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SUMMARY

The development of viable nuclear energy source depends on ensuring structural materials integrity.
Structural materials in nuclear reactors will operate in harsh radiation conditions coupled with high level
hydrogen and helium production, as well as formation of high density of point defects and defect clusters,
and thus will experience severe degradation of mechanical properties. Therefore, the main objective of
this work is to develop a capability that predicts aging behavior and in-service lifetime of nuclear reactor
components and, thus provide an instrumental tool for tailoring materials design and development for
application in future nuclear reactor technologies. Towards this end goal, the long term effort is to
develop a physics-based multiscale modeling hierarchy, validated and verified, to address outstanding
questions regarding the effects of irradiation on materials microstructure and mechanical properties
during extended service in the fission and fusion environments. The focus of the current investigation is
on modern steels for use in nuclear reactors including high strength ferritic-martensitic steels (Fe-Cr-Ni
alloys).

The effort is to develop a predictive capability for the influence of irradiation on mechanical behavior.
Irradiation hardening is related to structural information crossing different length scales, such as
composition, dislocation, and crystal orientation distribution. To predict effective hardening, the influence
factors along different length scales should be considered. Therefore, a hierarchical upscaling
methodology is implemented in this work in which relevant information is passed between models at
three scales, namely, from molecular dynamics to dislocation dynamics to dislocation-based crystal
plasticity. The molecular dynamics (MD) was used to predict the dislocation mobility in body centered
cubic (bcc) Fe and its Ni and Cr alloys. The results are then passed on to dislocation dynamics to predict
the critical resolved shear stress (CRSS) from the evolution of local dislocation and defects.

In this report the focus is on the results obtained from large scale dislocation dynamics simulations. The
effects of defect density and materials structure were investigated while new evolution laws were
proposed. These results will form the bases for the development of evolution and hardening laws for a
dislocation-based crystal plasticity framework. The hierarchical upscaling method being developed in
this project can provide a guidance tool to evaluate performance of structural materials for next-
generation nuclear reactors. Combined with other tools developed in the Nuclear Energy Advanced
Modeling and Simulation (NEAMS) program, the models developed will have more impact in improving
the reliability of current reactors and affordability of new reactors.
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1. INTRODUCTION

The development of new-generation nuclear reactors depends on the availability of
materials that can operate safely in severe environments for an extended service lifetime [1-2].
Materials operating in such a harsh environment are subjected to high doses of irradiation which
causes changes in microstructure. These changes are responsible for dimensional instabilities,
such as swelling and irradiation creep, and mechanical property evolution and degradation, such
as irradiation hardening and post-yield deformation behavior including plastic flow and

subsequent localization, which impact component performance and reliability.

The evolution of microstructural features with irradiation dose and temperature involves
coalescence of vacancies and interstitials into voids and dislocation loops that cause swelling. In
steels, void swelling can occur at temperatures up to about 800 K [3-4]. Modern steels used in
nuclear reactors include high strength, ferritic, martensitic and oxide dispersion strengthened
steels. These steels reduce the occurrence of void swelling and are more stable in the presence of
defects that arise due to their severe functional environment. These steels are used in conditions
subjected to creep and stress corrosion in the reactor environment that adversely affects their
useful service life. Although ferritic-martensitic steels are quite resistant to swelling and
maintain good fracture toughness at irradiation above 673K [5-6] , they are prone to loss of

ductility at lower irradiation temperatures [7-8].

Over the past two decades, significant advances have been made in understanding the

effects of irradiation on materials microstructure” and mechanical properties by focusing theory,

