocations, depending on
whether a local stress criterion is satisfied. The loop-facet strength introduced herein is

as per MD simulation results and depends on the mobile dislocation type. Systematic
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comparisons between grains containing various loop densities are then performed. The

analyzed post-irradiation features include: dislocation micro-structures, cross-slip frequency

and dislocation/facet interaction frequency and grain boundary plastic displacements. The

main conclusions from that investigation are:

The addition of up to 5 x 10?*/oop/m? loop-facets does not induce significant strain

localization, based on 3D plastic strain mapping of the simulation volume.

Loop-induced hardening is significant and stable with increasing plastic strain. Its
magnitude is weakly dependent on temperature (100° K — 300° K range) and loop

density, within 5 x 10%° — 5 x 10*'loops/m? density range.

The loop interaction frequency is independent of the nature and the number of
active slip systems and of screw dislocation mobility evolutions with temperature

(100° K — 300° K range).

The interacting loop population is directly proportional to loop strength (at least up

to a strength of 300 MPa) and density.

Macro and DD scale evolutions of loop population with plastic strain are compatible,
assuming 5-10 screw-loop interactions (absorption and subsequent re-emission) take

place before a given loop cease interacting with mobile dislocations.
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Chapter 4

Role of primary and cross-slip stresses
on the multiple clear channel formation
in irradiated austenitic steels

In this chapter, the collective effects of interaction between dislocation and
interstitial loops in leading to clear channel formation, is studied through 3D DD
simulations. More specifically, this is an attempt to predict the number of shear
bands affecting (deforming) the grain boundaries, in presence of the representative

irradiation defect cluster populations.

4.1 Introduction

This chapter examines a different manifestation of strain localization: the clear channel
formation, discussed in section 1.3.2 on page 8. Here, two types of DD simulations have been

carried out based on their complementary capacities and limitations:

In Type-I simulations, irradiation-induced defect clusters are treated explicitly, in the
form of prismatic loops. These simulations are an extension of the work performed by

Nogaret et al [Nogaret et al. 2008], in understanding the single clear channel. Through

110



Type 1 DD simulations: loop defect clusters as prismatic loops Chapter 4

these simulations, the collective phenomena obtained by Nogaret are reproduced, and then
those results are analyzed in terms of stresses in the primary and cross-slip planes to predict

the characteristics of multiple clear channels.

In Type-II simulations, the Type-I configuration is coarse-grained both in space and time.
Here, the irradiation-induced defect clusters are treated as planar obstacles to dislocation
motion. This description has reduced computational load and unlike Type-I modeling,
includes thermally activated cross-slip mechanism, as required for simulating the formation
of multiple slip bands. Experimentally new clear bands initiate from existing ones by
germination of secondary channels in cross-slip planes. This means strain spreading into
new shear bands is a deterministic process, depending on interplay between clear band
internal stress and obstacle strength. Shear band spacing and plastic strain spreading

obtained in Type-II simulations is documented and analyzed, in terms of a pile-up model.

4.2 Type 1 DD simulations: loop defect clusters as pris-

matic loops

4.2.1 Simulation setup and dislocation-loop interaction modeling

DD simulation parameters The 3D dislocation dynamics code used for the study is the
edge-screw model [Verdier et al. 1998] introduced in chapter 1, section 2.2 on page 29.
Elastic constants of a copper crystal are selected. Copper was chosen because its lattice
parameters and are close to that of Fe, and also because the elementary MD results for
elementary dislocation-loop interactions are available for it [Nogaret et al. 2007]. The
cross-slip threshold 7;;;, stacking fault energy and other material parameters correspond to
that of fcc iron. The materials parameters used in this work are listed in the Table 4.1. No

thermally-activated cross-slip is implemented in Type-I simulations.
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Poisson Young’s Density p Viscous Cross-slip Burgers
ratio modulus E (kg.m™3) drag coef. B threshold vector b
(GPa) (1075 Pa.s) stress (10~ 10m)
7r11(MPa)
0.324 42 8940 1.06 32 2.54

Table 4.1 — Mechanical and microscopic properties of copper at T=300 K

720nm

-

%)
?)
Z 2

Figure 4.1 — a) Type-I DD simulation cell dimensions. b) Random loop positions. D = 10nm,
L = 50nm, 6t = 5 x 10~ "s. Lattice spacing = 0.08b, Lmax = 11nm, Thye < Tedge-
The blue arrows indicate the shear direction. Thermally activated cross-slip is
switched off.

Loading and boundary conditions The 0.60 x 0.60 x 0.72 pum? simulation cell is shown in
the figure 4.1. Cell borders act as impenetrable grain boundaries, with respect to dislocation
motion. Horizontal planes are Y = (111) glide planes, while the Z axis is along the
3[101] Burgers vector direction. The applied stress tensor shear component o, is feedback
controlled in order to impose a constant strain-rate do,,/dt = 3.0 x 10%s~'. A dislocation
source is placed along one of the simulation cell border, to model dislocation emission from
heterogeneities.

A simple criterion is used for dislocation emission: the source emits a new dislocation (one
half-loop) when the applied stress o, reaches a critical value, called the nucleation stress
Touel- Dislocations emitted by the grain boundary source belong to the %2 (101) 111 system,

to be called the primary slip system.
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Implementation of MD observations in DD modeling The atomistic mechanisms ob-
served in the MD simulations of Nogaret, discussed in section 1.4.2.2, are implemented
in the current DD simulations, in the following way: Loops are initially introduced as
a set of perfect prismatic loops with the Burgers vector of the dislocation source. Each
prismatic loop consists of 4 edge segments, two on the primary slip system and the other
two on the cross-slip system (see figure 4.2). Segment length (and thus the loop size)
is set to D = 10nm. The loops are located at random positions in the simulation vol-
ume, with a density N = 3.7 x 10**m~3, in agreement with TEM observations (dose <
1 dpa, [Pokor et al. 2004]). The mean corresponding inter-loop distance in glide planes
is L = 1/4/(N x D) = 52nm, which is equal to the distance considered in reference MD
simulations [Nogaret et al. 2007]. Frank loops are modeled as "frozen" 1[101] interstitial
prismatic loops, as the i (111) Burgers vectors are not valid Burgers vectors in fcc (see
figure 5.2 on page 151). Initially, these prismatic loops are "frozen", i.e. they are fixed and
not allowed to recombine with mobile dislocation segments, because they model Frank

loops that are sessile loops.

[111]

[10-1] |0 nm

Figure 4.2 — Modeling of Frank-Loops in fcc. Each loop is constructed such that two of its edges
are in the primary slip plane and two of them are in the cross-slip plane. The
Normal of these loops is in the direction of the Burgers vector corresponding to
those two planes. The density of the loops is so chosen such that the the average
separation between the loops is about 50 nm.

The interaction rules of this prismatic loop with edge and screw dislocations is explained in

figure 4.3:
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Figure 4.3 — Illustration of interaction rules for a) Screw and b) Edge dislocation with a pris-
matic loop. The edge-screw segmentations of these dislocations are shown here.
The dislocations are located in the [111] plane and have Burgers vector of the type
[101].

When a dislocation meets a loop, if the dislocation is locally screw at 20°(see figure 4.3a),
the loop is unfaulted and is freed : thus the contacting dislocation segment can react with
the loop to form spontaneously a helical turn. In the other cases, the loop is sheared
and remains "frozen" : the contacting dislocation segment cannot react with the loop
and remains blocked until the two dislocation arms pinned on the loop reach a critical
angle equal to 100° (see figure 4.3b), which gives a shear stress in agreement with MD

simulations.

The values for XL (lattice parameter), L,,,, (maximal length of dislocation segments), dt
(time step) are taken as 0.08b, 11nm, 5 x 10~ '4s respectively. Thus, XL is less than the
inter-atomic distance, but in practice, the dislocation segments have a size greater than
some tens of X L, i.e. greater than b. The use of X L less than b permits a good description

of Frank loops. Since the lattice parameter XL was decreased, the time step was also
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decreased down to 5 x 10~ !4s in order to insure the stability of the integration algorithm.

9
f) T

Figure 4.4 — Interaction of an Edge dislocation with the loops is shown on the left, and screw
dislocation interaction with the loops is shown in the right. The snapshots are
to be read from bottom to top. a) represents the initial configuration for edge
and screws. b) represents the instantenious configuration when the dislocation
contacts the loops. c) With time, the edge dislocation is only blocked by the loops,
whereas the screw dislocation absorbs the loops as helical jogs. d) The central
loop is bypassed by Orowan bypassing in the edge case, whereas in case of the
screw the loops are totally absobed as jogs. e),f)With time (and stress) the edge
dislocation bypasses all the loops and bows out. Screw dislocation, on the other
hand, bows out pushing the absorbed irradiation loops in to the corners.

The evolution of edge and screw dislocation in the presence of three irradiation loops
having the same Burgers vector as the dislocation themselves is given in figure 4.4. From

the simulation corresponding to figure 4.4 it can be seen that

1) In case of an edge dislocation the loops are just sheared but they continue to remain at
their location, whereas in case of a screw dislocation, the loops are absorbed as helical jogs,

which are then pushed to the ends of the pinning points.
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2) Another point to note is the elevator effect shown by screw, loop interactions. The
screw dislocation that gets activated after absorbing the helical jogs is on a different plane,
at a height proportional to the loop size. The stress-strain plot corresponding to these

interactions, is as shown in the figure 4.5.

250 | Edge
: Screw
200 |
? L
o
S 150 |
?
o 100 -
=
N sf
O |
w
A 1 L L 1 L L . 1 L L 1 L L L 1 L
0.00 1x10°° 2x10°® 3x10°® 4x10°
Strain

Figure 4.5 — Stress-strain plots for the interaction of edge and screw dislocations with the
irradiation loop. The blue plot is for screw dislocation and the red plot is for an
edge dislocation. These plots correspond to the snapshots given in the figure 4.4.

3) The stress-strain plot of figure 4.5 shows large excursions and in the case of screw
dislocations it is even negative at some places. This is again a consequence of the constant
strain rate control employed in these simulations. The attractive character of the screw-loop
interaction is refectled in the stress before their contact (corresponding approximately
to the snapshot 4.4b on the right, screw). Molecular Dynamics simulation of dislocation
interaction with obstacles also revealed similar stress variations [Bacon & Osetsky 2007,

Bacon & Osetsky 2009, Bacon et al. 2009].

4) It can be seen from figure 4.5 that the maximum interaction stress for a screw dislocation
(blue line) is almost double that of the edge dislocation (red line). When a screw reacts
with a loop, it acquires a helical turn which is the strongest possible obstacle as it spreads

along the entire dislocation thanks to the mobility of the superjogs along the dislocation

!see also figure 3A of [Fan et al. 2013]
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line. Edge dislocations on the other hand, need much less stress to shear the irradiation

loops (red line).

5) Although screw dislocations require higher stress, they systematically unfault the loops
and can therefore clear a glide plane. Edge dislocation can only shear the loops, and cannot

aid in the clearing the shear band. These observations are summarized in the table 4.2.

Table 4.2 — Summary of screw and edge glide mechanisms in the presence of irradiation loops.

Edge Dislocation Screw Dislocation

Loop shear Loop absorption as helical turns

Drag of helical turns Gets pinned by helical turns.

Glides at moderate stress | Glides only at high stress.

Planar glide Elevator effect. Gets re-emitted in the upper glide plane.
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4.2.1.1 Plastic deformation in the presence of loops: single clear band formation
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Figure 4.6 — Single clear band simulations. a) Stress-strain behavior of the simulation cell. b)
Perspective view of the simulation cell after clear band formation, c) cross-section
view of a clear band, d) top section view of the same clear band.

In this section, plastic deformation due to a single screw dislocation source is analyzed. The
source emits dislocation(s) through a random population of Frank loops. The nucleation
stress is set to 7,,,. = 90M Pa, i.e. below the critical loop strength for both edge and screw
dislocations interaction. Consequently, isolated (or single) dislocations cannot glide through
the entire irradiated crystal: dislocation glide is only possible with the help of collective
mechanisms. Practically, the first dislocation gets pinned by the helical jogs formed on
consecutive prismatic loops. The applied stress then increases and reaches the nucleation
stress. A second dislocation is then nucleated, producing a small plastic strain burst, while

the applied stress drops. The second dislocation also gets pinned and the applied stress
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rises again, triggering the nucleation of a third dislocation, etc (see figure 4.6, and figure

6b of [Nogaret et al. 2008] for a better illustration).

Dislocation clearing of irradiation loops According to [Nogaret et al. 2008, Nogaret 2007],

two mechanisms are involved in the channel clearing of dislocations, as in figure 4.7:

1. Screw dislocation first unfault the dislocation loops and absorb them as helical turns.

2. The edge dislocations are brushed to the ends of the dislocation line.

|High density of Ioopsl

Screw dislocations these loops
into them as helical turns

=

The helical turns are pushed to the
ends of the dislocation line.

L 2

| Progressive clearing |

<=

Defect free zones |

¥

| Strain localization |

Figure 4.7 — Mechanism of channel formation, as per Nogaret.

Thus, successive and asymmetric action of edge and screw dislocations is responsible for
efficient loop removal: It leads to the transformation of a uniformly distributed nano-
metric sized defects into clusters of large prismatic loops. This results in the localization
of deformation in those glide planes which are cleared of their irradiation loops. Another
important effect of pile-up development is progressive accumulation of internal stress,
in the cross-slip system. Experimentally, new clear bands initiate from existing ones, by

germination of secondary channels, in obtuse cross-slip planes (see [Yao 2005]). This means
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strain spreading into new shear bands is, possibly, a deterministic process, depending on
interplay between clear band internal stress and obstacle strength. In an attempt to confirm
this idea, internal stress in the vicinity of idealized and realistic pile-ups is investigated in

the next two sections.

4.2.1.2 Stress field due to ideal dislocation pile-up

Basic strain spreading mechanisms can be better understood by examining the resolved
shear stress field associated with an ideal pile-up, made of N rectilinear screw dislocations.
We will examine in detail stress projected in primary and cross-slip systems. In the DD
simulation framework, individual dislocations are treated as inclusions in an isotropic elastic
medium. The long range stress field due to an infinite screw dislocation along the z-axis,

moving along the x-axis has the shear stress components o, and o,, expressed as

Gb
== - ’1
Gb
= ——— .2
Tyz 27 (x2 + y2)$ (4.2)

where (z,y) are the coordinates of the evaluation point, assuming the dislocation is located
at the origin and G is the shear modulus. The shear stress resolved in the primary slip
system is 7., = 0,.. In this framework, the normal to the cross-slip plane is (—\%, %, 0) so

that the shear stress induced by an infinite dislocation in the cross-slip system is

Gb
27 (22 + y?)

4.3)

Tes =

3 3

2v/2y N {]

Note that equation (4.3) now depends on both = and y in a non-equivalent manner that

will affect the cross-slip geometry. In the absence of obstacles, such stress distributions
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favor obtuse over acute cross-slip geometry [Kubin et al. 2009].

In the case of a pile up of N infinite screw dislocations, the internal shear stress is given by
the superposition of stresses expressed as in equations (4.1 and 4.2), for different values of
x. For a given balanced pile-up, each dislocation is located at a null value of the effective
stress obtained as the summation of the applied and internal shear stresses. In other words,
the internal stress shields off the applied stress acting in the dislocation slip plane, as shown

in figure 4.8a.
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Figure 4.8 — Resolved stress field due to a screw dislocation pile-up. The dislocations are pushed
against the grain boundary by the applied load 7,ppiicq = 420M Pa, on both sides
of the grain. a) Stress field (internal + applied) resolved in the primary slip system,
plotted in plane z = 0. The stress vanished near y = 0 because the applied stress is
shielded by the internal stress due to the balanced pile-up. The stress comes back
to the applied stress level at a characteristic distance y = d, from the reference
glide plane. b) The shear stress field resolved in the cross-slip system, plotted
in plane z = 0. Near the pile-up extremities, the stress falls back to zero at the
same characteristic distance y = d, from the primary glide plane. c) In the absence
of obstacles, the stress-dependent cross-slip probability and characteristic glide
range OB depend on the screw dislocation position x, at the time of the glide plane
change (ranges O1 By ... depicted here are arbitrary). The characteristic slip range
also depends on the cross-slip direction: it is longer in the obtuse than in the acute
direction. In this example, the screw dislocations moved from left to right, before
reaching equilibrium.

In figure 4.8b, the effective (applied+internal) stress profile in the cross-slip plane induced
by the equilibrated pileup of screw dislocations is plotted. The sign of 7., changes on each

side of y = 0. This internal stress effect is limited to a small region, mostly concentrated on
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the pileup extremities. Beyond a certain distance d, the effective stress is again, only due to
the applied stress. In the case of a pure shear stress imposed in the y-plane, the applied

stress resolved in the cross-slip plane is one-third of that resolved in the primary plane.

We have shown that dislocation pile-ups are present in the primary clear band (see figure
4.6). For this reason, secondary channels should initiate at a position x yielding optimal
cross-slip conditions. A screw dislocation cross-slipping at a given position will keep on
gliding in the new slip plane so long as the driving stress t.; remains strong enough. For
instance, the potential glide range OB in cross-slip plane is larger if a screw changes its
glide plane at position x = O3 (close to pile-up extremities: see figure 4.8c) than at position
x = O or O,. In other words, it should be possible to predict inter-band spacing according

to stress profiles along OB.

Stress field due to a 2D pile-up in a closed grain. A similar analysis of the local stresses
has been conducted in reference [Depres 2004] in the case of a dislocation pile-up in a bulk
grain of finite size. The dislocation microstructure was obtained by a single Frank-Read
source, located in the center of a cylindrical grain of diameter equal to the height. Figure
4.9 shows the final state when all dislocations achieve their equilibrium positions for a
given applied stress magnitude. At the pile-up extremities (near the grain boundaries), the

internal shear stress can be described by the following expression

Tint (X, y) = Tappexp(—k(x)%) 4.4)

where y is the distance normal to the reference slip plane, 7,,, is the applied shear stress
magnitude, [ is the pile-up length as defined in figure 4.9, and k(z) is a continuous function
of z. For 7(x,y) projected in the primary slip system, k(x) is maximal at the pile-up center
x = 0 and minimal at the pile-up extremities x = +1/2. The sign of is the same on both

sides of the primary slip plane (in both y > 0 and y < O regions, c.f. figure 4.8a). For
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a projection in the cross-slip system however, k(x) is minimal at z = 0 and maximal at
x = £l/2, while the sign of in the y > 0 region is opposite to that in the y < 0 region (c.f.
figure 4.8b). The negative or y < 0 region or branch corresponds to acute cross-slip, while

the y > 0 region corresponds to obtuse cross-slip (c.f. figure 4.8c).

Screw type
pile-up

: pile-up length

Edge type pile-up

Dislocation source Glide plane

Figure 4.9 — Three-dimensional dislocation pile-up developing in a finite-sized grain. The
coordinate axis y is perpendicular to the pile-up glide plane. In this case, the
pile-up length 1 is equal to the grain diameter ®.