? This includes crystal lattice defects, such as dislocations, voids and grain boundaries, as well as microchemical
arrangements, including second phase precipitates and regions of solute segregation that extend from the nm to
mm scale.
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experiments and modeling on the basic underlying physical mechanisms [9-23]. For example, it
is well established that the effect of irradiation on ferritic-martensitic alloys at low to
intermediate temperatures is increased yield stress, reduced strain hardening capacity, and flow
localization at lower strains [24-25]. Furthermore, the predominant microstructural features
include dislocation loops, voids, regions of solute segregation and second-phase precipitates. The
initial density and evolution of these features depend on some key variables, such as irradiation
temperature, dose and dose rate, helium production rate, and alloy composition. The mechanical
properties depend on the interaction of dislocations with the defects as well as the interaction
between dislocations. However, predicting the balance of these features based on key variables
and detailed mechanisms of their formation, as well as their precise character and composition,
remains an outstanding question. A firm understanding of the fundamentals of defect production
and evolution (at the nano and micro scales) in an alloy and its effect on macroscopic mechanical
properties is essential for evaluating the material stability of candidate engineering materials in
experimentally uncharted irradiation conditions. Moreover, current models that address defect
production are mostly limited to pure metals, for example Fe, Pd, and Cu. However, production
and evolution of point defects and defect clusters and their interaction with grain boundaries and
dislocations are quite different in alloys compared to pure metals [26-27]. This may be attributed
to the manner in which point defects interact within the displacement cascade and with solute
atoms, which in turn affect point-defect mobility, cluster formations, and dislocation-defect-grain
boundary interaction. These all influence strength, ductility and failure. This work addresses
outstanding issues related to the effects of irradiation in ferritic-martensitic steels by focusing on
two key scientific issues: 1) the effect of alloy chemistry and solute-defect interactions on
microstructural evolution with emphasis on Fe-Cr, Fe-Ni, and Fe-Cr-Ni systems and 2) linking
the underlying materials microstructure to mechanical properties, including yield stress and post-

yield deformation behavior.

The effect of irradiation on materials microstructure and properties is a classic example
of an inherently multiscale phenomenon, involving processes spanning a range of length and
time scales. At the smallest scales (nanometer and picoseconds), high-energy particle collisions
with lattice atoms result in displacement cascades that produce highly non-equilibrium point
defects (vacancies and interstitials) and point defect cluster concentrations with a high degree of

spatial correlation. These defects and clusters diffuse over macroscopic length and time scales,
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significantly altering the material’s chemistry and microstructure. Computer simulation and
modeling can provide significant insight toward understanding the effects of irradiation on
materials and potentially lead to the development of new-generation materials. Due to the costs
of developing and testing such new materials, using computational techniques has been proven to
be highly preferable and cost effective. The application of first principle, molecular (MD), and
dislocation dynamics (DD) is a paradigm of techniques employed to model the behavior of
prospective materials in future nuclear energy systems [28-30]. Previous empirical models are
being replaced by more physical ones that take advantage of new results at the microscopic level,
as well as the tremendous improvements in computing science, and breakthroughs in physical
metallurgy at the atomic scale. However, predicting material behavior based on this knowledge
still is an unsolved problem, mainly due to its multiscale nature involving processes spanning
diverse length and time scales. Current models that address the issue of defect production and
interaction are limited to one scale only without any interaction between the different scales. At
the smallest scales (nanometer and picoseconds), irradiation dose and temperature cause the
coalescence of vacancies and interstitials into voids and dislocation loops. These defects and
clusters diffuse over macroscopic length and time scales, altering significantly the chemistry and
microstructure of the material. In order to effectively predict the mechanical behavior of the
materials under irradiation at the continuum scale, critical information should be determined and

progressively passed from one scale to another.

In the heart of any macroscopic model is the collective behavior of dislocations inside the
material under study. Among the available computational techniques, discrete dislocation

dynamics is the most commonly used to study the materials behavior at the mesoscale.

Discrete dislocation dynamics (DD) is a powerful tool that has been advanced
significantly in the past decade [31-34]. It has been used to explain the effect of irradiation on
mechanical properties through large scale simulations of interaction of numerous numbers of
dislocations with defect clusters. The work of Zbib and co-worker have shown that dislocations
interaction with the elastic fields of nanosize defect clusters in Cu and Pd lead to hardening
followed by localized deformation and channel formation resulting from defect cluster
annihilation by dislocations [30, 35-41]. In the present work we investigate the effect of

irradiation hardening in Fe-Cu-Ni systems. The goal is to predict the stress-strain curve and the
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critical resolved shear stress as a function of defect density, which is then used in the crystal
plasticity model. However, in order for this method to work, a detailed knowledge of the
dislocations mobility in an analytical form inside the materials is required. In the literature
various studies can be found to deal with the dislocation mobility using molecular dynamics
simulations. However, they are all limited to simple systems and they do not attempt to calculate
the effect of the concentration on the mobility [42-44]. Recently work has been done in
calculating the mobility of screw dislocations in a-iron and to derive analytical expressions for
the use within the dislocation dynamics [45]. Although the motion of screw dislocations is
dominant in the deformation of bcc structures, the role of edge dislocations is not insignificant.
Furthermore, in the dislocation dynamics framework, the mobility of the screw dislocations can
be calculated as a fraction of the mobility of the edge counterpart [37, 46]. In view of this,
molecular dynamics simulations were performed in iron alloys with various concentrations of
nickel and chromium [47-48]. This system was chosen because of the availability of the
interatomic potentials and the similarity of the systems considered for the next generation
nuclear reactors. Due to the generality of the technique, other material systems can be studied as
well. This information, in conjunction with the information described elsewhere [49] can be used
to study the degradation of the material at the microscale. In this report, first the calculated
dislocation mobility is used to develop rules of the mobility as function of temperature and
concentration in a suitable form for the dislocation dynamics framework. Then the results
gathered from the DD simulations are presented followed by their analysis that leads to the
evaluation of the critical resolved shear stress in Fe-Ni-Cu alloys as a function of concentration,
as well as irradiation damage. Finally, semi-empirical expressions are developed for future use in
a dislocation-based crystal plasticity framework, followed by discussion and the conclusions of

this work.

2. MULTISCALE METHODOLOGY

The modeling methodology involves a hierarchical approach integrating molecular dynamics
(MD) simulations, dislocation dynamics (DD) simulations, and crystal plasticity with internal
variable theory, over the relevant length and time scales to model the fates of defects and solutes

and thus, predict microstructural evolution in irradiated ferritic/martensitic steels. The evolution
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of the microstructure under irradiation will be linked to a quantitative prediction of irradiation
hardening and post-yield deformation behavior through the use of dislocation dynamics (DD)
simulations, crystal plasticity and continuum internal variable models. The following procedure

is a summary of the multiscale approach that we have adopted.

a) MD simulations: Dislocation mobility and defect properties in Fe-alloys (Fe-Cr, and Fe-Ni)
are obtained from atomistic simulations based on semi-empirical EAM and/or MEAM
potentials. Specifically, defect cluster energetics, physical insight into kinetic processes and
interactions are obtained from large-scale atomistic simulations, including the fate of moving
defect-solute clusters with dislocations and grain boundaries, the mechanisms of moving

dislocation interactions with dislocation loops, defect clusters and second phase particles.

b) DD-MD Linkage to Mechanical Property Changes: The dislocation mobility and
microstructure predicted by the atomistic simulations serves as input to three-dimensional DD
simulation to quantitatively predict radiation-induced mechanical property changes.
Specifically, MD would lead information about defect density evolution in the bulk and at
grain boundaries, defect-dislocation-solute interaction and conditions for annihilation of
defects, pinning and dislocation climb, as well as the dislocation mobility and its dependence

on solute concentration.

c) MD-Informed Dislocation Dynamics Simulations: The collective behavior of an ensemble of
dislocations in a crystal is modeled by calculating the forces on each dislocation and taking
into account all possible reactions among dislocations, as well as between network of
dislocations, and the radiation-induced defect microstructure. A key component to
quantitative 3D-DD simulations is to understand the mechanisms and features of a variety of
nanostructural features which interact with moving dislocations, are obtained from large-scale

MD simulations.

d) DD-Crystal Plasticity Linkage to Mechanical Property Changes: DD provides quantitative
data for the dependence of flow stress on defect cluster density and evolution of cluster
density as a function of plastic strain which can be used to develop models for use in crystal

plasticity.
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e) DD-Informed Crystal Plasticity (CP): Crystal plasticity framework will include information
passed from DD and MD. Hardening laws will be modified to include the effect of defect
cluster as determined by DD, and the properties of the grain boundaries as determined by MD.

The focus of the current report is on results from large scale dislocation dynamics
simulations with input from molecular dynamics. The results from molecular dynamics
simulations for dislocation mobility and dislocation interaction with voids and precipices in iron
alloys with various concentrations of nickel and chromium are reported in [47-48, 50-51]. The
Embedded Atom Method (EAM) [52] and potentials developed in [53-55] for the pure iron, Fe-
Cr and Fe-Ni respectively were used. The results for the edge dislocation mobility are
summarized in Table 1, and plotted in Figures l1a-b. These results are used in conjunction with
the dislocation dynamics simulations discussed below, and will be further analyzed in the next

section.