4.2.1.3 Stress field due to realistic clear band arrangement

Realistic clear band simulation was presented in Section 4.2.1.1. The corresponding internal
stress distribution can be determined by post-treatment analysis, accounting for the initial

defect population and subsequent, deformation-induced dislocation arrangement.

For analysis purpose, a 2D mesh of (700 x 700nm?) comprising 200 x 200 discrete points
is generated parallel to the (111) cross-slip plane. The mesh is placed in a simulation cell
where the internal stress resolved in the cross-slip plane is maximal, which corresponds to
a plane containing A3z, O3 and Bj as pictured in figure 4.10. The internal resolved shear
stress is then calculated at each mesh point. Calculation is done before and after the clear
band is generated. Calculation is done before and after deformation, i.e. after clear band
is generated. Initially, the stress distribution along direction [121] is due to the loops

only (figure 4.10b). For this reason, this stress distribution does not display any particular
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feature: the number of points with positive stress is comparable to the number of points

with negative stress.
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Figure 4.10 — Type-I simulation results: stress field in the clear band region. a) Calculation
mesh position: parallel to cross-slip plane (111). b) The resolved shear stress
along the 121 cross-slip direction: before clear band formation. The internal
stress field is due to the loop population only. c) Calculation mesh position
parallel to the cross-slip plane is the same as in a). d) The resolved shear stress
along the (121) cross-slip direction: after the clear band formation. The internal
stress field is due to the developing clear band, including dislocation pile-ups,
debris, jogs, etc. Note the strain-induced stress distribution modulation, in the
AOB region. The simulation volume boundaries are not shown for clarity:

Once the clear band is formed (see figures 4.10c and 4.10d), the mobile dislocations in
the clear channel yield a clear modification of the stress state in the A3 O3 Bs region. The
stress polarized region extends over a certain distance on either side of the primary slip
plane (point O3 in figure 4.10d). This modulation is a direct consequence of the dislocation
structures developing in a finite sized bulk grain. A clearer picture of the deformation-
induced changes can be obtained by subtracting the plot of figure 4.10b to that of figure

4.10d. Stress contribution due to the frozen loops is thereby filtered away, as presented
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in figure 4.11. Between point A and point O, i.e. below the glide plane y = 0, the stress
polarity is negative and gradually increases, as y — O. Between point O and point B,
i.e. above the glide plane y = 0, stress polarity is positive and gradually vanishes with

increasing distance y > 0.

Interestingly, it is possible to describe the cross-slip stress evolution along direction y using
equation (4), taking t,,, = 150M Pa (from figure 4.1a) and k(z) ~ 5). This description is
consistent with a pile-up length [ = 0.3um, in good agreement with the results presented in
figure 4.1d. The fitting parameters account for realistic and complex dislocation features,

including dislocation curvature, super-jogs, debris, etc.

For this reason, stress distribution (along the [121] direction) before deformation includes
no particular feature: the number of points with positive stress is comparable to the
number of points with negative stress. Stress magnitude extrema correspond to calculation
points located close to a dislocation segment, i.e. where the internal stress diverges
(tos > 200M Pa or ¢ < —200M Pa) with » — 0. This characteristic is a major difficulty
for introduction of thermally activated cross-slip in Type-I DD modeling: high stress due
to a diverging stress field leads to unrealistically large cross-slip probability, compared to
experimental observations [Depres 2004]. In addition, complex stress state in the vicinity of
a dislocation segment can change partial dislocation splitting dy and consequently, affect the
cross-slip probability. Type-I model shortcomings are addressed by using Type-II simulations,

to be presented in the next Section.

Stress distribution exhibits a clear deformation-induced evolution in AOB region (see figure
4.10 and figure 4.11), with respect to un-deformed condition (compare figure 4.10d and
figure 4.10b). This change is directly ascribed to dislocation structure development: shear
loops, jogs and debris. The stress polarized region extends over a certain distance on either
side of position O (see 4.10d). A clearer picture of deformation-induced changes can be

obtained by subtracting after/before plots: stress contribution due to fixed loop is then
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filtered away (see figure 4.11). Between point A and point O, i.e. below the glide plane
y = 0, stress polarity is negative and gradually increases, as y — O. Between point O and
point B, i.e. above the glide plane y = 0, stress polarity is positive and gradually vanishes
with increasing distance y > 0. In any case, the positive stress branch (y > 0) leads to
acute cross-slip, while the negative stress branch (y < 0) yields to obtuse cross-slip (see
figure 4.8 ). Interestingly, it is possible to fit the overall 1D stress cross-slip stress profile in
the cross-slip plane using equation 4.4 with 7,,, = 150M Pa (from figure 4.6a) and pile-up
length [ = 0.4pum.
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Figure 4.11 — Type-I simulation results: internal stress field (without the applied stress contri-
bution) associated with a developing clear band. The average stress evolution
between markers O and B can be fitted using equation (4.4).

4.3 Type-II DD simulations: loop defect clusters as facets

4.3.1 Simulation setup and dislocation-loop interaction modeling

Note that in the earlier simulations, cross-slip was not implemented, as the cross-slip
algorithm for fcc [Robertson et al. 2001, C. Robertson 2012] is not appropriate at this
length scale (~ 0.08b) and time scale (5 x 1071*s). This implies that the simulation cannot

capture the phenomena that are dictated by cross-slip. One way to handle cross-slip is
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to coarsen the length and timescale of the simulation to those levels where the cross-slip

algorithm of [Robertson et al. 2001, C. Robertson 2012] is appropriate.

Here, a new modeling scheme will be presented, that will complement the earlier Type-I
simulation. In this scheme, an irradiation loop is represented as just a planar facet instead of
four connected dislocation lines. These planar facets are of the same size as the irradiation
loops, but they don’t produce any long range stresses like the irradiation loops. The facets
are shearable: that is, a dislocation segment can pass through the facet if the resolved shear
stress acting on that dislocation is more than a certain value. The Edge-Screw interaction
anisotropy with the loops is implemented through giving different loop strengths for edge
and screws. The strength of the shearable facet is higher if the incoming dislocation is a
screw, and is much smaller if the interacting dislocation segment is an edge. This is to
implement the loop strength anisotropy seen in the earlier DD simulation (see figure 4.5).

The algorithm for implementing this “loops-as-facets” scheme is outlined in 4.1 below.

Algorithm 4.1 Implementing irradiation loops as planar obstacles.
* At every time step, do

— For every facet do
* Check if any dislocation segment is close enough to pierce it in the next time
step.

« If any dislocation segment is found, check if it is an edge or a screw, and also
obtain the resolved shear stress acting on it, call it oy.

« If the incoming dislocation segment is an edge:
- If 04 > 0, the dislocation is allowed to pass through the segment.
- Otherwise it is blocked in front of the facet.

« If the incoming dislocation segment is a screw:

- If 04 > 05 the dislocation is allowed to pass through the segment, and
the facet is removed from the simulation.

- Otherwise it is blocked in front of the facet.

— done.

* done.
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Note that if a facet is pierced by a screw dislocation segment ( i.e., if o0, > o), it is removed
from the simulation volume. Or, implementation wise, its strength for incoming screws and
edge segments is zeroed, o, = 0. = 0. This is mimicking the loop absorption by a screw
dislocation (see right image of figure 4.4). Such loop absorption does not happen on an
edge segment hence the loop strength is not zeroed when it is pierced by an edge segment.
The loop strength for edge, o. is set to about half of the loop strength for screw, o, (see

figure 4.5).

By replacing loops with planar obstacles, the length scale of the DD simulations, X L, can
be increased back to 10b, rather than 0.08b used earlier. Similarly, the timestep of the
simulation can also be now increased. This allows for simulating larger simulation sizes
and for larger times. This is because, in this implementation, the irradiation loops are not
dislocation segments and hence there is no need to reproduce the reaction of the dislocation

segment and the irradiation segments.

The planar facets only act as the obstacles to dislocation motion, and cannot reproduce
the microscopic reactions like formation of a helical turn when interacting with a screw
dislocation etc. The elevator effect, which is a consequence of screw dislocation absorbing a
loop as a helical turn is also absent in these simulations. But since the length and timescale
of the simulations are typical of DD simulations, the cross-slip algorithm (as presented in
[Depres 2004, Shin et al. 2003] ) can be implemented. So, a true three dimensional set-up
of irradiation loops can be constructed and the dislocations can be allowed to spread over
the whole grain, by use of cross-slip. The snapshots for the typical evolution of a FR source

in the presence of a 3D spread of irradiation loops is shown in the figure 4.12.
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Figure 4.12 — Evolution of a FR source in presence of the irradiation loops implemented as
shearable facets. The corresponding figures on the top and bottom refer to
the same configurations, except that the top figures are viewed along the line
direction (Burgers vector of the screw) whereas the figures on the bottom images
are viewed along the glide direction of the screw dislocation. The strain spreading
in the grain, due to the multiple cross-slips is clearly visible.

The simulation volume considered in figure 4.12 is of 13, and the initial dislocation length
is 100nm. The simulation volume is populated with 1000 randomly placed planar obstacles
of 10 nm size and whose normal is along the dislocation line direction. Note the cross-slip

phenomenon is operational at image c.
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Algorithm 4.2 Generating irradiation loops as facets of different orientations.
Obtain the relevant parameters

1. The simulation box dimensions and orientations: Let they be [, l,and /3 and 1, 1, and
13 respectively. Note that ||/;|| = 1Vi = 1..3

2. The corner of simulation volume, let it be C.
3. The irradiation-loop size and Burgers vector : Let they be r and b respectively.
4. The number of irradiation loops, N.

Now, do the following:
For each loop = 1..N do

1. pickup three random numbers ry, ro,r3 (0 < 7; < 1,7 = 1..3).
3
2. Set the center of the loop at ¢, = Y _rilil;.
=1

3. The normal to this loop is b, one of the possible Burgers vectors of fcc (See section
5.1). Obtain the two edge directions corresponding to this screw direction, b. Let
they be e; and e;. Note that b.e; = 0,7 = 1,2. and |le;|| = 1

4. Construct the loop with ¢, as the center and e; and e.as it sides, of length 7:

V1 = Cloop — 5(€1 + €2)
Vo = Cloop + 5(€1 — €2)
V3 = Cloop + 5(€1 + €32)
V4 = Cloop — %(el —ey)

5. Translate these vertices by C, the corner of the simulation volume:
V; :Vl'—i-c,i =1.3

and write these coordinates into a file.

6. Ensure that this facet does not physically overlap with the existing facets. If there is
an overlap, discard the entry and repeat from step 1.

done.
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Validation of facet description approximation The same density of loop-facets is in-
troduced in a simulation cell having the same dimensions and boundary conditions as
for Type-I simulations. A dislocation source is placed along a border of the cell, using
dislocation emission 7,,,; = 90M Pa as before, while taking the same applied loading rate
(10*s71), lattice parameter (10b) and time step (5 x 10~2571) to be used in Type-II calcu-
lations. For the sake of comparison, dislocation cross-slip is switched off during this
first simulation. Simulation results using facet-loops are shown in figure 4.13b through
figure 4.13c. The resulting dislocation structure shown in 4.13b is planar and coarser than
the more realistic figure 4.6d case. Since this simplified description takes much fewer
dislocation segments, Type-II simulations allow generating larger plastic strain amount and

consequently, multiple clear bands in the simulation volume.
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Figure 4.13 — Type-II simulation setup. a) Facet-loops are soft obstacles, conditionally traversed
depending on the local stress magnitude and the mobile dislocation type, edge or
screw. b) Shear band simulation in the presence of facet-loops. The displayed
loops are those traversed by mobile screw dislocations (cleared loops) c) Stress-
strain plot of simulation shown in b). Pile-up back-stress and associated work
hardening are pronounced (unlike in figure 4.8a).

4.3.2 Plastic deformation in presence of loops: multiple shear bands

Unlike the prismatic loops introduced in Type-I simulations, loop-facets introduced here

do not produce long range stress. Therefore, there is no stress divergence with r — 0
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for mobile dislocations approaching individual facets. The corresponding, non-diverging
stress landscape allows use of a classical thermally activated cross-slip model [Depres 2004,

Shin et al. 2003], where cross slip probability P over each time step is:

) (4.5)

where (3 is a normalization coefficient ensuring that 0 < P < 1, [ is the length of the
considered screw segment, Lo, = 1um, At is the discrete time step, ¢, = 1s, V the activation
volume, 7, the effective resolved shear stress in the cross slip system and 7;;; a threshold
stress for cross-slip activation, that scales with the stacking fault energy of the simulated fcc
crystal through the partial dislocation splitting distance [Robertson et al. 2001]. In practice,
a random number N between 0 and 1 is first generated. Dislocation cross slip occurs only if

N < P.

Type-II simulations have reduced computational intensity, as compared to Type-I simulations.
This is achieved through the use of a much larger discrete lattice parameter (10b) and
time step (At =5 x 107'!s) than those used in Section 4.2. That coarse gaining procedure
allows for generating plastic strain levels corresponding to multiple shear bands, within a
reasonable calculation time frame (typically 10* calculation steps). The simulated space
geometry is cubic, with grain boundaries as strong, impassable obstacles to dislocation
motion (figure 4.14). Tested grain diameters are: 1.0, 1.3 and 5.0um. Unlike for Type-I
simulations, the initial dislocation microstructures consist of a single Frank-Read source;
introduced as a 140 nm long pinned dislocation segment in the “2[10-1](111) slip system.

The previous dislocation nucleation criterion t,,,. is no more used.
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Initial dislocation source

Figure 4.14 — Type-II simulations: grain and tensile loading configuration, initial dislocation
structure and loop densities.

The simulated space is submitted to a homogeneous applied stress. All calculations are
performed in isothermal conditions, at 300K. A constant plastic strain rate loading condition
(de,./dt = 10*s™") is achieved using a feedback control loop, based on plastic strain
generated during a fixed time interval. Facet-loops are positioned at random locations with
the simulated grains. The loop diameter is constant and set to 10nm. Tested loop densities?
are 102!, 3 x 102! and 10?2 loops/m?. When applied loading is switched on, stress augments
until the initial, pinned dislocation source starts operating, emitting one shear loop after
another, through the Frank-Read mechanism. Mobile dislocations eventually reach the
grain boundary, where pile-ups progressively develop. New dislocation sources then form

through cross-slip mechanism.

The uni-axial tensile loading is applied along the (001) direction. All the simulations are

analyzed after realization of the same plastic strain amount (¢, = 1.4 x 1072). The analyzed

2In austenitic steel irradiated at 300-350°C, selected loops densities are achieved for approximately 0.25-0.4
dpa.
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features include: dislocation microstructures, cross-slip frequency and grain boundary
plastic displacements. The latter information is presented in the form of plastic strain maps.
This data is generated by a post treatment method using analytical elastic displacement
solutions for finite dislocation segments [Depres et al. 2006]. Plastic strain maps in figure
4.15b and figure 4.15d show step-like displacements which contribute to grain boundary
damage initiation or development, a) and c) of figure 4.15 show the dislocation spreading

in the grain (in figure 4.15c, the irradiation loops are hidden for clarity).
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Figure 4.15 — Type-II simulation results: dislocation structures and corresponding plastic strain
maps of 1ym?> grains stained in uni-axial tension. a) Dislocation structure of the
un-irradiated, grain deformed up to ep = 1.4 x 1072, b) Plastic strain map of
the same un-irradiated deformed grain as in frame-a. c) Dislocation structure
in the presence of 10*2loops/m? . The loops are not shown for clarity. d) Plastic
strain map of the irradiated grain, i.e. in presence of 10*?loops/m?>. The arrow
markers indicate the positions of pronounced slip steps associated with clear
bands developing within the grain.

The tested loop densities correspond to low irradiation doses [Bruemmer et al. 1999] and
consequently, the irradiation-induced hardening obtained herein is moderate (100 MPa
maximum). The strong work-hardening behavior observed in figure 4.16a is a direct
consequence of using hard grain (or simulation volume) boundaries, where dislocation
pile-ups progressively develop a strong back-stress. In absence of facet-loops, cross-slipping

out of and back to parallel primary plane takes place at arbitrary distances from the initial
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slip band. Since the applied cross-slip stress is higher than 7;;; practically everywhere in the
grain, the position of each cross-slip event only depends on the stochastic procedure defined
by equation 4.5. In the absence of facet-loops, the number of cross-slip events is maximum
(see figure 4.16b), generating many new dislocation sources and homogeneous plastic
strain (see figure 4.15a). Consequently, the plastic steps induced in the grain boundaries
are numerous and small in amplitude (see figure 4.15b). In the presence of facet-loops
however, cross-slipping out of and back to the primary plane is partially inhibited due to
the numerous interactions with the facet-loops (see figure 4.16b). For this reason, plastic
strain localizes into shear bands, yielding higher and more distant surface slip steps in the

grain boundaries (see figure 4.15d).
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Figure 4.16 — Type-II simulation results: plastic strain induced evolutions with and without
facet-loops. a) Stress-strain behavior. b) Cross-slip frequency with plastic strain
development. Interaction with the loop-obstacles partially inhibit cross-slipping
out of and back to primary slip planes.

The strong work hardening in fcc, shown for example in figure 4.16a, is to be contrasted
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with bee where there was no appreciable work hardening, as shown in for example figure 3.7

on page 77.

4.3.3 Comparison of Type-I and Type-II simulations

The table consolidates the differences between the two different simulation settings, Type-I

and Type-II, used in this work.

Table 4.3 — Difference between Type-I and Type-II simulation schemes.

Feature Type-1I Type-II
Defect loops Prismatic loops Planar obstacles
Length Scale 0.08b 106
Timestep 5 x 10~ Hsec 5 x 10~ sec
Cross-slip No Yes
Source Type Lathe source Frank-Read Source

Loop absorption by screws | Happens by energy criteria. | Implemented through
“Loop removal after

piercing”.
Elevator effect Happens naturally No
Clear channel width Yes No
Multiple clear channels | No Yes

4.3.4 Plastic deformation in presence of loops: plastic strain spread-

ing analysis

The formation of new clear bands is related to the ability of mobile dislocations to bypass
the facet-loops. This depends on the possibility to change the glide plane multiple times,
through cross-slip mechanism. In single slip loading conditions, the effective (i.e. total:

applied + internal) stress resolved in the primary slip system is:

Tprim ((L’, y) = Tapp — Tint,prim (4‘6)
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where 7;,,; ,rim 1S the internal stress in the primary slip plane. Similarly, the effective stress

resolved in the cross-slip system is

1
Tcs(x> y) = gTapp + Tint,cs (47)

where 7, . is the internal stress in the cross-slip plane.