Table 1. Simulated mobility (in 1/Pa‘s) of an edge dislocation inside various Fe alloys at various

temperatures.
Temp
Struct. 10K 50K 100K 150K 200K 250K 300K

a-Fe 3.55E+03 2.93E+03 2.61E+03 2.50E+03 2.43E+03 2.38E+03 2.38E+03
Fe-5% Ni 4316403 4.08E+03 4.02E403 3.68E+03 3.73E+03 3.79E+03 2.79E+03
Fe-10% Ni 5.05E+03 4.37E+03 4.13E+03 4,07E+03 4.07E+03 4.31E+03 3.94E+03
Fe-15% Ni 5.43E+403 4.41E+03 4.39E+03 4.85E403 5.21E+03 5.56E+03 5.00E+03
Fe-20% Ni 5.99E+403 4.52E403 4.65E403 5.03E403 5.29E+03 5.29E+03 5.18E403
Fe-5%Cr 3.48E+03 2.82E+03 2.67E+03 2.55E+03 2.56E+03 2.60E+03 2.71E+03
Fe-10% Cr 3.57E+03 3.08E+03 2.95E+03 3.07E+03 3.12E+03 3.18E+03 3.15E+03
Fe-15% Cr 3.68E+03 3.09E+03 2.92E+03 2.72E+03 2.84E+03 2.78E+03 3.13E+03
Fe-20% Cr 2.98E+03 2.73E+03 2.59E+03 2.69E+03 2.82E+03 2.83E+03 3.09E+03

A complete description of the DD method and its extension to dislocations in
heterogeneous media can be found in [56]. According to the theory the motion of a dislocation
segment is governed by a Newtonian-type equation of motion with a driving force that consists
of a number of components, including Peierls lattice friction forces, dislocation-dislocation
interaction forces through their stress fields, forces due to externally applied forces, osmotic
climb forces, images forces due to free surfaces or from differences in elastic moduli for
dislocations in heterogamous media and near interfaces, etc. In the case of irradiation damage,

dislocations also interact with defect clusters whose density in bcc metals can be on the order of
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10** m™ for a variety of neutron irradiated metals near room temperature. In bec metals defects
are Frank-Sessile (FS) dislocation loops of a<100> and a/2<111>, in almost equal proportion
[57], and the radius varies between 1 nm to 3 nm. In DD, the elastic interaction and short-range
interaction between dislocations and FS loops is computed explicitly based on the work of
Khraishi et. al. [58], which was originally developed for face centered cubic (fcc) systems. Each
defect possesses its own stress field which contributes to the Peach-Koehler force, impeding the

motion of the dislocation and contributing to irradiation hardening.
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Figure 1. Dislocation mobility as a function of the temperature in (a) Fe-Ni and (b) Fe-Cr
systems. In both cases the concentration of nickel or chromium was varied from 5% to 20%.

Herein, we investigated the effect of irradiation hardening in bcec with the goal to predict the
stress-strain curve and critical resolved shear stress as a function of alloy and defect density, to
be used in the crystal plasticity model. The DD simulation unit cell, shown in Figure 2a, is a
4.5%4.5%5.97 um’ cube cell that contains an initial density of Frank-Read sources distributed
randomly on the primary [59] slip planes. In the simulations, periodic boundary conditions were
imposed. The cell is loaded in tension with a constant strain rate of 100/s. The effect of
irradiation is accounted for by mapping into the DD box a spatial distribution of FS loops with
density ranging from 10* /m’ to 10** /m’. The loops are 1 to 3 nanometers in radius, and the

radius is randomly generated to fall within the specified interval. The model also generates
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Frank-Read sources, represented as finite dislocation segments pinned at ends, lying on {110}

glide planes, and Burgers vectors of the type <111>.

_ _ ) .

Figure 2 Typical dislocation dynamics simulation: a) Simulation cell with initial random distribution of
Frank-Read dislocation sources and FS loops, b) dislocation-defect structure after plastic deformation, c)
a close-up view showing the interaction between dislocations and FS loops, d) underlying dislocation
structure resulting from cross-slip, €) FS loops structure showing the formation of defect-free channels.

The DD simulations were performed for all the Fe-Cr and Fe-Ni cases at T=300 K. In the
DD simulations, the required material parameters are: the shear modulus p, the Poisson’s ratio v,
the dislocation mobility M, and the Burgers vector magnitude b. For the Fe-Ni and Fe-Cr alloys
under consideration, the elastic properties are listed in Table 2, which are determined using a
simple rule of mixture. The dislocation mobility for the edge or mixed dislocation we use the
values given in Table 1, and b = 0.2482 nm. The screw dislocations mobility can be calculated

as a fraction of the mobility of the edge counterpart as suggested in [37, 46]. Here we assume
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that the screw component’s mobility is proportional to that of the edge with a proportionality

factor equal to 107,

Table 2. Elastic properties for Fe-Cr and Fe-Ni alloys calculated using the rule of mixture

Shear Modulus (Gpa) Poisson’s ratio
Elastic Properties

a-Fe 83 0.29

Ni 76 0.31

Cr 115 0.21
Fe-5% Ni 82.65 0.29
Fe-10% Ni 82.3 0.29
Fe-15% Ni 81.95 0.29
Fe-20% Ni 81.6 0.29
Fe-5% Cr 84.6 0.29
Fe-10% Cr 86.2 0.28
Fe-15% Cr 87.8 0.28
Fe-20% Cr 89.4 0.27

3. RESULTS AND DISCUSSION

3.1 Molecular Dynamics: Dislocation Mobility
The atomistic simulations, reported in [47-48, 50-51], were performed for three iron

systems: a-Fe, Fe-Ni and Fe-Cr. For the Fe-Ni and Fe-Cr systems, four different concentrations
of nickel and chromium (5%, 10%, 15% and 20%) were considered to study the effect of the
concentration on the dislocation mobility. The results are summarized in Table 1, and plotted in
Figure 1. The results reveal that edge dislocation mobility is higher in the Fe-Ni systems
compared to the a-Fe and is increasing as the Ni concentration increases. On the other hand, the
dislocation mobility inside the Fe-Cr is comparable to the pure iron although it still is about 5%
higher. The higher edge mobility of the alloys compared to the pure Fe is backed by
experimental observations that show a higher density of screw dislocations in alloys because the
edge dislocations are very fast and disappear at the surface of the specimen [60-61]. This also is
backed by other simulations of screw dislocations mobility [10], showing that it is lower than the
edge mobility. It seems that two lines with different slopes intersecting at 50 K can be used to
approximate the dislocation mobility as a function of the temperature. These lines can be

extended to predict the edge dislocation mobility at higher temperatures, eliminating the need to
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perform extended atomistic simulations over a broad range of temperatures (providing this range
remains below the melting temperature). The predicted law for the mobility of an edge
dislocation can complement similar results for the screw dislocations in Fe [10] to form a
complete set of rules that can be used in DD to study the behavior of iron and iron alloys at the
mesoscale. For more details on the implementation of this technique see [48-49]. Results for the
edge dislocation mobility M, from the atomistic simulations can be fitted to a relation of the

following form:
M,=a,+m\T-T, (1)

The values for the parameters appearing in equation (1) are shown in Table 3 for the Fe-
Ni and Fe-Cr systems. In general, results show that the fitting parameters are either constant (the
case of Ty for both solutes and m for the Cr) or vary in a linear manner with the concentration
that implies the existence of a general law for the mobility of edge dislocation as a function of
the concentration in iron alloys that include Ni and Cr. This law will follow the form described
above with fitting parameters that will vary for each solute. This also leads to the conclusion that
the edge dislocation mobility depends on the concentration of the Ni or Cr inside Fe.
Furthermore, the parameterization used in this work provides a good starting point to study the
effect of the concentration on the Fe-Ni and Fe-Cr alloys in a form suitable for the DD

framework.

Table 3. The coefficients of the curve fitting using a power function for various concentrations

%Ni1 ap m To %Cr ag m To
5 3771.43 437.49 1494.96 5 2769.99 321.65 1101.91
10 4277.14 496.30 1694.38 10 3160.00 366.97 1254.08
15 4978.57 577.15 1973.27 15 3022.85 350.86 1200.63
20 5135.71 595.49 2036.13 20 2818.57 327.30 1122.48

3.2 Discrete Dislocation Dynamics: Irradiation Induced Hardening
Results from a series of DD simulations, relevant to crystal plasticity, are summarized in