Forming a new clear band requires double cross-slip activation: i.e. a first cross-slip event
sending a dislocation out of the primary slip system followed by a second one, driving the
dislocation back to the primary slip system. In irradiated crystals, the presence of facet-
loops implies multiple elementary double-cross slip activations: at least one for bypassing
each obstacle. Cross-slipping back to the primary slip system is most favorable where
Torim/Tes = £1. This condition is satisfied at a definite minimal gliding distance from the

initial primary slip plane, as shown in figure 4.17a.
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Figure 4.17 — The stress ratio R is defined as Tpyim/7cs. The values of Ty, and 7., used to
calculate R are displayed in Fig.4a and 4b, respectively. (a) Iso-values R = +1 are
marked with a superimposed contour; highlighting a sub-region where a screw
dislocation can easily bypass the facet-loops, through multiple cross-slipping. b)
The iso- contour 7.5 = 32M Pa (i.e. = 777) is superimposed to the R mapping.
The position of iso-contour 7.; = 32M Pa nearly coincides with the position of
iso-contour R = +1

In figure 4.17b, it is shown that 7.4(z,y) ~ 7;,; along the iso-value 7,,,,/7.s = 1. Inserting
equation (4.4) into equation (4.7) and solving the resulting expression for 7.s(x,y) = 777/

yields:

l T,
() () .
Y ’(k’(l‘)) (TIII + %Tapp
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Equation (4.8) can therefore be used to predict the minimum distance "y" between two
adjacent clear bands, assuming that secondary channel preferentially initiate at pile-up
extremities. It should be noted that the quantity ¢,,, is related to the irradiation conditions
through the loop-obstacle strength and the loop density. In other words, t,,, used in
equation (4.8) accounts for an irradiation-induced hardening contribution Ar;,.,, so that
Tapp = (Tys + ATirr) — Teriction, Where 7y g is the material yield stress before irradiation
and Tyicion the lattice friction or Peierls stress. The DD simulation results presented in
Table-2 show that varying the parameters 7, 7,,, (through the loop density) and pile-up
length [ (through the grain size) yield an average inter-band spacing in good agreement
with equation (4.8). It should be noted that equation (4.8) applies to pure shear loading
conditions. In more general tensile loading conditions, the tensile stress level times the
Schmid factor acting in the primary slip system must be used instead of 7,,, and the tensile
stress level times the Schmid factor acting in the cross-slip system, instead of %Tam,.
Table 4.4 — Comparison between Type-2 simulations and model predictions equation (4.8). The
values of 7, inserted in equation (4.8) are taken at the conventional yield point
ep=2X 103 of the tensile stress-strain data (as in figure 4.16a, 9300 loops case).

The last row refers to the band spacing obtained from the DD simulations, and they
are estimated from figure 4.15d for case 1 and 4.18 for Case 2, Case 3 and Case 4.

Case1l | Case2 | Case3 | Case4
Facet-loop density (m ) 10%2 3x 102t | 3x10% | 3 x 10%
Tapp at yield point 420 350 350 350
TIII 32 32 32 11
Pile-Up length (nm) 1000 1000 1300 1300
Min band spacing from equation(4.8)nm 180 172 225 265
Band spacing from DD simulation 170-290 | 150-270 | 200-320 | 250-500

For instance, it can be seen that the inter-band spacing:

* Augments with the grain size and facet-loop induced hardening,

* Decreases with 7;;; (see figure 4.18 and the corresponding caption).

These results are further discussed in the next section.
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Figure 4.18 — Type-II simulation results: effect of material and irradiation condition parameters
on clear band distribution in a model fcc metal strained to €, = 1.4 x 1072. The
dark lines (pointed at by the white arrows) indicates the steps on the surface
make by dislocations coming out of the clear channels. The blue arrows indicate
the clear-channel separation. The parameters associated with cases - are listed
in Table 4.4. The tested grain sizes (< 1.3um,) and loop densities (< 10%>m™3)
are taken as per table 4.4. a) Case 2. b) Case 3 c) Case 4 The clear bands are
highlighted by dashed lines superimposed to the plastic strain maps.

4.4 Discussion

The (minimum) shear band inter-spacing according to Eq.(4.8) depends on a few pa-
rameters only. Influence of parameters such as 7;;; and 7,,, can easily be evaluated by
comparison with experimental results. For instance, increasing 7, (with a fixed 7;;;) means
a more pronounced irradiation-induced hardening and therefore stronger strain localiza-
tion, as shown in Table 4.4 and experimentally observed in [Byun et al. 2006, Byun 2003,
Pokor et al. 2004]. Similarly, lowering the 7;;; stress leads to larger shear band spacing, as

shown in figure 4.18.

Equation (4.8) predictions are also extrapolated to grain sizes and defect cluster populations

representative of various irradiated fcc poly-crystals, for comparison. In [G. Was 2006] for
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example®, the applied stress 7, = 200M Pa (at the yield point) and the partial dislocation
splitting distance dy = 16nm. The critical cross-slip stress corresponding to dy is t;;; =
40M Pa, as calculated the using method described in reference [Robertson et al. 2001].
Neglecting the Peierls stress and taking a pile-up length [ = 50um (I = grain diameter)
yields a minimum channel spacing of y ~ 6um, in agreement with reference [G. Was 2006].
Good consistency is also obtained by comparison with the experimental data from references
[C. Robertson 2012, G. Was 2006, K. Farrell & Hashimoto 2003]. This demonstrates that
the analysis proposed in this paper is quite general and applies to grain sizes 1 — 100um
and irradiation dose ranges 0.5 — 10dpa, i.e. much larger than the values directly simulated
herein (see Section 3.2). Interestingly, the same conclusion also holds for various irradiated
fcc materials, including Cu and Ni [Edwards & Singh 2004, Yao 2005]. Eq. (4.8) also
shows that the stress distribution generated by a clear band depends very little on jogs
or debris (there are no jogs or debris in Type-II simulations). This depends more on the
dislocation curvature due to line tension (through the k(z) term), induced by the finite

sized grain.

The observed (and simulated) inter-band spacings exhibit a significant variability, nonethe-
less. For example, the dislocation structure of a particular clear band is not symmetric
across the whole deformed grain. This effect is highlighted by displaying side by side the
sheared loops, the dislocation microstructure and the corresponding strain map, in figure
4.19. A clear top/down asymmetry is visible thereby: the bottom grain portion includes
well-defined channels and much fewer secondary channels. This means the effective pile-up
length can significantly differ from the pile-up length / used in equation (4.8). One possible
origin of this effect is the pile-up stress field dependence on position x, as found in analytical
expression (4.3) and depicted in figure 4.8b. This means that secondary channel initiation

is more frequent near the grain boundaries.

3The data is for alloy H irradiated to 5.5 dpa at 360°C, yielding a loop density of 1023m 3.
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AT

: L TUR (R R\ WY
absorbed loops dislocations strain map

Figure 4.19 — Type-II DD simulation results: correspondence between the pronounced surface
steps and clear bands developing within the irradiated grain. The superimposed
dashed lines indicate the clear band (or channel) positions. Leftmost frame:
interacting (or absorbed) facet-loops and corresponding dislocation structures,
including primary and secondary channels. Central frame: facet-loops interacting
with and possibly absorbed by the mobile screw dislocations. Rightmost frame:
plastic strain map of a 1um? deformed grain, up to e, = 1.4 x 1072.

4.5 Conclusions

Plastic strain development in post-irradiated fcc grains is investigated by means of three-
dimensional dislocation dynamics simulations. In this chapter, 2 different types of simula-

tions were carried out based on their respective, complementary capacities.

In Type-I simulations, loop clusters are treated explicitly and introduced in the simulation
cells in the form prismatic dislocation loops. This approach allows for an accurate descrip-
tion of dislocation-loop interaction and internal stress evolutions during the formation of
clear bands. It is shown that the stress field developing in the vicinity of a clear band can
be described through a simple analytical expression (4.8) accounting for the applied stress
magnitude, the grain size and the critical cross-slip stress. This simple description proved
adequate even in absence of more complex dislocation features, including: dislocation

curvature, super-jogs, and loop debris.

In the present simulation framework, stress magnitude diverges at short distance to the

dislocation lines (see equation (4.3) for instance). This is a major difficulty for implement-

146



Conclusions Chapter 4

ing dislocation cross-slip in Type-I simulations, where the diverging stress field leads to
unrealistically large cross-slip stress (and corresponding cross-slip probability) with respect
to experimental observations [C. Robertson 2012]. Besides, the complex stress state in the
vicinity of a dislocation segment can change the partial dislocation splitting d, and in turn

affect the cross-slip probability.

In Type-II simulations, irradiation-induced loops are treated as planar obstacles made
of immobile internal interfaces called facet-loops. These calculations include thermally
activated cross-slip mechanism, allowing for plastic strain spreading into the entire grain,

in the form of multiple clear bands.

It is shown that the cross-slip stress in the primary slip plane controls the germination
of secondary channels, progressively developing in the grain volume, with increasing
plastic strain. The stress field acting on the cross-slip system is found to control the spacing
between primary channels in presence of facet-loops, through the development of secondary
channels. Cross-slip is partially inhibited due to interactions of mobile dislocations with the
facet-loops. This effect can explain the experimentally observed augmentation of the surface
step spacing, after post-irradiation straining. Various Type-II simulations were carried out,
using different simulation parameters (grain, size, loop density and critical cross-slip stress).
These calculations show that the inter-band spacing increases with the grain size, while it
decreases with the 7,,,/7;,; ratio. The results are in good agreement with equation (4.8).
The proposed model is validated by comparison with experimental data obtained in various

irradiated fcc alloys, for grain sizes (1 — 100um) and irradiation doses (0.5-10 dpa).
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Chapter 5

Role of Glide and Escaig stresses on
dynamics of extended Frank-Read
sources

This chapter discusses the results obtained in understanding the role of glide and non-glide
stresses on the equilibrium dissociation width of split dislocations in fcc. Nodal based DD code
and the Non-singular stress formulation were employed. The dynamics of split FR sources is

compared and contrasted to that of perfect FR sources.

5.1 Introduction

The dislocation sources used in Chapters 3 and 4 were perfect: that is, their Burgers vectors
were shortest lattice vectors of the crystal structure. But, in case of fcc materials, a more
realistic description of dislocations is by representing each dislocation in terms of a pair
of split dislocations whose Burgers vectors are smaller than the shortest lattice vector
and thus enclosing a stacking fault. Now, the resolved shear stresses acting on the two
dissociated partials of such a split dislocation is generally different when the crystal is
subjected to uniaxial stress, and this will affect the width of the enclosed stacking fault

region [Copley & Kear 1968]. In case of austenitic stainless steels, owing to their low
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stacking fault energy, the effect of external stress on the dissociation width is found to be
significant [Kestenbach 1977], being the same order of magnitude as that due to stacking
fault energy [Goodchild et al. 1970]. Recently, there has been an increased interest in
understanding the role of stacking fault energies in the deformation of nano-crystalline
materials [Frgseth et al. 2004, Van Swygenhoven et al. 2004], where the effect of non-glide
stresses on the equilibrium dissociation width is studied. Byun [Byun 2003] has derived an
expression for separation distance as a function of applied stress and the Burgers vector
of the dislocation, within the formalism of linear elastic theory. He has found that, in the
case of screw dislocations, the separation between the partials increases with the applied
stress and diverges beyond a certain critical stress. This divergence of the dissociation width
was the reason attributed to the formation of large faulted regions seen in austenitic steels
[Miillner 1997, Meyers et al. 1999, Christian & Mahajan 1995, Brooks et al. 1979]. When
the external stresses were of the range 400-600MPa small (< 1um) isolated regions of
stacking faults are found, whereas at stresses greater than 600MPa, large (> 1um) faulted
regions were predominant [Byun et al. 2003]. In [Baudouin et al. 2013], it was shown that
the divergence of dislocation dissociation width with the applied external stress is true of
dislocations of all line characters and not just for screws as claimed by Byun. In this chapter,
the interest is to study the change of the equilibrium stacking fault area enclosed by such
a split FR source, under the action of different stress components. Since cross-slip in fcc
depends critically on the separation of the partials (see section 6.2.1.2 on page 202), this
study will be important in understanding role of different glide and non-glide stresses on

the cross-slip of screw dislocations in fcc.

5.2 Background
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5.2.1 Dislocations in fcc

In fcc, the four different sets of {111} planes lie parallel to the four faces of the regular
tetrahedron, and whose edges are parallel to the (110) slip directions, as shown in the figure
5.1. The corners of this tetrahedron are denoted by ABCD and the corresponding centers
of the opposite sites are indicated by «, 3, v, § respectively. In this description, the Burgers
vectors are represented, both in magnitude and direction, by the edges of the tetrahedron,

AB, BC etc.

(a) (b)

Figure 5.1 — Tetrahedron formed by the four nearest neighbors of a face-centered cubic structure.
Figure taken from reference [Hull & Bacon 2011].

The opened-up Thompson’s tetrahedron in fcc is given in figure 5.2. From this figure
it is clear that there are six screw directions (the edges of Thompson tetrahedron), and
corresponding to each screw direction there are two glide planes ( the faces that share the
edge). In this way, there are a total of six possible slip systems in fcc. Another way to arrive
at this number is to see that there are four faces on the tetrahedron and each face has three

possible edge directions, making a total of twelve slip system, as enumerated in table 5.1.
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n=(111)

b=[-101]

Figure 5.2 — Thompson’s tetrahedron in fcc.

Table 5.1 — Slip systems in fcc. There are six Burgers vectors (screw directions) making twelve
slip systems

Slip Screw | Edge | Normal | Schmidt
System & Boas
Number Index
L
I
&1 ™ o m s
[
10— O o8
iz 09 s
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The splitting of one perfect dislocations into two partial dislocations can be crudely ratio-
nalized within the elementary line energy picture. According to the Frank criteria, the
energy per unit length of a dislocation is proportional to the square of its Burgers vector.
Hence, it is profitable for a dislocation having a perfect Burgers vector to split into two
dislocations whose Burgers vectors are of a smaller magnitude. This energy advantage, of
course, comes at a price. The penalty involved in the creation of this split is the formation
of the stacking fault in between the two dislocation lines. The energy involved in formation
of this stacking fault is given in terms of the Stacking Fault Energy (SFE) which is defined as
the energy required for creating a stacking fault of unit area. In materials with low SFE, the
partials can move sufficiently away from each other, thereby decreasing the elastic repulsion
between the partials, with just a small energy increase due to the increase in the faulted
region. The equilibrium separation between the partials is at the distance where there is a

balance between the repulsive elastic energy and the attractive stacking fault energy.

Since the energies of fcc and hcp crystal structures have identical first-nearest neighbor
interactions and differ only in their next-nearest interactions, it is easy to produce stacking
faults in them. A stacking fault in fcc is identical locally to HCP, whereas a stacking fault in

HCP would locally resemble the fcc structure.

Figure 5.3 — Partial dislocations in a fcc stacking. The Burgers vector BB’ b can split into two
partial Burgers vector b, and b, .
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Intrinsic stacking faults in fcc occur when a partial shear takes the opposing parts of the
crystal on a {111} plane to the nearest interstitial site C from the starting site B over the
lower A layer rather than directly to the identity site B that would result in restoration of
full order in one step, as shown in figure 5.3. This translation could then be followed by
a further partial translation step from site C to B, completing the process and removing
the intrinsic stacking fault. This introduces the possibility that dislocations on the {111}
planes in fcc with Burgers vectors of type (a/2)[110] type may dissociate into two partial
dislocations separated by an intrinsic stacking fault by the following typical dissociation

reaction:

[121] + SF, (5.1)

Since the energy per unit length of a dislocation is proportional to the magnitude of
its Burgers vector, this splitting of a dislocation into two partial dislocations is always
energetically favorable, except that the creation of a stacking fault consumes energy, and
hence the stacking fault energy, i.e., the energy required to create a stacking fault of unit
area, ysr, becomes important in deciding whether it is profitable for a dislocation to split
into two partials or remain as one perfect dislocation. The width of the stacking fault is
inversely proportional to the ysr. Hence in materials with low y s, the partials tend to
remain separated far from each other, thereby reducing their elastic interaction energy.
Whereas in materials with high stacking fault energy, the partial dislocations tend to remain
close to each other. If the partial separation of the dislocation is of the same order as the

core radius, then one need not consider the dislocation as split at all.

The Burgers vector of the Shockley partials is of the form £ (112), hence it lies on the faces
of the tetrahedron and is represented by the line joining the vertex and center of the faces.
They are hence of the form, A3, Co of the figure 5.1. It is readily obvious that if a screw

dislocation splits into a pair of partial dislocations, both of them acquire a definite glide
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plane depending upon the plane in which the dislocation has split, as illustrated in table

5.2

Table 5.2 — Possible planes for a screw dislocations to split into partials.

Screw | Normal Partial 1 Partial 2
Lo | (1D () +112) (217
2(101] (117) () £[211] $[112]
Lo | (T1T)(a) 1121] 1119
M ey | i [ ey
L (111)(6) 11121] 11211]
20 ) T ) i)
1[TT0) (1T17) () +[121] $[211]
? (111)(B) §[211] §[121]
_ (111)(B) 112 11121)
N e [ Ly [
1 (T11)(y) §[211] §[112]
L0 e T i 111

Since the Shockley partials dislocations have a well-defined glide plane, a dissociated screw
dislocation also gains a glide plane: it is the plane into which its Shockley partials have split.
Since these split dislocations are also glissile, the whole configuration: two dislocations
with partial Burgers vectors and the stacking fault that they enclose evolve under the action
of external stress. This chapter presents the difference between the dynamics of split FR

source and compares it with a) Parallel Shockley splitting and b) Perfect FR source.

) b)
A

L4
AN

)

c)

Figure 5.4 — Various dislocation configurations referred to in this work. Figure a is a parallel
split dislocation; the next image, figure b, is of a split FR source and the right
most one, figure c, is a perfect FR source. The region colored green is where the
stacking sequence differs from the rest of the crystal. The arrows on each of the
partials represent the Burgers vector of that dislocation. It is clear from the line
and Burgers vector directions that the dislocation configuration depicted here is a
screw dislocation. This cartoon shall be referred to at several places in this and the
subsequent chapters.
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The three configurations considered in this work are illustrated in the figure 5.4. The left-
most configuration, figure 5.4c, is the split parallel configuration where the two dislocations
are parallel to each other and enclose the stacking fault between. The middle figure
represents the split FR source where the two partials meet at two common points. The

configuration on the right is the usual perfect FR source.

If a screw dislocation splits into a pair of dislocations with the partial Burgers vectors, the
whole configuration, i.e., the two dislocation lines and the accompanying stacking fault
region shall together be termed as just a “split” screw dislocation, although neither of the
two dislocation segments are now pure screws. A “split edge FR source” for example, refers
to the configuration containing two dislocations, the vectorial sum of whose Burgers vectors
is perpendicular to the line connecting the pinning points. Likewise a “split screw FR source”
refers to the configuration where the constituent dislocations have Burgers vectors whose
vectorial sum is parallel to the line joining the pinning points. This way, one could construct

split FR sources of arbitrary line character.

The Burgers vectors of a split FR source would still lie in the glide plane of the original
unsplit dislocation and hence these partial dislocations lines can also glide in the same
plane. This way the whole split FR source, together with the enclosing stacking fault,

evolves under the action of stress.

5.2.2 Dissociation width in the linear elastic theory

The equilibrium dissociation width (also called as the splitting distance) of an extended dislo-
cation can be computed through the force balance, as demonstrated by [Hirth & Lothe 1982,

Froseth et al. 2004].
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Alw— — Alw
Y—»A A«—Y

Fl— —F

Figure 5.5 — Schematic of forces acting on a dissociated dislocation. The applied stress is such
that the forces on the partials F, and F, act from left to right. D, and D are the
damping forces, acting from right to left, g is the elastic repulsion acting away

from the partials, and the stacking fault force is acting towards the partials.

Figure 5.5 shows the schematic of free extended dislocation, with the distance between

them being w. The force balance equation, on each of the partials, then reads:

A
v+ Fy =D+ — (5.2)
w
and
A

where 7 is the attractive force per unit length exerted by the partials, £ is the force per unit

length due to the internal interactions and F; is the force per unit length due to any applied

stress and D; is the damping coefficients. Assuming D; = D,, the force balance equations
can be simplified to D; = Dy = 5132 and
A

w = (5.4)
v+ %(F1 - F)

Now, the interest is getting an expression for w in terms of the applied stress tensor, rather

than through the forces. The most generic form of an arbitrary symmetric stress tensor is
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011 012 013
o = 012 022 023 (5.5)
013 023 033
Here, we shall consider two types of stresses, the Glide and Escaig stresses and their effect

on the dynamics of split dislocation sources.

5.2.3 Glide Stress and the dynamics of split dislocations

When one is considering conditions where climb is inhibited, the dislocation motion is
confined to a plane that contains both its line direction and its Burgers vector. Such planes
are usually the closely packed planes of the crystal and only those stress components are
operative which will cause the dislocation to move in such a glide plane. The stresses that
satisfy the above requirements are called Glide stresses. Given a stress tensor of the form

5.5, its component that is responsible for the glide of the dislocation is

Orss = 0 .0.b (5.6)

that is, the component of the stress resolved in the glide plane and along the direction of
the Burgers vector. All those stress tensors o which yield the same o,.,, will lead to the same
dynamics for the dislocation. Now, if the perfect FR source is split into two dislocations

with Burgers vectors by and b, such that!:

b = b;+ba, (5.7)

these two dislocations will only respond to the resolved shear stresses acting on them via

!The vectors byand b, depends solely on b and the glide plane (see table 5.2 on page 154).
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o =onb; and o2, = on.b, (5.8)

rss rss

where ¢’ _ is the resolved shear stress acting on the partial having Burgers vector byand

rss

ob2_is resolved shear stress along Burgers vector b, and we have

rss

ot =l 4ot

rs8s rss rss (5 ’9)

i.e., the sum of resolved shear stresses acting on the two partial segments is the resolved

shear stress acting on the un-split perfect dislocation.

b
rSss

Since b; and b, make equal angle with b, a resolved shear stress of o,,, is equally split
along b; and b, and hence both partials respond identically to an applied glide stress.
If the partial dislocations are parallel to each other (figure 5.4a), then the glide stresses
hence have no impact on the width of the the stacking fault region (see equation 5.4, with
F, = Fy). The significant way in which the glide stress component can alter the stacking
fault is when the motion of either of the two partials is physically arrested due to some

obstacle in the glide path.

5.2.4 Escaig Stresses and the dynamics of split dislocations

Consider a perfect FR source having a Burgers vector b. Let a shear stress of magnitude
o, act on the glide plane of the dislocation n, along a direction m. The component of this
stress which causes the glide of this dislocation is ocos(«) where « is the angle between the
vectors b and m?. So, a stress acting along a direction m = n, xb cannot cause the glide of
the dislocation. But if that dislocation splits into partial dislocations having Burgers vector
b;and b, such that then the resolved shear stress on each of the partials is oy,, = ocos(ay,)

and oy, = ocos(a,) where oy, and «,, are the angles that m = n,xb makes with b,

2Recall that the component of the stress tensor that causes glide in a dislocation is ‘o .n.b, where n is the glide
plane and b is the Burgers vector, see section 2.2.6 on page 41.
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and b, respectively. Since b; and b, make equal angle with b, the stresses that drive the
dislocation are oy, = % and oy, = —§. This means that a shear along a direction n,xb
causes the partial dislocations to experience equal resolved shear stress but of opposing
magnitude, such that the total stress acting on two partials together is zero. Such non-glide
stresses are termed Escaig stresses [Escaig 1968]. It should be noted that since the edge
components of the partials are parallel to b; — bs, and n,, x b being parallel to b; — b,
(see figure 5.6), the statement that the Escaig stresses act on the edge component of the
dislocation is equivalent to the statement that the Escaig stresses act along the n, x b

direction.

Since the Escaig stress acts on each partial in opposite directions, it will directly contribute
towards changing the enclosed stacking fault area, and thus the width of the partials. An
illustration of direction of glide and Escaig stress is provided in figure 5.6. It is evident that
in case of split edges, the Escaig stress acts along the line direction, whereas in case of split

screw, the Escaig stress act perpendicular to the direction of the dislocation line.

a) b)
bi=b2
Split Screw T Ibl T bi-b2
ey 7~
bi+by b,
N Ly
b2 --{* b,+b>
npyxb N
b2
b Split Edge
Np

Figure 5.6 — Resolution of partial Burgers vectors of a split dislocation, into their edge and
screw components. The glide stresses act in the direction of the screw components,
whereas the Escaig stress acts along the direction of the edge components of the
partial Burgers vector.
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5.2.5 Organization of the chapter

The rest of this chapter is organized as follows: section 5.3 lists the materials parameters
taken for these simulations. In section 5.4, energy of a dissociated dislocation in the non-
singular stress formulation is computed. The actual simulations and discussions start from
section 5.5. In section 5.5, we study the energetics of the three configurations presented
in figure 5.4. In section 5.6, we study the equilibrium dissociation widths of split parallel
dislocations and split FR sources under no applied stress and contrast their dependence on
the stacking fault energy of the material. This study is carried out for dislocations of all
line characters. In section 5.7, the evolution of a split FR source under the application of
glide stress is studied, and compared with that of an un-split perfect FR source. Section 5.8
deals with the response of a split FR source to the Escaig stress acting on it and its dynamics
will be compared to the case of split parallel dislocation configuration. The split FR source
exhibits a curious behavior under the application of high Escaig stress, which will also be
analyzed. Section 5.9 deals with the simultaneous application of Escaig and glide stresses
and the response of the split FR source to those stresses. The dissociation width under these
stresses, in the case when the motion of the partials is obstructed, is also examined. The

next section 5.10 concludes the work, highlighting the major observations and insights.

The simulations in this chapter are carried out in NUMODIS [L. Dupuy & Coulaud 2013],
the node based dislocation dynamics software. The algorithm for these simulations is given
in section 2.3 on page 49. These studies are carried out in the non-singular elastic theory
formalism proposed in [Cai et al. 2006] and [Arsenlis et al. 2007]. Wherever possible, the
difference between the results predicted by the elastic theory and those of the non-singular
formalism will be highlighted. The climb and cross-slip phenomenon are suppressed in
these simulations, making the study effectively two dimensional, confined to a single closely

packed plane.
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5.2.6 Constructing split dislocations of arbitrary line character

Let L be the length of the FR source, n, be its glide plane, b the Burgers vector of the
unsplit dislocation and let b; and b, be the Burgers vectors of the partial dislocation lines.
Let ¢ denote the vector connecting the two pinning points. It is evident that these vectors

should satisfy

b = b1 —+ bg, Ilp.b = Ilp.bl = np.b2 :l’lp.g =0 (510)

Let the angle between the line direction ¢ and the Burgers vector b be 6. The initial
configurations of the Frank-Read sources of different line characters, quantified by 6, are

constructed as follows (see figure 5.7)

Let A be one pinning point, with position r 4. The line direction ¢ is obtained by rotating the
unit vector b by an angle 6, about the axis n,, where b is the unit vector in the direction of

b.
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Figure 5.7 — Constructing the “Split FR source” of arbitrary line orientation, in a plane whose
normal is along n,. The points A and B, having co-ordinates r 4 and rp are the
pinning points. The two split dislocations are ADB and ACB. The character of this
split dislocation is inferred from the angle 0 that the line orientation ¢ makes with
the Burgers vector b.

This rotation scheme ensures that the line vector of the dislocation remains confined to a
plane whose normal is n, and the rotation vector is given by the Rodriguez rotation formula

[Koks 2006]:
£ = bcosh + (n,, x b)sind + n,(n,.b)(1 — cosh).
With this line direction, the position of the second pinning point B is:
rg=rs+ Lf .

These two points are sufficient to construct a perfect FR source, but to construct a split FR
source, the two additional points, r and rp are needed, as shown in figure 5.7. The center

of the dislocation given by

_ ratrgp
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Let the initial maximum separation between the two partials be w,,, The splitting happens
in the same plane that contains £ and b, that is, the plane n, and the direction of maximum

separation is perpendicular to the line direction £. Hence, we have
rc =c+%r(n, x§)andrp = c — “=(n, x &).

The construction is now complete. The line segment joining (A, D, B) represents one partial
with Burgers vector b,, the line segment joining (A, C, B) is another partial dislocation
with Burgers vector by, and the area enclosed within these two line segments is the faulted
region.

It should be noted this construction is physically more accurate, in the sense that the Burgers
vector remains the same for dislocations of all line orientations #, whereas the line direction

é is different for lines of different orientation angles. [Byun 2003, Baudouin et al. 2013].

a) Edge  b) 60° Mixed c) 30° Mixed d) Screw

Figure 5.8 — Construction of extended FR sources of different line _c}haracters. a) An edge
dislocation b) a mixed dislocation making 60 deg with b c) a mixed dislocation
making 30 deg with b and d) a screw dislocation.

The figure 5.8 indicates the initial structure of four extended FR sources of different line
directions. The points A and B represent the pinned points, and C and D represent the

points of maximum separation. The segments ACB and ADB represent the dislocation
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line direction of each of the partials, and the arrows on the lines represent the partial
Burgers vector. The dotted line joining the pinning points represents the line direction if
the dislocation were un-split. Separation AB, the distance between pinning points, is here
termed as the “length of the dislocation” although, lengths of each of the partials is more

than this distance.

5.2.7 Simulating split dislocations of different line characters

Here, the dependence of average width of a split FR on the line character is studied. At
t = 0, a split FR source of a given length and a line orientation is constructed as discussed
above. The initial separation between the partials is taken to be some arbitrary value and
the configuration is allowed to evolve for a sufficiently long time ¢. At every instant of the
dynamics, the instantaneous stacking fault area A’ and the instantaneous total length L,

of the dislocations are recorded. The instantaneous average width is then taken as

At 2A!
wt _= 7 = — (5.1 1)
% Liot
The average width is obtained by
1 KAt

o= S (5.12)

(ttot - teq) t—teq Liot

where t., is some fraction of total simulation time ¢,, by which the split dislocation

approaches its equilibrium shape.
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5.3 Material parameters

The materials parameters used for all these simulations (unless otherwise mentioned) are
listed in table 5.3. The shear modulus 1, Poisson’s ratio v and the stacking fault energies

are taken according to those given in [Argon 2008].

Table 5.3 — Material parameters and dislocation details used in the present simulations. a is
the lattice parameter, . is the shear modulus, v is the Poisson’s ratio, SF'E is the
stacking fault energy, n, is the primary glide plane, b is the Burgers vector of the
perfect dislocation, and by,bs are the Burgers vectors of the partials dislocations.
n, and b together uniquely determine the b, and b,. See table 5.2.

Material | a(A) | u(GPa) | v | SFE (mJ/m?) | n, b b,
Cu | 3661 41 |03 73 (111) | 2[110] | 2[120]

oIS}
N
— 3
=

5.4 Energy of an extended dislocation

Consider a dislocation of length L. and Burgers vector b being dissociated into two straight
partial dislocations of length L and Burgers vector b, and b, respectively. Let these two
lines be oriented along the z-axis and separated by a distance r along the y-axis. Since both
the segments are of equal length L, the interaction energy expression equation 2.37 on

page 53 simplifies to

Eine = 2W (rj) — W(Li + rj) — W(—Li + rj) (5.13)

Substituting for W from equation 2.38 and simplifying leads to

p—L
(p—2q)
q2

Eint(L,T, bl,bQ) — Iin [p—l— L:| -

(b1.t)(ba.t) [(3 — v)a® + (4 — 2v)r?] (5.14)
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where

p=VL:+r2+a? (5.16)
g=vr2+a? (5.17)

and W, is same as equation 2.39 on page 54 and t is the line direction of the partials. This
is expression is exact at the moment, although the approximations L > r and L > a can

reasonably made.

The self energy of either of the partials can also be retrieved from equation 5.14 by setting
b; = by, r = 0 and taking half of the obtained interaction energy, which agrees with

equation 2.35 on page 52. The total energy of the dissociated dislocation is hence:

E(L,7,by,by) = E*(L, b))+ E“"(L,b;)
4 Eself(L,bg) + Ecov‘e(L’bz)

+ E™(L,r, by, by) + E(L,r) (5.18)

It should be noted that E*/(L,b,) and E**’/(L,b,) are, in general, not equal since b, and

b, make different angles with the line direction t. If the un-dissociated Burgers vector is b

making an angle # with the line vector t, then the Burgers vectors of the partials b; and b,
b

make an angle ¢ & % respectively with t and have equal magnitude of ‘%

The equilibrium dissociation width is the one that minimizes the total energy E(L,r, by, bs):
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dE(L, r, bl, bg)

d?“ |"":T'min

=0 (5.19)

5.5 Energy comparison of the three configurations of fig-

ure 5.4

The total energy per unit length of the three configurations: the split parallel dislocations,
the split Frank-Read and the perfect FR source, for different line orientations and for a

given length of 5000A° length is given in figure 5.9.

19

" #— Split parallel source "

+=—= Split FR source

#—= Perfect Dislocation

p—
]

Energy per unit length (ev/Angstrom)

o 10 20 30 40 _ s0 60 70 80 90
Line angle (degree)

Figure 5.9 — The variation of total energy with line angle, for three ditferent configurations.
The angle is the angle between the dislocation line direction and its Burgers vector.
The Green plot is that of the unsplit dislocation, the black plot is the case of parallel
split partials. The curve in red is that of the split FR source.

The energy of the perfect dislocation for different line characters is obtained by formula

(2.3.3). The plot of the parallel split is the minimum of the energy obtained by varying
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the separation between the parallel partials (see algorithm 5.1). The configuration of split
parallel partials and the split FR source have almost identical total energies per unit length,
and are lower than the perfect dislocation case. The deviation from the perfect dislocation

case increases with increasing angle 6.

5.6 Zero stress dissociation widths

Here, the equilibrium dissociation width of the split dislocations under no external stress
is studied as a function of material parameters. The widths predicted by elastic theory is

compared with that obtained by non-singular stress scheme.

5.6.1 Dissociation width of parallel split partials

In the absence of an external stress, the equilibrium separation between parallel partial dislo-
cation lines, under the classical elastic theory of dislocations, is given by [Hirth & Lothe 1982,

Baudouin et al. 2013]:

J— 2 + v — 4vcos?0 pb?
 2Un(l-v) vy

(5.20)

Where 1 and v are the shear modulus and Poisson’s ratio, respectively, v is the stacking
fault energy of the material and ¢ is the angle between the line direction £ and the Burgers
direction b. This formula is obtained by setting A of equation 5.4 to the actual value

[Daphalapurkar & Ramesh 2012]:

A= 2= (51.8) (b2.6) + == — (b1 x €) . (by X §) (5.21)

(1 —v)
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where b; and b, are the Burgers vectors of the partials.

Note that the length of the split dislocation does not enter the equation for the separation
of partials. As the partial dislocations are parallel to each other, the elastic energy and the
stacking fault energy both scale linearly with the dislocation length and hence the distance

at which the two forces balance each other, is independent of it.

But in the non-singular stress formulation (see page 50), the self energy of a dislocation
does not scale linearly with its length, even after including the core-energy contributions.

This brings in a dependence of the dissociation width on the length of the dislocation also.

20

18 500 A
e l00A

Dissaciation Width (A)

0 0 20 30 w0 50 60 70 80 9
Angle (degree)

Figure 5.10 — Variation of dissociation width with line character for different lengths for parallel
split partials, computed using the non-singular stress formulation.

The variation of dissociation width for various line characters, at three dislocation lengths

is given in figure 5.10.
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Algorithm 5.1 Computing the equilibrium separation of the parallel split partials.

1. Construct the parallel split dislocation of the desired line character, and the minimum

separation of d = d,,;,.

2. Measure the total energy of the system:

Etot<d) - Eelastic + ESF + Ecore

where F,j,.;. is the sum total of the interaction energy and the self energy of the two

partials.

3. Move the partials such that the separation between them is now, d = d + Ad

4. If d > d,q. 8O to step 5, otherwise go to step 2.

5. dequitibrium 1S the d where Ej,(d) is minimum.

For a given dislocation length, the variation of dissociation width with stacking fault energy

is given in figure 5.11, along the width predicted by the analytic formula of eq 5.20.

------- — 100 ml/m2
22 [ —_— 75 ml/m?2
....... ~—— 55ml/m2

20 ........

- — —
= = o

Dissaciation width (A)
=

10

0o 10 20 30 40 50
Angle (degree)

60

70

Figure 5.11 — Variation of dissociation width with stacking fault energy, for parallel split dislo-
cations. The dotted line is the prediction of eq 5.20, and the solid line is that of

the Non-singular stress formulation.
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5.6.2 Dissociation width of split FR source

In the case of a split Frank-Read source, the split partials are not parallel to each other
along their whole lengths, hence it is useful to talk of the average separation between
them defined as the enclosed stacking fault area divided by the half of the total dislocation

length. The variation of this average dissociation width under zero stacking fault energy is

as shown in Fig 5.12.

It can be seen from the figure 5.12 that the stacking fault area enclosed by the partials
remains finite even with 0 SFE. This behavior is to be contrasted with that of the split

parallel dislocations, where the partial separation would become infinite (from eq 5.20).
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Figure 5.12 — Variation of average dissociation width of a split FR source with line character

under zero stacking fault energy, for various dislocation lengths, from 200A to
10004 .

In a split FR source, the partials can reduce their elastic interaction energy by moving away

from each other, but this is possible only by bowing away from each other, as they are

171



No stress dissociation widths Chapter 5

pinned. Since bowing increases the line energy of the dislocation, it stops when the line
energy and elastic energy balance each other. This phenomenon is similar to the curved
shape that a FR source takes under a shear stress that is less than the critical stress of
activation. The difference is that, in the present case, there is no external stress acting on
the dislocation, and the equilibrium shape of the split FR source is dictated only by the
internal stress that each partial feels due to the other. This feature is not present in the
case of split parallel dislocations as there is no competing energy increase when the partials
move away from each other. So, the partial dislocation segments can move indefinitely
away from each other and decrease their interaction energy infintely. The effective partial

separation is potentially limited only by the grain size.

For a stacking fault energy of 73m.J/m?, the average partial separation for a split FR source
of length 2004, and for different values of angle between line and Burgers vectors, 6 is
given in the table below. The dissociation width for straight, infinitely long dislocations, as

given by eq (5.20) is also given for comparison.

Table 5.4 — Variation of zero-stress stacking fault width with line orientation. w is the average
width of the split FR course, and d is the width predicted by the formula 5.20.

0°(degree) | w(A) | d(A)
0 9.7 | 7.4
30 14.6 | 10.1
45 17.1 | 12.9
60 18.7 | 15.6
90 19.7 | 18.4

The dissociation width of split FR source is always greater than the split parallel source.

This deviation is found to increase with the dislocation length, up to a certain length.
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5.6.3 Change of average dissociation width with stacking fault energy

The dependence of average dissociation width of a split FR source on the material’s stacking
fault energy is obtained by running a series of simulations for different dislocation lengths.
The variation is as shown in the figure 5.13. The average dissociation width falls inversely
with the stacking fault energy, as in the case of the parallel partials case. The dependence
of the dissociation width on the dislocation length (distance between the pinning points) is

greater in case of low stacking fault energy.

30
___________ A
e e e S i i e B e * % 2000 A
(R RTRNSS SNRIES MRS DN SN SUSIN SRS S Sty v % 500 A
8 iy L AR ISQGA

Dissociation Width (A)

300 400 500 600 700 800 900 1000
Stacking Fault Energy (MPa A)

Figure 5.13 - Variation of dissociation width with stacking fault energy, for four dislocation
lengths, from 500A to 2000 A

The width-vs-SFE data fitted to a function of the form w = a/2® + ¢, where w is the
dissociation width and z, the stacking fault energy gives the coefficients a,b and cas b = —1,

and ¢ = 11A is the average dissociation width under zero stacking fault energy.
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5.6.4 Discussion

The equilibrium width of a split FR source, is found to be greater than that predicted for
infinitely long parallel partial dislocations for all line directions. Also, the disagreement
between w(¢) and d() seems to be minimum for screw (# = 0) and edge (/ = 90°)
orientations and approaches a maximum for § = 45°. Also, the equilibrium width of a screw

FR is much lower than that an edge source.

5.7 Evolution of a split FR source under glide Stress

Under the application of a shear stress, a dislocation that is pinned at its two end points
would bow into an arc such that the increased line tension force balances the component of
Peach-Kohler force on to the glide plane. The radius of curvature of the arc would decrease
with the increasing applied stress, until a threshold stress called activation stress is reached.
Once the stress exceeds the activation stress, the radius of curvature falls below the distance
between the pinning points and hence the dislocation’s length would irreversibly increase
emitting the dislocation loops which close on to themselves. This multiplication of disloca-
tions is a primary source of strain spreading in crystals. The line tension approximation

gives the approximation of this nucleation stress as [Hirth & Lothe 1982]

o= a— (5.22)

where L is the distance between the pinning points, i the shear modulus, b the magnitude
of Burgers vector, and « a prefactor that differs between the edge and screw type of

dislocations.

The above formula is under the assumption that the equilibrium shape of the bowed out

dislocation is an arc of a circle, which is true only when the Poisson’s ratio is zero. Otherwise
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the shape is more an arc of an ellipse, owing to the differences between the mobilities
and stresses produced by the edge and screw components of a bowed out dislocation. The
Frank-Read multiplication mechanism in case of extended dislocation sources is being

pursued only recently[Shimokawa & Kitada 2014, Min-Sheng et al. 2014].

The algorithm for obtaining the nucleation stress from dislocation dynamics simulations
was presented in [Shishvan et al. 2008]. Since here the intent is limited to contrast the
activation behavior of split FR source vis-a-vis a perfect FR source, a simple method will be
adapted to estimate the activation stress. A shear stress of magnitude o is applied in the
glide plane n, in the direction of the Burgers vector b. The magnitude of stress ¢ is varied

with time as shown in figure 5.14.

w4 EVolve for At

Figure 5.14 — Flowchart for the stress variation employed in simulations discussed in sections
5.7 and 5.8.1. The o refers to the magnitude of stress.

At the end of this scheme, the dislocation length as a function of time is obtained, which
can be readily converted to a function of stress. At stresses less than the activation stress,
the dislocation length tends to a constant which depends on the applied stress. Once the
stress exceeds the threshold stress, the length of the dislocation increases without limit, as

there is no equilibrium shape for the dislocation. Hence by observing the dislocation length
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vs stress plot the nucleation stress can be assigned the minimum stress window where
the dislocation length continues to increase without saturating to a constant value. The
accuracy of this technique is limited by the fineness of do.

Although the current method is less efficient than the algorithm of [Shishvan et al. 2008], it
is employed here as the aim is not to accurately determine the activation stress but only to
compare the activation behavior of a perfect FR source and the split FR source for different
shear stresses.

For a dislocation of length 1000A, and with the material parameters given in 5.3, the

variation of instantaneous dislocation length with applied stress is as follows:

;. — Split FR source

1016 |- e Pc;tcct }'R smuccz S

:

1012

:

Dislocation length{A)

0 10000 20000 30000 40000 50000 60000 70000
Time (*0.01 ns)

Figure 5.15 — Time evolution of instantaneous dislocation length under quasi-static glide stress,
for a perfect FR source (red) and a split dislocation source (black). The inset
shows a zoomed version of a smaller window of time.

In the case of the split FR source, the instantaneous dislocation length is taken as the

average of the lengths of the two partials. As can be seen, the total lengths of both perfect
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FR and split FR follow each other at all Escaig stresses, and even the activation stress is

almost identical for both.

5.8 Evolution of a split FR source under Escaig Stress

5.8.1 Average dissociation width under applied Escaig stress

The stress variation scheme is the same as shown in the figure 5.14. But the stress o is
along the shear direction n,, x b. During the course of this, the average partial separation is

recorded at every 6t (0t << At) time-step. The numerical values of the parameters is as

given in table 5.5.

Table 5.5 — The parameters used in the simulation.

Omin (MPa)

Omin (MPEI)

Oinc (MPEI)

At (ns)

ot (ns)

Length (A)

0

300

20

5

0.01

1000

The time-evolution of the stacking fault area enclosed by the partials is as given in figure

5.16:

177

Chapter 5




DD under Escaig Stress Chapter 5

7x10°

6x10°

5<10°
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2>(104 : L : : : :
0 2x10° 4x10° 6x10" 8x10" 1x10°
Time (*0.01 ns)

Figure 5.16 — Variation of the instantaneous stacking fault area as a function of time, where
the Escaig stress is varied incrementally from -300 MPa to 300 MPa, in steps of
30MPa.

The points at which the dissociation width changes by a considerable magnitude correspond
to the times when the applied stress is incremented. In the time window when the stress is
held constant, the dissociation width attains an equilibrium value corresponding to that
stress. The instantaneous total dislocation length also shows a similar variation with time.
Hence, the dissociation width can be extracted from these time variations and plotted as a

function of applied Escaig stress, as in figure 5.17.
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Figure 5.17 — Variation of the dissociation width with the applied Escaig stress, for a split FR
source of 3000 A length. The dots represent the actual data and the dotted line is
the data fitted to an exponential relation. The data for this plot is obtained from
that of graph in figure 5.16.

5.8.2 Average dissociation width under simultaneous variation of stack-

ing fault energy and applied Escaig stresses

In the case of parallel, infinitely long split dislocations, the dependence of partial width on

the Escaig stress is given in [Baudouin et al. 2013] as

J— 2+ v — 4dvcos?l Gb?
 247n(1 —v)

. (5.23)
7T 5/3%npxb
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where b is the magnitude of the Burgers vector and the rest of the terms are as defined
for the equation 5.20. The difference between equation 5.20 and 5.23 is that ~ in the
denominator of G¥? in the RHS of 5.20 is replaced by v — ﬁg%pxb- It is hence evident that
the Escaig stress directly couples to the stacking fault energy and determines the stacking

fault separation, in the same way that the stacking fault energy does.

The dependence of dissociation width on the stacking fault energy for split FR sources
was studied in section 5.6.3. To understand the interplay of stacking fault energy and
the Escaig stress in determining the stacking fault width, we have performed a series of
dislocation dynamics simulations under different SFEs and Escaig stresses. The variation
of the stacking fault width with SFE and Escaig stress is as shown in the figure 5.18. The
x-axis is the stacking fault energy measured in units of M Pa.A, and the y-axis is the product
of magnitude of Escaig stress times the magnitude of the Burgers vector, measured in
M Pa.A. The z-axis is the computed average stacking fault width, averaged over the time of
simulation. The contours lines projected on the x — y plane are those (z,y) points which
yield the same stacking fault width. These contours are all fairly linear and are parallel to
each other, indicating that the stacking fault energy and the applied Escaig stress couple

linearly even in the case of the extended FR sources.
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Figure 5.18 — The width of the stacking fault, at different values of the stacking fault energies and at various Escaig stresses. The contours
indicates the regions of same width values.
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5.8.3 Escaig stress induced activation

A curious phenomenon that manifests only in the case of the split FR source (fig 5.4b) and
is absent in both parallel split dislocation (fig 5.4a) and perfect FR source (5.4c) is the
activation of each segment under high Escaig stress. If the Escaig stress is beyond a certain
threshold, the partials of the split FR source bow out in opposite directions such that the
radius of curvature of each of the partials exceeds half of the length of the dislocation, as

shown in the figure 5.19.

Figure 5.19 — The image on the left is a schematic of Escaig induced loop growth, and the

images on the right are snapshots of DD simulations. The red circles are the
dislocation nodes, and the area in green is the stacking fault area.

At this point, those segments of partials that are aligned along the line joining the pinning
points will tend to attract each-other as their line directions are now the reverse of their
original line directions. If this attraction is strong enough, each of the two pairs of segments
beyond each of the pinning points may coalesce into a perfect screw dislocation, and the
rest of the loop may continue to grow indefinitely, increasing the length of the two perfect

dislocations which connect the pinning points with the circumference of the growing loop.

Since the recombination process of split partials into a single perfect dislocation under
the action of Escaig stress is not implemented in our present DD code, one way to verify

whether the two half-loops would grow indefinitely is to do a simulation where the pinning
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points and the two partial dislocations are connected by two perfect dislocations. The initial
configuration for such a simulation is as shown in figure 5.20.

C

< & €3
< eo@

D

Figure 5.20 — The initial configuration for demonstrating the Escaig stress induced dislocation
activation, and its evolution in the dislocation dynamics simulations. The points
A and B represent the pinning points of the split FR source. C and D are the
points of maximum separation. The dislocation segments AE and BF are the
perfect dislocation, whereas the dislocation segments EDF and ECF represent the
initial partial dislocation segments. The arrows at nodes C and D indicates the
Burgers vector of the partial dislocations. The nodes E and F are two points at
which three dislocations (two partial dislocations and one perfect dislocation)
meet. Compare this figure with the FR multiplication figure 2.17 on page 58.

The nodes E and F of the figure 5.20 are shared by all three dislocations and hence have
a restricted degree of freedom. Their motion is confined to the line joining the pinning
points AB. Note that this configuration is supposed to mimic the case where the arms of
the two oppositely activated partials meet along the line joining the pinning points AB and
merge into two perfect dislocations on either side of the pinning points. The dislocations
AE and BF represent those two perfect dislocations. As the stress acting is a pure Escaig
stress, it does cause the evolution of the two perfect segments AE and BF, and hence they
always remain straight. If the stresses are not sufficient for the coalescence of the two
partials dislocations into a perfect dislocation, the nodes E and F would collapse into the
pinning points A and B respectively, in which case the there are no perfect dislocations in

the simulation any more.

The above simulation was carried out under a constant Escaig stress of magnitude 1500

MPa, and the dislocation length is 1000 A. The stacking fault energy and other parameters
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are as given in table 5.3. One could estimate the activation stress for this Escaig assisted
FR mechanism in a similar way as discussed in section 5.7 . It is found that it is easier to

activate this mechanism in longer split FR sources than in shorter ones, which is intuitive.

This Escaig assisted FR like mechanism does not lead to continuous emission of dislocation
loops as in the FR mechanism because one-half of the loop has a different Burgers vector

from the other half and hence there is no possibility of annihilation of opposing segments.

In the conventional FR multiplication of split dislocations (see, for example figure 2.17 on
page 58) the stacking fault also moves along with the partials including it, whereas in the
present mechanism, the stacking fault spreads as the partials move away from each other.
The Frank-Read evolution is possible for both pinned perfect dislocation source and pinned
split dislocation source, whereas this Escaig stress induced loop growth is only possible for

pinned split dislocation.

In the case of infinitely long parallel partial dislocations, recall that the dissociation width
is given by the formula 5.23, and as discussed in [Byun 2003, Baudouin et al. 2013], the

dissociation width approaches infinity at a critical Escaig stress of oy, ., = 7, where v is

the stacking fault energy per unit area and b, the magnitude of the un-dissociated Burgers

vector.

5.9 Dissociation width under simultaneous application of

glide and Escaig stresses

5.9.1 Stress variation scheme:

If the shear direction m makes an angle other than 0 or =/2 with the direction of the

Burgers vector b, the split dislocation will see both glide and Escaig stresses acting on it,
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and by systematically varying the direction of shear, one can control the glide and non-glide

component of the stress.

The shear plane is kept at n,, but the shear direction is taken along

m = bcosf+(np, x b)sind (5.24)

The angle 6 defines the angle between the shear direction m and the Burgers vector b. If
the magnitude of the shear stress is o, the resolved shear stress in the shear plane along the
Burgers vector, indicated as oy, is ocosf and the Escaig stress along the direction n, x b,
Onpxbs 18 0sinf. As 0 is varied from 0 to 7, the shear stress along the screw direction, oy

decreases from o to 0, whereas oy, .1, increases from 0 to o.

If the dislocation under consideration is a perfect screw, the component of stress along the
perpendicular to the line direction, i.e., o, x1 has no effect on its glide. Whereas, if the
dislocation is a split screw dislocation, its partial dislocations have mixed character, and
hence both oy, and oy, 1, affect the dynamics of the partial dislocation segments.

Now, the simulation is carried out as follows:

A screw dislocation of length L., is taken, and, at time ¢ = 0, with n, as the shear plane.

The schematic flowchart for stress variation is given in figure 5.21
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set e=emin

O = Omin

Evolve for At

e=e+einc

Figure 5.21 — Flow chart for the stress variation adopted in section 5.9. o is the stress magnitude
and 6 is the angle between the shear direction m and the Burgers vector b, as
shown in the top right inset. At 6 = 0°, the stress is pure glide stress whereas at
6 = 90°, the stress is pure Escaig stress.

The total simulation time is, hence

AT = ((gmaz - emm)/emc + 1)((0max - Umin)/ainc + 1)) x At (525)

The values used for these parameters are given in table 5.6.

Table 5.6 — Input parameters used in the simulation discussed in section 5.9
Lt0t<A) emin emax einc Umin(MPa> Omax (MPG) Uinc(MPa) At (HS)
500 0 360 | 10 0 300 30 2
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The maximum shear stress o,,,. is less than the activation stress, so the dynamics of the
dislocation remains completely irreversible. Also, the simulation time interval at each of the
stress angle pair should be sufficiently long enough such that the dislocation has enough
time to respond to the new stress amplitude and direction. The figure 5.22 shows the

variation of glide and non-glide stresses acting on the system as a function of time.
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Figure 5.22 — Variation of glide and Escaig stresses as a function of time, when the angle 6 and the stress amplitude o are progressively
varied, according to the scheme given in figure 5.21. The two stresses, when nonzero, are out of phase with each-other and
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Here, the glide and non-glide stresses are out of phase when non-zero. After performing
simulations at every angle, the applied stress on the system is released such the system

relaxes to its original state.

5.9.2 Results

The interest is to study the evolution of average separation between the partial dislocation
under the action of glide and non-glide stresses. The operational rule for getting the average

separation between the partials is explained earlier.

For a dislocation of length 1000 A, the variation of average separation is shown in figure

5.23.

Where the x-axis is the glide stress in MPa and the y-axis is the non-glide stress in MPa, and
the color-coded data is the equilibrium stacking fault width at those stresses. It is evident
that, in case of an FR source, the average stacking fault width depends on both the glide
stress and the Escaig stress. The dependence of average width on the glide stress is due
to the pinning of the partials, and is absent in the case of parallel split. It is readily visible
from the above plot that the two partials are maximally separated when the glide stress is

zero and the non-glide stress is at its positive maximum.
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Figure 5.23 — Plot of dissociation width, color-coded as a function of Escaig and Glide stresses.
The inset on the top right is the actual color-coded interpolated 2D plot of
dissociation width, from which the main contour plot is obtained. The contours
are those Escaig and Glide stresses which yield the same dissociation width. 30
contour lines are plotted here, color coded with their dissociated width. The units
of the color code is Angstrom.

It should be noted that the plot in figure 5.23 is symmetric about the vertical axis, but not
about the horizontal axis. This is because a positive Escaig stress causes the dislocations
to move away from each other and negative Escaig stress pulls them towards each other,
whereas the glide stress will act identically on the two dislocations irrespective of its sign. It
appears that all the contours can be easily approximated as the arc of circles. These circles
are concentric, with the common center lying on the x=0 axis, at a negative Escaig stress,
and zero glide stress. This means that if the Escaig stress is positive, to get the same width
but at zero Escaig stress, the glide stress has to be higher in magnitude than the Escaig
stress, and vice-versa. The whole plot itself is disc shaped, and this is just because of the

stress variation scheme employed.

This is more visible in the plot 5.24. The blue plot in this figure gives the instantaneous

dissociation width under the action of the glide and Escaig stresses acting at that point of
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time. This is normalized to its value under the absence of the stresses. The simulation time
under each window of stresses is long enough such that the dissociation width attains a
constant value. The width returns back to its zero stress value as soon as the stresses acting
on the system are withdrawn. At a stress amplitude of 150 MPa, the largest dissociation
width is about 25% more than the no-stresses width, whereas the smallest dissociation width
is about 20% less than the no-stresses value. These maximum and minimum dissociation
widths both occur when the glide stress is zero and the Escaig stress is at its positive and

negative amplitude respectively.
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Figure 5.24 — Variation of dissociation width with normalized stresses. Each of the stresses
is normalized to its maximum value and the dissociation width is normalized
with its value in the absence of any external stresses. The green plot indicates
the Escaig stress and the red plot is the variation of glide stress. These stresses
correspond to one particular amplitude of c = 150 MPa and the 6 varied from 0
to 2.

It will be more instructive to trace the average dissociation width as a function of the angle
6 of equation 5.24. Towards that end, a split screw FR source of length 300A is considered

and a shear stress of a fixed amplitude is applied on its glide plane n, but along different
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directions m, varied with time. At every 6, the dislocations are allowed to evolve for a
period of 100ns, and the instantaneous dislocations length and the stacking fault area is
recorded at every 0.01ns. Note that the applied stress is not set back to zero between each
angle increment as in the previous case corresponding to figure 5.24.

The average dislocation length and the average stacking fault area enclosed by the partials,
as a function of # (of equation ( 5.24 on page 185)) is shown in the figure 5.25, for a stress
amplitude of 250 MPa. Here, the total dislocation length and the stacking fault area are

plotted separately for the purpose of clarity.
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Figure 5.25 — Change of dislocation length and the stacking fault area at different angles of
shearing. The dots represent the mean of the values recorded at the different
times, and the error bars are the standard deviation of these quantities.
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Referring to the figure 5.25, the average dislocation length (defined as the half of the
sum of the lengths two partials) is maximum when the angle is 0 or 180, and minimum at
0 = 90° and # = 270°. The minimum value is very close to the distance between the pinning
points (300A4). The average dissociation width is the ratio of the stacking fault area and
the average dislocation length. The variation of this dissociation width is shown in figure

below, along with similar plots at every stress amplitudes is shown in figure 5.26.
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Figure 5.26 — Variation of dissociation width with the angle between the glide direction m and
Burgers vector b. Seven different stress amplitudes were considered.

From the plot of 5.26, it is clear that the dissociation width is maximum for § = 90°, that
is, when the glide component is zero, and all the stress is along n, x b direction (positive
Escaig stress). The minimum of the width falls at about § = 270°, which also means that
the glide component of the stress is zero and all the stress is along the bxn,direction
(Negative Escaig stress). This trend is also visible from the plot 5.23, where the minimum
and maximum dissociation widths falls on the o, =0 axis. It should also be noted that the
average dissociation width becomes independent of the applied stress, if the angle 6 = 210°

or 6 = 330°.
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Dissociation width in presence of obstacles in the glide plane

The glide stress will have a greater impact on the partial width if the motion of the leading
partial is arrested due to the presence of any impenetrable barrier in its glide path. Once
the leading partial is immobilized, the trailing partial gets pushed towards it and hence the
stacking fault width decreases with increasing glide stress. A split FR source is considered,
with two planar facets placed at a distance of 10 A, whose lengths are parallel to the
dislocation line and whose normal are along the glide direction of the dislocation. The

variation of stacking fault width in such an arrangement is shown in figure 5.27.
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Figure 5.27 — Variation of dissociation width as a function of the angle between the shear
direction m and the Burgers vector b, in the presence of an impenetrable barrier
along the glide direction of the dislocation, at a very close distance to it. Different

lines correspond to different stress magnitudes, applied on the n, plane along
the direction m given in eq 5.24

The plot 5.27 is to be compared to the plot 5.26, to understand the effect of an obstacle on
the dissociation width. In the presence of an obstacle along the glide direction, although
the maximum dissociation width continues to be at # = 90°, the minimum is no longer
at # = 270°. In fact, the point # = 270° is a local maxima. Also, the dissociation width is

independent of the applied stress when the angle is about 90° + 30°. The qualitative effect
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of the obstacle is more visible in plot 5.28, which shows the two widths for a particular

stress amplitude of 250 M Pa.
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Figure 5.28 — Comparison of plots 5.26 and 5.27, at one particular stress amplitude of 250
MPa.

From figure 5.28, it can be seen that the average dissociation width is the same in presence
and absence of the obstacles only at §# = 270° and at all other angles the presence of obstacle
reduces the average dissociation width. The variation of dissociation width with angle, in
the presence of obstacles is more steeper and attains a minimum at # = 210° and at § = 330°,
that is § = 270° 4+ 60°. These two points are identical to the angles where the dissociation
width becomes independent of the amplitude of the applied stress in no obstacle case (refer

to figure 5.26).

5.10 Conclusions

The Evolution of extended Frank-Read source is studied under non-singular stress formula-

tion and contrasted with that of perfect FR source and the parallel split dislocations.

195



Conclusions, discussions and all that Chapter 5

1. The split FR source is found to be energetically favorable compared to a perfect FR

source, for dislocations of all line characters.

2. The equilibrium stacking fault width of a split parallel dislocation computed in the
non-singular stress formalism, is almost equal to that predicted by the classical elastic

theory.

3. It is found that the average dissociation width increases as the line character is varied

from screw to edge.

4. It is also found that the average dissociation width decreases with increasing stacking

fault energy for the pinned FR sources of all line characters.

The role of glide and non-glide stresses on the average dissociation width of a dissociated

FR source is investigated here for the first time. The salient observations are:

1. Under the application of pure glide stress, the dynamics of a split FR source is almost
identical to that of the perfect FR source, with respect to the plastic deformation that

is induced.

2. The inclusion of Escaig stresses, however, causes the dynamics of a split FR source to
differ significantly from that of a perfect FR source which does not respond to Escaig

stresses at all.

3. It is demonstrated that once the applied Escaig stress reaches a critical threshold, the
two arms of the split FR source get activated away from each other such that the fault
region increases continuously, but without emission of loops. This feature cannot be
expected in a perfect FR source, which does not get influenced by the Escaig stresses,
and parallel split dislocations where the parallels are not pinned, and the partials

arms cannot get activated.
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4. This Escaig assisted FR like mechanism does not lead to continuous emission of
dislocation loops as in the FR mechanism because one-half of the loop has a different
Burgers vector from the other half and hence there is no possibility of annihilation of

opposing segments.

5. The dynamics of a split FR source under controlled simultaneous application of Escaig
and glide stresses is studied and it was found that, in the absence of the obstructions
on the glide plane, the stacking fault width is more sensitive to the Escaig stress than

to the glide stress.

6. If the leading partial dislocation is blocked in its glide plane, the glide stress component

more significantly influences the dissociation width than the Escaig stress.
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Dynamics of a Frank-Read source with
constrictions

A pinned split screw dislocation with pre-existing constrictions is considered, and its dynamics
is studied under a systematic variation of the glide and Escaig stresses acting on its primary
and cross-slip planes. These results are compared and contrasted with that of pinned but perfect

screw on one hand and unpinned parallel split screw on the other.

6.1 Introduction

In Chapter 5, the dynamics of a split FR source was studied under controlled variation of
glide and non-glide stresses. There the focus was to understand the role of these stresses
on the enclosed stacking fault and hence on the average dissociation width of the split
FR sources. The study was appropriate for dislocations of all line characters. In the
present chapter, we study the role of these glide and Escaig stresses on the cross-slip of the

dissociated screw dislocation.

Cross-slip is a phenomenon whereby a screw dislocation leaves its glide plane and begins to
glide in the corresponding conjugate glide plane (Two planes are conjugate to each other

with-respect to a dislocation if they share its Burgers vector). At temperatures where climb
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is inhibited, the only way that the strain can spread itself across the grain and homogenize
itself is by cross-slipping of the screw dislocations, as seen in the earlier chapters (Chapter

3 and Chapter 4).

Cross-slip is an activated phenomenon, and the parameters governing its rates are not
yet fully understood [Piischl 2002]. Cross-slip in fcc is a more involved problem as the
dislocations in fcc are known to exist as a pair of Shockley partials, which enclose a
stacking fault between them [Kelly & Knowles 2012]. It is now understood that cross-slip
rate depends sensitively on the local stresses acting on the partials constituting the split
screw dislocation. Cross-slip activation parameters have been studied through the elastic
theory of dislocations [Escaig 1968, Duesbery et al. 1992, Saada 1991] as well as molecular

dynamics simulations [Rao et al. 2009].

Here our focus shall be confined to a screw dislocation, constructed such that a fraction of
its length has already cross-slipped and can glide in its corresponding glide-plane, which
is conjugate to the glide-plane of the original un-slipped section. The evolution of this
composite screw dislocation under the various Glide and Escaig stresses shall be the focus of
this study. This study, hence, bypasses the questions about nucleation of constriction points,
and their subsequent motion away from each other. These questions are, in-fact, beyond
the scope of the dislocation dynamics scheme, as this technique is applicable only beyond a
certain length-scale, whereas mechanisms that govern cross-slip operate at a much smaller

time scale.

6.2 Background

6.2.1 Modeling cross-slip mechanism in fcc

The Shoeck and Seeger (SS) model [Schoeck & Seeger 1955, Wolf 1960] was one of the

first models for cross-slip. It postulates that for cross-slip to occur the dissociated partials
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in the primary plane should recombine over a certain length, and then bow out in the
cross-slip plane. There is a critical configuration for the bowed-out configuration of the
cross-slip segment, beyond which the cross-slip is successful, see figure 6.1a and b. Friedel
modified this mechanism by observing that the dislocation segment in the cross-slip plane
can split into partials, and reduce the energy, as in figure 6.1c. The Friedel-Escaig (FE)
model enhances the Friedel model by postulating that the cross-slip segment can split into

partials as soon as the constrictions can occur, as shown in figure 6.1d and 6.1e.

. \IIIreesa

Figure 6.1 — Proposed cross-slip mechanisms: a,b) the Schoek-Seeger mechanism. c) The
Friedel mechanism. d,e) The Friedel/Escaig mechanism. The regions in green
are the stacking faults in the primary plane and the blue regions are the faulted
regions on the corresponding cross-slip plane.

6.2.1.1 Fleischer mechanism

This is an alternate mechanism for cross-slip where there is no requirement for formation

of constriction. The model is explained below:

Let (111) and (111) be the primary and cross-slip planes. In the FE mechanism, the

dissociation proceeds as

200



Background Chapter 6

a a. - a

gl112] + = [211] — S[101] 6.1
and

a a.. - a

F[101] = =[112] + =[211] (6.2)

That is, the dissociated screw first recombines in the primary plane and then splits in the
cross-slip plane. The activation energy for this reaction is equal to the energy required
for recombination reaction, eq 6.1. Fleischer proposed [Fleischer 1959] an alternative
mechanism that does not require the recombination of the partials for cross-slip to take
place. According to this alternate mechanism, cross-slip can occur when the leading partial,
say 4[211], dissociates into two partials one of which glides on the cross-slip planes and

other remains sessile on the intersection of the two planes.

a

6

211] — %[ a

211] + —[010] (6.3)

w

a (111)
0 [101]

Figure 6.2 — Cross-slip, according to Fleischer mechanism.
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The dislocation with Burgers vector £[211] is glissile on the cross-slip plane (111), so the
partial glides on the cross-slip plane whereas the partial with Burgers vector $[010] remains
sessile at the intersection of the primary and cross-slip planes. Now, the second partial of
the original split dislocation combines with this $[010] and generates the second partial on
the cross-slip plane.

Y2+ g

_ a. —
S [112] + 5 [010] — < [112] (6.4)

(=)

This mechanism of cross-slip, however, was shown to require too much activation energy
and is observed only under high stresses. The next section, hence details the FE mechanism

introduced earlier.

Since the interest in this chapter is in examining cross-slip through the Friedel-Escaig

mechanism of 6.1e, this model is explained in the section 6.2.1.2.

6.2.1.2 Friedel-Escaig mechanism

In the FR model, cross-slip proceeds as follows: (see figure 6.3)

Step 1: Formation of a point constriction on a dissociated screw segment, C (figure 6.3b).

Step 2: Under stress, this point constriction splits into two constrictions, which are split in

the cross-slip planes (figure 6.3c).

Step 3: If the length of the cross-slipped segment reaches a critical value, the whole

dislocation irreversibly spreads into the cross-slip plane (figure 6.3d).
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a) b)) ¢ d

ANE

Figure 6.3 — Friedel-Escaig mechanism of cross-slip.

Consider the Thompson’s tetrahedron in fcc (see section 5.2 on page 151). Recollect that
the edge of this tetrahedron represent the possible Burgers vectors in fcc. Consider one
such side of the tetrahedron, represented by the vector b in the figure 6.4. Now, let the two
faces of the tetrahedron that share this side be n, and n.,. A screw with this Burgers vector
can hence, glide on either of the two glide planes n, and n,,. This screw dislocation can
also split into two partial dislocations which are glissile in one of these two planes. For
concreteness, we choose the glide plane and Burgers vector as shown in the table given

along with the figure 6.4.

203



Background Chapter 6
® n
p
Normal Burgers Vector First partial Second Partial
— (111 1 _ af197 2 _ a9
ULV [ S oI B 11
n. = (111) by, = §[211] bZ, = §l121]

Figure 6.4 — The section of the Thompson’s tetrahedron that is of interest to this work. A screw
dislocation with Burgers vector b lies along the side common to both the faces,
nyand n.,. This dislocation can hence split to partials on either of the planes.
The table here shows the possible Burgers vectors for splitting in n, and n.,. See
table 5.2 on page 154 for more information.

These vectors satisfy these requirements

b=b, +b2=bl +bZ

n,,b=0 and ne.b=0

N, X Neg = b

n,b,=0,i=1,2 and nebi,=0i=12

np'b‘i'ls 7& O’Z = 172 and nCS‘bip 7é O,Z = 1, 2

Now, a general stress tensor acting on the composite screw dislocation couples to both the

planes and the four partial Burgers vector. Given a general stress tensor of the form,

011 O12 013
<—)_
0 = | 012 0922 093

013 023 033
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The projection of this stress in the primary and cross-slip planes is ‘o".n, and " .n.,. The
component of the applied stress that is actually responsible for the glide of the dislocation
is the stress resolved in the glide plane, along the direction of the Burgers vector. If the
dislocation is perfect with a Burgers vector b, the glide components of stress in the primary
and cross-slip planes are o’ .n,.b and ‘o .n...b I. These stresses are responsible for the
overall glide of the dislocation in the primary and cross-slip plane. If the dislocation is
now split in the primary and cross-slip plane, then apart from these two stresses, there
are another component acting on the primary and cross-slip planes but along the edge
directions in those planes given by ‘c".n,.(n, x b) and o .ng.(ncs x b). The aim of this
chapter is to understand the dynamics of the composite screw Frank-Read source under

different glide and Escaig stress values in the primary and cross-slip planes.

A possible instantaneous configuration of a composite perfect FR source of length L, + L,
under an action of an arbitrary stress is shown in figure 6.5. The section of the screw of
the length L, from the left glides in the primary plane n, and the rest of the screw has the
glide plane L. Since the Schmid factor need not be same on n, and n.,, the bowing out of
these segments will be different. Here, we examine the role of glide and Escaig stresses

acting on n, and n,, on the dynamics of such a composite configuration.

!see section 2.2.6 on page 41.
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Figure 6.5 — Instantaneous configuration of a partially cross-sliped perfect composite screw FR
source of total length L, + L.s. A segment of length L,, from the left end (colored
in red) glides in one plane n, and the rest of the segment of length L., (colored
in blue) glides in another equivalent plane n.s. The arrows at the common point
indicates the direction of the line tension. The segment bowing out in the primary
plane is an arc whose radius of curvature is R, and similarly R, is the radius of
curvature of the segment bowing out in the cross-slip plane.

6.3 Computational Details

These simulations are carried out in NUMODIS [L. Dupuy & Coulaud 2013], the node based
dislocation dynamics software. The algorithm for these simulations is given in section 2.3
on page 49. These studies are carried out in the non-singular elastic theory formalism

proposed in reference [Cai et al. 2006].

6.3.1 Material parameters

The materials parameters used for all these simulations (unless otherwise mentioned) are
listed in table 6.1. The shear modulus 1, Poisson’s ratio v and the stacking fault energies

are taken according to those given in [Argon 2008].
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Material | a (4) | u(GPa) | v SFE Primary Slip Cross-slip
mJ/m? System Slip System
Cu 3.661 41 0.3 73 (111)[110] (111)[110]

Table 6.1 — Material parameters used in this simulation.

6.3.2 Simulation details:

I-tot

| 2

‘u'
[ )
'Y}
[ 1)
o=

e)

Figure 6.6 — The dislocation configurations used in these simulations. See text for description.

The figure 6.6 shows the configurations used in these simulations. (Section 5.2.6 on
page 161 details the initial construction procedure for split dislocation of arbitrary line

character).

The nodes A and B are the pinning points of the FR source. The images c) and e) represent

the composite FR source constructed from perfect dislocations. Consider first figure c. It
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consists of two dislocation segments: section AC and section CB. They both are screw
dislocations, having the same Burgers vector, but differ in their glide plane. AC glides in
the plane n,, whereas CB glides in the plane n.,. The figure e is similar, except that the
segment that glides on the cross-slip plane originates at the central regions instead of the
right end as in “c”. AC and DB are dislocations gliding on the primary glide plane and the
section CD glides on the cross-slip plane. Now, figure 6.6a represents a composite split FR
source corresponding to the case 6.6c. The dislocation segment AC of figure 6.6¢ is now
split into two partial dislocations AEC and AFC. This splitting takes place in the glide plane
of that dislocation, i.e., n,. The arrows on the points E and F indicate the direction of the
Burgers vector of these dislocations. Similarly, the segment CB of figure 6.6c is split into
CGB and CHB, but now the splitting happens in the glide plane of the section CB i.e., in the
plane n.,. The arrows on G and H indicate the Burgers vectors of these partials and they are
different from the Burgers vectors of the partials AEC and AFC. Now, consider image 6.6b.
It is also identically constructed as in 6.6a, except that the cross-slipped section originates
from the central region, rather than from the right. The left and right segments of this
configuration glide on the primary plane, whereas the central split dislocations glide on
the cross-slip glide plane. The image 6.6d, represents a configuration where the central
segment is not split into partials dislocations as in figure 6.6b, but is of perfect Burgers

vector.

The nodes A and B are pinned and hence they don’t evolve with time. The points C and D
are the points where more than two dislocations with different Burgers vectors meet. Hence,
compared to the other nodes, these “physical nodes” have lesser degree of freedom as their
motion needs to be confined to the common axis of the two conjugate planes in which the
split, partially cross-slipped dislocation evolves. The motion of these nodes, hence, happens
only along the direction given by the Burgers vector of the un-split dislocation. If these

nodes move away from each other, the dislocation length in the cross-slip segment increases,
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and if the nodes move toward to each other, the dislocation length in the cross-slip plane
decreases. The distance between the pinning points, L, remains constant all through the
dynamics. The nodes A and B have no degrees of freedom, nodes C and D have one degree

of freedom and the nodes E,F,G,H,I and J have two degrees of freedom.

Now, consider figure 6.6a and 6.6c. Here the cross-slip segment is assumed to be originating
from the right end of the screw dislocation and hence there is only one common node C,
which will move along the common-axis of the two planes, i.e., along the Burgers vector
direction of the un-dissociated screw. This common node C, hence can move either towards
the left node A, thereby increasing the length of the cross-slip segment or move towards
the right node B, thereby decreasing the length of the cross-slip segment. At some point
in time, the common node will get annihilated by recombining either at A or B, thereby
making the glide-plane of the screw dislocation to be either totally primary or totally
cross-slip. So, in each of the simulation the distance of the common node with the left
pinning point is monitored. If the distance between them is less than 1004, The simulation
is terminated, and the result of the simulation is recorded as success. (Success, in the sense
that the cross-slipped segment has encompassed the whole dislocation line). Similarly, if
the distance between the common node and the left node is greater than 90% of the total
dislocation length, the program is terminated and the result of the simulation is recorded as
a failure. This way, for each pair of primary and cross-slip stress, a result of +1 (success) or
-1 (failure) is obtained. Examining this map will hence give an indication of which (o, o.s)

combination is conducive for cross-slip and which aren’t.

Similarly, consider the figure 6.6b, 6.6d and 6.6e. Here the nodes C and D can only glide
along the line AB. Under the application of certain stresses, if these nodes move towards
each other, this implies that the length of the central cross-slipped section decreases whereas
the motion of C and D nodes away from each other indicates that the applied external stress

is favorable for the cross-slip process. So the distance between the nodes C and D vis-a-vis
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the distance between the pinning points A and B, gives a good estimate on the favorability

or otherwise of the applied stress for cross-slip.

The aim of this study is to obtain such maps whose two axes are the control parameters like
primary and cross-slip stresses and the third axis is the result of the simulation (success or

failure) at the corresponding control parameters.

Although the code is fully capable of demonstrating total node annihilation, the program is
terminated when the length of the cross-slipped segment is either greater than 90% of the
total dislocation length or less than 100 Angstroms. This is to reduce the computational
load. Now, the only requirement is that the total simulation time t,,,, is sufficiently large
enough for either of the above two cases to be satisfied. It is also possible that the distance
of the common node neither reaches the left node (complete-cross-slip ) nor does it reach
the (annihilation of the cross-slip segment) within any given time. This implies that for a
pair of lengths (L,., L.s) and those stresses (o,, o.s), the equilibrium configuration is the
one with co-existing primary and cross-slip segments. The locus of such stress pairs hence
demarcate the the stresses map into regions where cross-slip is conducive and those where

cross-slip is not. The algorithm is briefly described in 6.1.

Algorithm 6.1 Algorithm for understanding cross-slip favorability of different stresses for a
partially cross-slipped 2 segment screw dislocation ( of type 6.6a and c).

L = Ly — L0

prim cs?

1. At time t=0, Select the initial lengths L) ,, LY and initials stresses

cs?
acting on the dislocations.
2. Evolve the system for certain time at a constant applied stress.

3. At every time-step, measure the distance between the common node C and the left
pinned node A (refer to 6.6a or ¢) , Ly im

(a) If the distance C'A < 100, output +1 and go to step 4.
(b) If CA > 0.9 x AB, output -1 and go to step 4.

4. Update the external stress and return to step 2.

Instead of having the cross-slip segment originate from the right end of the dislocation, one
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could construct the cross-slip segment to lie on the middle of the dislocation, and this will
lead to three dislocation segments with two common nodes connecting those segments.
For such dislocations, the distance d.,mmon, Detween those two common nodes is taken as
the criteria. The result of a simulation is termed success if d.ommon > 0.9L:,: and failure if

deommon < 100 .

In-fact, this 3-segment situation is experimentally more physical (see figure (6.3)) but now
the primary and the cross-slip segments are not on equal footing. The two segments that
glide in the primary plane have one pinned node each, whereas the segment that glides
on the cross-slip plane has no pinned nodes. As shall be seen further, this feature alone
produces a different stress map for the 3-segment case than the 2-segment case, although

the lengths and other physical parameters are kept the same.

6.3.3 Simulation Parameters:
The simulation parameters common to all the simulations are given below:

Table 6.2 — Simulation parameters used in this work.
Core-radius a (Ang) | time-step (ns) | discretization | B.(Pa.s) Bs(Pa.s)
length (Ang)
3.661 0.001 10 9.82 x 107° | 2.31 x 107°

6.4 Energy analysis of the composite FR source

Consider a split 3-segment Frank-Read source. The stability of this configuration will first
be analyzed zero external stresses. As the non-singular stress formulation is self-consistent
[Cai et al. 2006], the forces acting at a nodal point of a dislocation configuration can be
obtained by taking the negative of gradient of the total energy of the dislocation at that

nodal position.
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The total energy of a dislocation is given by the sum of elastic energy, core energy and
the stacking fault energy (see 2.3.3 on page 52).The stacking fault energy is obtained by
multiplying the stacking fault energy per unit area with the total stacking fault enclosed by
the partial dislocations. The variation of the total energy of a dislocation, as a function of

the length of the cross-slipped segment is shown in the figure 6.7.

These simulations are carried out by constructing the desired composite dislocations and
allowing the computational nodes to relax under their mutual interactions. The mobility of
the physical nodes is not permitted so that the length of the cross-slip segment does not
change under the dynamics. In this sense, these simulations are the “restrained dislocation
dynamics” simulations, as the evolution of the system is allowed but a few degrees of

freedom are not allowed to evolve.
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Figure 6.7 — Energies of the configuration, as a function of the length of cross-slip segment. The
y-axis represents the total energy (in eV) and the x-axis represent the fraction of
the dislocation length that has cross-slipped. The plot in green corresponds to the
configuration 6.6b. The plot in red corresponding to configuration given in figure
6.6d, and the plot in blue corresponding to figure 6.6e. The configurations are also
depicted within the graph for quick reference.

The y-axis of figure 6.7 is the total energy of the dislocation configuration and the x-axis is
the fraction of the total length taken up by the cross-slipped segment. Consider first, the
green plot, which corresponds to figure 6.6b. It is evident from this plot that the total energy
of the 3-segment configuration is slightly higher than the non-composite configurations (
those configurations corresponding to the data points at x = 0 and = = 1) but otherwise it
is independent of the length of the cross-slip segment. That is, the existence of a cross-slip
segment increases the total energy, but once a cross-slip segment is introduced, its total
energy is practically independent of the length of that cross-slipped segment. So there

is no energy incentive for the cross-slipped segment either to spontaneously shrink or
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spread along the original dislocation line. But if the central segment is constructed as a
perfect dislocation (as in figure 6.6d) , then the energy increases linearly with the length
of the central cross-slip segment, as seen in the red plot of the above figure. The blue plot
corresponds to the 3-segment perfect dislocation case, and its total energy is independent
of the length of the central dislocation. Hence here, under no external stress, there is no

force between the common nodes.

6.5 Evolution under different stresses

6.5.1 Scheme-I

Consider the applied stress of the form:

0 0 013
o = 0 o9 O (6.5)
013 0 0

That is, all stress components, except for o3 and o9, are zero. Now if the components o3

and o, are
6
013 = g(ap + ch) (66)
and
6
022 = \/7_(0-]) - Jcs) (6-7)
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then one gets ‘o’ .n,.b = 0, and 7 .n...b = 0., where o, and 0., are the required resolved
shear stress on primary and cross-slip planes. So, by a suitable choice of 013 and o9, one can
independently control the shear stresses responsible for glide in the primary and cross-slip

planes.

Consider a dislocation of the form shown in the figure 6.6a or figure 6.6c. Suppose the
stress resolved in the primary plane defined by (n,, b) is 7, and similarly, stress resolved
in the cross-slip plane defined by (n.s, b) be 7.,. Assume that both 7, and 7., are both less
than the critical nucleation stress. Now, under the application of these two independent
stresses, the common node tends to move along an axis that is common to both n, and
n., that is, along the direction b, which is the direction of the original dislocation line.
Our interest is in understanding the dynamics of this common node, which will control the
extent of the dislocation evolution in the primary and cross-slip plane. As the end-points
of the total dislocation are pinned, the motion of the common node towards the left end
point indicates that the length of the cross-slipped segment is increasing at the expense of
the length in the primary segment and vice versa, as discussed earlier. At the first look, it
appears as if the dynamics of the common node is governed by the initial lengths in the
primary and the cross-slip planes and the stresses acting on those planes, i.e., the dynamics

is determined by the four parameters given by (Lo, Les, Tp, Tes)-

6.5.1.1 Configuration details

Consider a composite Frank-Read source of total length L,,; of which, a section of length
L.s glides in the cross-slip plane and the rest glides in the primary slip plane. We perform
several set of simulations, with each set composing of several independent simulations
with different stresses acting on this screw dislocation segment. The stress tensor is of
the form shown earlier (Eq 6.5, Eq 6.6 and Eq 6.7), where o, is drawn from an array of

(Cpmin * Opine * Opmar) and similarly o, is drawn from (0cs min © Ocs,inc © Ocsmaz)- Hence
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the total number of independent simulations in each trail is ((0} maz — Tp,min)/Op,inc + 1) X
((Oes,maz — Tesmin)/0cs,inc + 1). Each of these simulations is carried out for a specific time,

tmax .

The results of each of these simulations are a series of triplet of numbers (o,, 0., £1) where
+1 indicates that under the primary and cross-slip stresses of o, and o5, the cross-slip length
tends to the total length, L., — L, and the length of the primary segment L,,;, — 0.

Similarly, a value of -1 indicates that L., — 0 and Ly, — Liot.

As an example, consider a split composite 3-segment FR (of type 6.6b). If the stress acting
on the composite FR sources are not favorable for cross-slip, the central cross-slipped
segment annihilates and the subsequently the whole dislocation glide on the primary glide

plane as shown in the figure 6.8.

il

Figure 6.8 — The evolution of a three segment split composite FR source of the form shown in
the figure 6.6b. The figures from top-left to bottom-right illustrate the annihilation
of the central cross-slipped section.

On the other hand, if the stresses acting are favorable for the cross-slip segment, its length
grows at the expense of the length of the primary segment and soon the whole dislocation

starts gliding in the cross-slip plane, as shown in the figure 6.9.
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i)

Figure 6.9 — The evolution of a three segment split composite FR source of the form shown in
the figure 6.6b. The figures from top to bottom illustrate the cross-slip segment
spreading over the whole dislocation length.

The sets of simulations performed under this stress variation scheme are shown in the table
6.3. Each set of simulations corresponds to a particular initial configuration of dislocations,

described by one of the figures of 6.6.

Table 6.3 — The list of all simulations that are carried out in this stress variation scheme.

Config Op,min | Op,maz Op,inc Ocs,min Ocs,max Ocs,inc #of
(MPa) | (MPa) | (MPa) (M Pa) (M Pa) (M Pa) runs
Set 1 6.6¢ -250 250 50 -250 250 50 121
Set 2 6.6¢ -250 250 50 -250 250 50 121
Set 3 6.6¢ -250 250 50 -250 250 50 121
Set 4 6.6a -250 250 50 -250 250 50 121
Set 5 6.6e -150 150 20 -150 150 20 256
Set 6 6.6e -150 150 20 -150 150 20 256
Set 7 6.6e -150 150 20 -150 150 20 256
Set 8 6.6e (Wall) -150 150 20 -150 150 20 256
Set 9 6.6c(Bent) -150 150 20 -150 150 20 256

Liot Les

(4) (4)

Set 1 1000 300

Set 2 1000 500

Set 3 1000 700

Set 4 1000 500

Set 5 900 300

Set 6 900 150

Set 7 900 450

Set 8 900 150

Set 9 900 150
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6.5.1.2 Results

Results for Sets 1,2 and 3 of table 6.3:

The results for the first three sets of runs given in table 6.3 is given in the figure 6.10. Figure
6.10a corresponds to the case when the primary and cross-slip segments are of equal length.
Figure 6.10b and 6.10c corresponds to the case when the cross-slip segment length is less

and greater than the primary segment length respectively.
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Figure 6.10 — The stress zone obtained in the first three cases discussed in table 6.3. The x-axis refers to the stress acting on the primary

slip system, o, = <F).np.b, and y-axis is the stress resolved in the cross-slip plane, 0., = ‘@ .n.s.b. The regions in red
indicate the (o), 0.s) combination that leads to the cross-slip spreading the whole dislocation length, and region in blue
indicates the (o, 0.s) combination that leads to the length of the cross-slip going to zero. The regions in green indicate
the (0,, 0.s) values where the composite configuration neither glides totally into cross-slip plane nor glides totally in the
primary plane. Plot a corresponds to set 2, plot b corresponds to set 1, and Plot c corresponding to set 3 of the table 6.3.
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One feature common to all these simulations is that at (o, = 0,0.s = 0), lengths of
the primary and cross-slip segments tend to remain constant. There is no spontaneous
annihilation or spread of the cross-slipped segment, irrespective of its initial length and the
total length of the dislocation.

The color-coded stresses plot corresponding to set 4 of table 6.3 is found to be almost
identical to that of set 1. This indicates that splitting of each of the two dislocations into

pairs of partials have no appreciable effect on the possibility of cross-slip.
Results for Sets 5, 6 and 7 of table 6.3:

The runs in set 5, 6 and 7 of 6.3 are carried out with the dislocation configuration of figure

6.6b. The color-coded plots for these sets of simulations are shown in the figure 6.11.
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Figure 6.11 — The stress zone obtained in simulations set 5,6 and 7 of table 6.3. The x-axis refers to the stress acting on the primary slip
system, o, = 7.np.b in MPa and y-axis is the stress resolved in the cross-slip plane, o.; = ‘o .n.;.b in MPa The regions in
red indicate the (o, 0.s) combination that leads to the cross-slip spreading the whole dislocation length, and region in blue
indicates the (o, 0.s) combination that leads to the length of the cross-slip going to zero. The regions in green indicate
the (0,, 0.s) values where the composite configuration neither glides totally into cross-slip plane nor glides totally in the
primary plane. Plot a corresponds to set 6, plot b corresponds to set 5, and Plot c corresponding to set 7 of the table 6.3.
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Note that the three plots of figure 6.11 are corresponding to the case of figure 6.6e, where
the composite FR source has two common-nodes connecting the primary and cross-slip
planes. Figure 6.11b corresponds to the case when the length of the cross-slip segment is
one-third the distance between the pinning points. Figure 6.11a and 6.11c corresponds to
the case when cross-slip segment length is less and greater than the one-third of the total

length respectively.
Results for Set 8 of table 6.3:

In simulations of set 8 of table 6.3, the dislocation evolution in the primary plane is arrested
due to the presence of a barrier at a distance of 10 Ang placed perpendicular to the glide
direction of the dislocation. The color-coded plot for the cross-slip occurrence in this

configuration is given in figure 6.12.
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Figure 6.12 — Color-Coded plot corresponding to set 8 of table 6.3. In these simulations, the
segment length in the cross-slip plane is only %th of the total length, but the glide
of the dislocation in the primary plane is arrested but inserted an impenetrable
obstacle.
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Results for Set 9 of table 6.3:

The set 9 corresponds to the case of figure 6.6e, but here the cross-slip segment is not along
the line joining the pinning point but is displaced parallel to it by a distance of 5 nm, as
shown in the figure 6.13. The corresponding color-coded plot for the cross-slip occurrence

also shown along with.

Consider top image of figure 6.13. Here, the points A and B are the pinning points,
and the dislocation line is now ACDB. The sections AC and DB, by construction are of
mixed character, whereas the section CD is a perfect screw dislocation. This configuration
corresponds to the case where the screw dislocation is not along the line joining the pinning
points but is parallel to it, separated by a distance (5 nm in this case). The sections AC
and DB glide on the primary glide plane, whereas CD is allowed to glide on the cross-slip
plane. The points C and D have just one degree of freedom, along the line length CD. The
cross-slip is considered success if the distance between these nodes C and D becomes equal
to the distance between the pinning points A and B, and is considered failure if length CD

tends to zero.
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Figure 6.13 — The set-up and result corresponding to the set 9 of the table 6.3. The image on
the left is explained in the text. The image on the right corresponds to the result
of primary and cross-slip stress acting on this configuration. The x-axis refers
to the stress acting on the primary slip system, o, = ‘o .n,.b in MPa and y-axis
is the stress resolved in the cross-slip plane, 0., = ‘@ .n...b in MPa The regions
in red indicate the (o, 0.s) combination that makes the length CD equal to AB,
and region in blue indicates the (o,, 0.s) combination that makes the length CD
tend to zero. The regions in green indicate the (o, o) values where the length
of cross-slip segment CD neither goes to 0 nor equals distance between pinning
points AB.

The bottom image of figure 6.13 marks the regions on the (o,, o.;) plane favorable for
cross-slip. It can be seen that the cross-slip is not possible for all cases where o, < 0
independent of the cross-slip stress o.,. Due to the presence of an impenetrable obstacle

along CD, an application of positive o, will not lead to any glide along the primary plane.
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Cross-slip in this configuration appears to be possible only when |o.s| > 120 M Pa and

lop| > 0.

6.5.2 Scheme-II

In this stress variation scheme, the applied stress is of the form:

? = 012 0 0 (68)

That is, all stress components except for 015, and o3 are zero. If the components o1, and o3

are

V18
(Uep - Uecs) 013 = ——+—

2

012 =

“|5
(0.¢]

(Oep + Tecs) (6.9)

then one gets ‘0" .n,.(n, X b) = 0., and 0" .nes.(Nes X b) = 0., Where o, and o, are the
Escaig stress acting on the primary and cross-slip planes respectively. This stress scheme
allows for independent control of the Escaig stresses acting on the primary and cross-slip

planes, 0., and o..,, by varying o, and 0,3 according to Eq 6.9.

Now, if the only non-zero stress components are o, and o013, then the stresses acting on
the primary and the cross-slip planes are both equal to o13. So, under this stress variation
scheme, one can independently vary the 0., and o..,, keeping the glide stress on primary

plane and glide stress on cross-slip plane equal.
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6.5.2.1 Simulated cases

A composite split FR source of the form shown in figure 6.6a is considered. The total length
of the dislocation is 100 nm, of which a section of length 50 nm can glide on the cross-slip
plane. Four different simulations were carried out corresponding to different combinations

of (0¢p, 0ecs) as shown in table 6.4.

Table 6.4 — Primary and Cross-slip Escaig stresses considered for this study.

oep (MPa) | 0.5 (MPa)
Simulation 1 0 -100
Simulation 2 0 100
Simulation 3 -100 0
Simulation 4 100 0

6.5.2.2 Results and Discussion

Each of the 4 simulations referred to in table 6.4 is independently carried out for a total
time of 10 ns. The runs are determined within this time if the length of the cross-slipped
segment either increases to more than 90% of the total dislocation length or decreases to
less than the 10% of the total dislocation length. Since these simulations are carried out
with the initial dislocation configuration of figure 6.6a, there is only one node common to

the primary and cross-slip segment.

The plot of length of cross-slip segment (distance between the common node and the other

pinned end) as a function of time, for these four configuration is shown in the figure 6.14.
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Figure 6.14 — Evolution of length of the cross-slip segment as a function of time, under the
action of various Escaig stresses (o¢p, 0ccs) as discussed in Scheme-III. The plot
in red corresponds to (—100,0), plot in blue corresponds to (100,0). The plot in
green corresponds to (0, —100) and the plot in black corresponds to the (0, 100).
The stresses are given in MPa.

The first observation from the plot of figure 6.14 is that the dynamics of the composite FR
source is not symmetric in sign of Escaig stresses. The dynamics under the primary Escaig
stress of magnitude 100 M Pa, for example, is markedly different from that of —100 M Pa.
This has to be compared with the dynamics under the application of glide stress, discussed
in section 6.5.1. There the probability for cross-slip to succeed or fail depended only on the

magnitude of the glide stresses on the primary and cross-slip plane and not on their sign.

A positive Escaig stress acts so as to move the two partials away from each other, whereas a
negative Escaig stress acts towards pulling the dislocations towards each other. Whereas

the positive and negative glide stress both would keep the two partial dislocations together.

It is well-known [Hirth & Lothe 1982, Byun 2003, Baudouin et al. 2013] that the negative
of Escaig stresses couple linearly with the stacking fault energy. This implies that applying a

positive Escaig stress is equivalent to a corresponding reduction in the stacking fault energy
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and the effect of a negative Escaig stress is akin to a corresponding increase in the stacking

fault energy.

Consider first, the case when there is no Escaig stress in the cross-slip plane. This corre-
sponds to the simulations 3 and 4 of table 6.4. Since an application of positive o, leads
to a reduction in the stacking fault energy for the partial dislocation segments lying in the
primary slip plane. Hence it is more energetically favorable for the composite FR source to
completely glide in the primary glide plane, as the effective stacking fault energy there is
less when compared with that in the cross-slip glide plane. Thus a positive primary Escaig
stress to an initially composite FR source leads to shrinking and eventual disappearance of
the cross-slip segment. This explains the blue plot of figure 6.14, which corresponds to an
Escaig stresses (100,0). The y-axis marks the length of the cross-slip segment and hence
it shows that the cross-slip segment eventually shrinks to zero under an application of a

positive Escaig stress acting in the primary slip plane.

Similarly, a negative Escaig stress in the primary o, would increase the effective stacking
fault energy and hence the whole composite dislocation would glide in the cross-slip plane
where the effective stacking fault energy is less. So, under the application of a stress of the
form (—100,0), the length of the cross-slip segments increases with time to encompass the

whole dislocation line, as shown in the red plot of figure 6.14.

The other two plots of the figure 6.14, corresponding to the simulation 1 and 2 of figure 6.4

can also be understood with similar arguments.

In-fact, the observations of these 4 simulations are extended to the (o.,,0..s) cases as

tabulated in the figure 6.5, along with the result obtained in those simulations.
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Table 6.5 — Overview of the dynamics of a split composite FR source under the application of
different Escaig stresses in its primary and cross-slip planes.

Case | Sign of o, Sign of Condition Result
Oecs
1 + — ep| <|0ees| | FAIL
2 + + |0ep|>|0ees| | SUCCESS
3 + - |Tep| <|Tees| FAIL
4 + - |Oep| > |Tecs| FAIL
5 — + |0ep| <|Tees| | SUCCESS
6 - + |0ep|>|0ees| | SUCCESS
7 - - |0ep|<|0ees| | SUCCESS
8 — — |Tep| > |Tecs] FAIL

From table 6.5, it can be seen that the composite screw dislocation glides on the cross-slip

plane when o..; > 0, whereas it glides in the primary plane when o..s < 0,.

6.5.3 Scheme-III

In Scheme-I, the role of shear stresses acting on the primary and cross-slip segments was
examined, and in Scheme-II, the role of Escaig stress acting on the partials of the primary
and cross-slip planes was examined. In this scheme-III, we study stress schemes where
both glide stress and non-glide Escaig stresses are acting simultaneously on the split FR
dislocation. Here the stress variation is achieved by progressively changing the plane of the

shear-stress and the direction of shear stress.

Given n, and b from the table 6.1, the shear plane in this scheme is taken of the form:

n = nycosb,, + (n, x b)sinf, (6.10)
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so that as 6, is varied from 0 to 27, the shear plane gets rotated in a plane whose normal is

b. Note that the shear plane n remains perpendicular to b for all values of #,,. Now, for a

given n, the shear plane m is taken as

m = bcosb,,+(n x b)sinb,, (6.11D)

The angle variations are illustrated in figure 6.15.

n
anb* s

Figure 6.15 — Definitions of #,, and 0,,, used in this scheme. Figure a) is the variation of angle
0., which is the angle between the shear plane n and the primary glide plane
ny,. Figure b) is the variation of angle 0,,, which is the angle between the shear
direction m and the Burgers vector b. In figure a the plane of the figure has the
normal as b, whereas in figure b the plane of the paper has the normal n.

As 0, is varied from 0 to 27, the shear direction m gets rotated in a plane whose normal is
n. Hence the shear direction is always orthogonal to the shear plane, although the shear

plane itself is being rotated in a plane defined by the Burgers vector b.

230



Scheme-III: Combined glide and Escaig stress

Chapter 6

6.5.3.1 Simulated cases

The sets of simulations that were carried out in this scheme is shown in table 6.6. Each of

these 6 sets of runs consists of 625 independent simulations, corresponding to each pair of

angles (0,,,6,)-

Table 6.6 — Simulation sets considered in the Scheme-III.

Set | Configuration | Lyt | Les | Omyine | Onjine Remarks

1 2-seg-Perfect | 1000 | 500 15 15 | The primary and cross-slip segments are of equal
length.

2 2-seg-Perfect | 1000 | 150 15 15 | The cross-slip segment is smaller than the primary
segment.

3 2-seg-Split 1000 | 500 15 15 Same as set 1, except that the dislocations gliding in
primary and cross-slip planes are split into partials.

4 3-seg-Perfect | 900 | 300 15 15 | The CS segment originates from the center of the
dislocation, and is one-third of the total length.

6.5.3.2 Results and Discussion

In this stress variation scheme, the changing of angles that shear direction and shear plane

make with n, and b. The results expected in these simulations are of the form (0,,,6,, £1),

where, again, +1 indicates the cross-slipped segment spreads over the whole dislocation

and —1 indicates that its length has shrunk to zero.

The color-coded plot for the case of set 1 in table 6.6, is shown in the figure 6.16.

231




Scheme-III: Combined glide and Escaig stress Chapter 6

180
120
90
- * - - - L * - * - * - - - - * - *
- - - L] - L] - - - - - - L] - - - - -
- * L - - - * - * - * - - - L * L *
- * L - - - * - * L * - - - L * - *
* * * - * - * * * * * * - * * * * *
E - * L - - - * L * - * - - - L * L *
il - - - L] - L] - - - - - - L] - - - - -
- * L - - - * L * - * - - - L * L *
- * L - - - * L * L * - - - L * - *
* * * - * - * * * * * * - * * * * *
- * * - - - * - * - * - - - * * * *

-120
-150

# ® 3 2=

-18
—?80—165—150—135—120—105 90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 105120 135150 165 180

Figure 6.16 — Color-coded plot, obtained for the simulation set 1 of 6.6. The x-axis is the
angle 6,, (in degree) between the shear plane n and primary glide plane n,. The
y-axis is angle 0,, (again in degrees) between the shear direction m and the
glide direction b. The white dots are the data points where the simulations are
performed. The color-coding is obtained by extrapolating the results at these
data points. The regions in red indicates the regions in the (0,,0,,) where the
cross-slip segment spreads over the full dislocation length, and the regions in blue
indicates those (0,,0,,) values where it gets annihilated. The regions in green
corresponds to the dislocation neither growing nor annihilating.

From this plot, it is visible that the occurrence of complete cross-slip or annihilation is

independent on the angle 0,,,.

Now, the variation of cross-slip probability with the angle 6,, can be understood as fol-
lows: This angle is the angle that the shear plane makes with the primary glide plane.
Now, the acute angle included between the primary glide plane n, and cross-slip glide
plane n. is 70.53°, and the obtuse angle is 109.47°. So, if the angle 6, is in the window
(—109.47°/2,70.53°/2) the component of the applied stress is more in the primary glide
plane compared to the cross-slip plane, so under these 6, the cross-slip segment will
get annihilated as the stress on the primary slip system is more. For 6, in the window

(70.53°/2,180° — (109.47°/2)) the stress in the cross-slip plane is more than that in the pri-
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mary plane, and hence the cross-slip segment spreads over the whole dislocation line. Since
the Burgers vector of the dislocation segment in primary and cross-slip plane is identical,
the effect of the variation in the shear direction i.e., the variation of 6,, has no impact on
the cross-slip tendency. The dependence on 6, is present only when the shear direction
becomes parallel to n x b and hence the component of applied stress along b becomes 0. If
the composite Frank-Read source is composed of perfect dislocations, this shear stress does

not lead to any glide in either of the two planes.

o nm=0 if 6, =0Y60, (6.12)

Now consider the case of set 2 of table 6.6. Here the cross-slip segment of smaller length
compared to the primary. The color-coded plot corresponding to this configuration is as
shown in figure 6.17. This figure is to be compared with the figure 6.16, which corresponds
to the case where cross-slip segment is of the same length as the primary. Compared to
that, the angles (6,, 6,,,) at which the cross-slip succeeds is now much reduced. Again, the

dependence of cross-slip occurrence on 6,,is almost nonexistent.
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Figure 6.17 — Color-coded plot corresponding to the simulation set 2 of table 6.6. Here the
length of the cross-slip segment is less than the length of the primary segment.
The x-axis is the angle 6, (in degree) between the shear plane n and primary
glide plane n,. The y-axis is angle 6,, (again in degrees) between the shear
direction m and the glide direction b. The white dots are the data points where
the simulations are performed. The color-coding is obtained by extrapolating
the results at these data points. The regions in red indicates the regions in the
(0, 0.,) where the cross-slip segment spreads over the full dislocation length, and
the regions in blue indicates those (6, 0,,) values where it gets annihilated. The
regions in green corresponds to the dislocation neither growing nor annihilating.

It was found that the results corresponding to the set 3 of table 6.6 are also identical to set
1 of 6.6 (Results not shown here). This shows that the cross-slip occurrence in this scheme

does not depend on the where the dislocations are split or not.

Now, in set 4 of the table 6.6 , the cross-slip segment originates from the center of the
primary segment. The color-coded map for this case, shown in figure 6.18, is identical
to that of set 1 of table 6.6 shown in figure 6.16. It is to be noted that the length of the
cross-slip segment is one-third of the total length in the set 3, where as in set 1 it is exactly
half of the total length. This is consistent with what is seen in the earlier stress variation

schemes also.
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Figure 6.18 — Color-coded plot corresponding to the simulation set 4 of table 6.6. The x-axis
is the angle 0,, (in degree) between the shear plane n and primary glide plane
n,. The y-axis is angle 0,,, (again in degrees) between the shear direction m and
the glide direction b. The white dots are the data points where the simulations
are performed. The color-coding is obtained by extrapolating the results at these
data points. The regions in red indicates the regions in the (0,,0,,) where the
cross-slip segment spreads over the full dislocation length, and the regions in blue
indicates those (0, 0,,)values where it gets annihilated. The regions in green
corresponds to the case where the central dislocation segment neither growing
nor annihilating.

From these schemes of stress variation it appears that it is more likely for cross-slip to
succeed if the cross-slip segment originates from the center of the original screw rather then

the one of the pinning points.

6.6 Conclusions

DD simulations of a Frank-Read screw source, a part of which has its glide plane different
from the rest of its length is undertaken. Energetically, it is found that the configuration
where the cross-slip segment is also split into partials is more favorable compared to the

configuration where the central segment is perfect.
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The response of such a “Composite FR source” to different glide and non-glide stresses in

primary and cross-slip stresses is then studied. The important observations are as follows

1. Under the application of stress tensors of a certain form, it is found that the behavior
of these “Composite FR sources” is different if the dislocations are composed of perfect

dislocations and partial dislocations.

2. It is found that the propensity of the cross-slipped segment to spread over the full
length of the source is predominantly dependent on the glide stresses acting on the
primary and cross-slip planes, and does not significantly depend on the non-glide

stresses acting on those plane.
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Chapter 7

Summary & Conclusions

Plastic deformation, manifesting at macroscopic length and time scales, has its origins
primarily in the dynamics of dislocations, their mutual interactions, and their interactions
with other defects and impurities embedded in the matrix. Accurate modelling of these
interactions is hence crucial for understanding the microscopic origins of macroscopic
plastic deformation. Three dimensional Dislocation Dynamics (3D-DD) is a powerful
computational tool that complements the more popular computational tools like Molecular
Dynamics and Finite Element Methods in understanding the dislocation evolution across
different length and timescales. This thesis employed the 3D-DD formalism, particularly for

examining the following four issues:

1. The evolution of dislocations in ferritic steels in presence of irradiation induced

prismatic loops and oxide-dispersions.

2. Understanding the role of stresses on the primary and cross-slip planes on the features

of multiple clear channels formed in austenitic stainless steels.

3. Study the variation of the equilibrium stacking fault width of a split FR source under

the simultaneous application of glide and Escaig stresses acting in its glide plane.
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4. Study the role of glide and Escaig stresses acting on the primary and cross-slip

planes in the cross-slip of a pinned screw dislocation.

The scale and features implemented in each of the results chapters is given in table 7.1.

Table 7.1 — Features implemented in each of the chapters of this thesis.

Feature\Chapter | 3 on page 61 | 4 on page 110 ‘ 5 on page 148 ‘ 6 on page 198
Crystallography BCC fec
Dislocations Perfect Split
Scale Grain Single dislocation
DD Technique Edge-Screw based dislocation dynamics Nodal based dislocation dynamics
Stress variation | Feedback based constant strain-rate controlled Peicewise constant stress
Software TRIDIS NUMODIS

From table 7.1, it is visible that the almost half of the thesis dealt with the macroscopic
three dimensional dislocation interactions, in presence irradiation induced obstacles, with
glide and cross-slip features implemented. The second half of the thesis deals with more
elementary phenomena concerned with a single dislocation source, but in more detail

involving nodal representation, and accomodating the stacking faults.

For the present thesis, the software for performing Edge-Screw based Dislocation Dynamics,
TRIDIS, was enhanced with new functionalities for handling interaction of dislocations with
irradiation induced dislocation loops. These interactions rules were devised based on results
of molecular dynamics simulations available in the literature. With these interaction rules
in place, the initial dislocations are evolved under constant strain rate and the resulting

dislocation microstructure is analyzed using various post-processing tools.

More accurate and realistic modeling of cross-slip in fcc materials requires going beyond
the edge-screw model employed in TRIDIS. Dislocations in fcc are split into partials and
enclose a stacking fault between them, and at the moment TRIDIS is insufficient to handle
these features. NUMODIS is a nodal based DD code, currently under development, that is

capable of handling partial dislocations and stacking faults.

238



Highlights of the thesis Chapter 7

Since the partials have Burgers vector different from the original unsplit dislocation, they
respond to non-glide components of the external applied stress tensor. A significant part of
the thesis dealt with understand the dynamics of a single pair of split dislocations under
the action of different glide and non-glide components. Various stress variation schemes
were devised for controlled variation of the glide and Escaig stresses and the equilibrium
dissociation width is examined under those stresses. NUMODIS was extended with new
modules written in object-oriented C++ , for carrying out these simulations and post

processing of the results.

7.1 Highlights of the thesis

Significant observations coming out of the present thesis are as follows:

1. The mobility rules and cross-slip algorithm employed for studying the plastic de-
formation in dispersion-strengthened ferritic steels are found to be well capable to
reproduce all well-known characteristics of dislocations in bec structure like pensile
glide etc. The dislocation microstructure obtained using 3D dislocation dynamics is

comparable to those seen in TEM micrographs.

2. It was found that cross-slip is a important factor that controls the strain localization.
In the case of irradiated ODS steels, the Orawon loops formed around the dispersoids
due to the dislocation glide, enhance the cross-slip probability and hence provide

greater strain spreading than in irradiated steel devoid of these dispersoids.

3. The loop-induced hardening in case of irradiated RPV ferritic steels, is significant
and stable. Its magnitude is weakly influenced by deformation temperature and loop
density in the range of 100K — 300K and 5 x 10?° — 5 x 10%! range respectively. Also,
interacting loop population is directly proportional to loop strength, at least up to a

loop strength of 300 MPa.
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4. In the studies of clear channel formation in austenitic steels, it is shown that the stress
field developing in the vicinity of a clear band can be described through a simple
analytical expression accounting for the applied stress magnitude, the grain size and
the critical cross-slip stress. This simple description proved adequate even in absence

of more complex dislocation features like super-jogs and loop-debris.

5. The separation of clear channels is function of the grain size, irradiation dose as well
as the stacking fault energy (SFE). It is found that the shear band spacing increases

with decreasing SFE.

6. It is also found that cross-slip stress field in primary plane controls germination of
secondary channels whereas the cross-slip stress in crossslip plane also controls the
extent (length) of secondary channel and therefore, the spacing between primary

channels in presence of facet-loops.

7. The stress field acting on the cross-slip system is found to control the spacing between
primary channels in presence of facet-loops, through the development of secondary
channels. Cross-slip is partially inhibited due to interactions of mobile dislocations
with the facet-loops. This effect explains the experimentally observed augmentation

of the surface step spacing, after post-irradiation straining.

8. In the nodal based studies of split FR sources using NUMODIS, it was found that the
presence of Escaig stresses directly affects the equilibrium dissociation width, and

hence impacts the cross-slip probability of a screw dislocation.

9. It is found that under the application of Escaig stress of a suitable magnitude can
activate the two arms of a split FR source away from each other indefinitely, in a
Frank-Read like phenomenon. This can explain the presence of large stacking faults

seen in some low stacking fault energy materials.
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10. Under the application of stress tensors of a certain form, it is found that the behavior
of the screw dislocations with constrictions is different if the dislocation segments
are composed of perfect dislocations and partial dislocations. The role of glide and
non-glide stresses acting on the primary and cross-slip stresses is markedly different
for pinned composite sources vis-a-vis the parallel composite source. The propensity
for the cross-slipped segment to spread over its full length is seen predominantly

dependent on the glide stresses acting on the primary and cross-slip planes.

11. The cross-slip possibility increases greatly if the motion of leading partial segments in

the primary glide plane is blocked due to presence of any obstacles.

12. Cross-slip is found to be more likely if the cross-slipped section originates from the

centre of the FR source rather than its pinned ends.

7.2 Future Directions

The simulations in Chapter 3 and 4 concern primarily about the evolution (through glide
and cross-slip) of dislocations in the presence of obstacles. It should be noted that the
stress-strain plots obtained through these simulations do not exactly match those obtained
by experiments on bulk samples. The simulation-produced stress-strain plots hence only aid
in comparing the hardening etc of different simulation cases. This is because, in simulations
the tensile loading is carried out on a single grain, and at a high strain rate, where-as
the bulk sample are polycrystalline, in general. The dislocation micro-structure obtained
from the simulations is, on the other hand, is comparable with the experimental TEM
micrograph. Another point to note is that the simulations reported in chapters 3 and 4
are carried out without incorporating climb. Implementing the mechanism of climb in
these DD simulation can have interesting consequences as now the dislocations can bypass

the obstacles not just through cross-slip of screw segments but also by climb of their edge
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segments. The dependence of size of the ODS precipitates on the irradiation induced
hardening, particularly with realistic particle sizes is another issued which need to be

undertaken.

The mechanisms seen in chapter 5 and chapter 6 indicate that the Escaig stresses in
primary and cross-slip planes can have important consequences in the cross-slip phenomena.
These observations, coupled with more elementary observations coming from atomistic
simulations of cross-slip can lead to a more realistic cross-slip scheme to be constructed. This
cross-slip scheme needs to be sensitive to the local stresses, and hence must be applicable
even in presence of irradiation defects like Frank-loops etc. On the computation front,
the software NUMODIS needs to be parallelized so that the large-scale dislocation defects

interactions can be analyzed, incorporating new cross-slip rules.
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