Figures 2-7. The simulations were performed for a series of initial dislocation and defect

densities. The defect densities are labeled for the corresponding values listed in Tables 4 and 5.
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Figures 2a-e show a typical dislocation-defect structure after a certain amount of strain in
the presence of FS loops. The dislocation structure shown in Figure 2b and highlighted in Figure
2d is composed mainly of extended dislocations of screw character, resulting from the fact that
the mobility of the screw dislocation is three orders of magnitude less than the edge. Figure 2c
shows the pinning effect of the FS loops resulting from the elastic interaction between the
dislocations and the loops. As the dislocations sweep through the cloud of the FS loops, some of
the loops get annihilated, depending on their interaction energy with the sweeping dislocations as
discussed in [36, 41, 59]. This results in the formation of defect free channels as shown in Figure
2 and subsequently causes a drop in the flow stress as deduced from the stress-strain curves

shown in Figures 3 and 4.
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Figure 3. DD simulation results of Fe-Ni alloys: Stress-strain curves for various Ni concentrations and
irradiation defect density.
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Typical stress-strain curves predicted by the DD simulations are shown in Figures 3 and 4
for Fe-Ni and Fe-Cr systems respectively. The figures show the dependence of the stress on both
Ni and Cr concentration as well as on the irradiation defect density. The figures clearly show
strong dependence on the initial defect density. In all cases, the stress initially increases linearly
until it is high enough for dislocations to overcome internal barriers and the pinning effect of the
defects, which arises only from dislocation-FS loops elastic interactions. As the dislocations
propagate and interact with the defects, their interaction energy with the defect at a critical

distance can cause defect absorption within the dislocation core, which, in turn, leads to a drop in
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stress [35] and a decrease in defect density. Figure 5 shows typical DD results for the evolution
of the defect density with deformation. In all cases, the defect density remains unchanged during
the elastic loading as expected. As the stress becomes high enough to cause the dislocations to
move, the dislocations interact with the defects and some of them get annihilated, causing a
decrease in the defect density. In the same time, the dislocation densities in Fe-Ni alloys with

different initial defect density generally increase with deformation, as shown in Figure 6.
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The critical resolved shear stress (CRSS) can be extracted from the above stress strain

curves. Due to the apparent fluctuations in the curves, three values are extracted, namely: the

initial yield stress (first deviation form linearity), 0.02% offset yield and 0.04% offset yield. The

results are summarized in Tables 4 and 5.

Table 4. DD results: CRSS in Fe-%Ni systems

defect density defect density defect density defect density defect density defect density
a b c d e f
0 2E+22 S5E+22 TE+22 1E+23 2E+23
CRS5, Mpa CRSS, Mpa CRSS, Mpa CRSS, Mpa CRSS, Mpa CRSS, Mpa
Ni% | Mobility [ 1v |0.02%|0.04% I¥ |0.02%|0.04% I¥ |0.02%|0.04% IY |0.02%|0.04% IY |0.02%|0.04% I¥ |0.02%|0.04%
0 2.38E+03 [ 259 | 295 | 305 310 | 335 | 350 360 | 379 | 415 410 | 432 | 439 450 | 465 | 475 505 | 556 | 533
5 2.79E+03 | 265 | 310 | 340 300 | 345 | 380 355 | 380 | 405 370 | 410 | 460 460 | 470 | 475 535 | 520 | 521
10 | 3.94E+03 | 270 | 315 | 300 310 | 340 | 330 340 | 395 | 380 360 | 380 | 405 420 | 460 | 465 300 | 310 | 325
15 | 5.00E+03 | 285 | 310 | 310 320 | 370 | 360 360 | 380 | 375 385 | 420 | 400 420 | 460 | 440 560 | 540 | 535
20 | 5.18E+03 | 300 | 301 | 320 310 | 340 | 360 320 | 350 | 382 400 | 425 | 435 460 | 440 | 420 510 | 560 | 582
Table 5. DD: Results: CRSS in Fe-%Cr systems
defect density defect density defect density defect density defect density defect density
a b C d 3 f
0 2E+22 5E+22 TE+22 1E+23 2E+23
CRSS, Mpa CRSS, Mpa CRSS, Mpa CRSS, Mpa CRSS, Mpa CRSS, Mpa
Ni% | Mobility | 1v |0.02%|0.04% IY |0.02%|0.04% IY |0.:02%|0.04% IY |0.02%|0.04% IY |0.02%|0.04% IY |0.02%[0.04%
] 2.38E+03 | 183| 209 216 219 237 247 255| 268| 293 290| 305| 310 318| 329| 336 357 393 377
5 2.79E+03 | 187| 219| 240 212| 24e8| 269 251 269| 286 262 290 325 325| 332 336 378| 368| 368
10 | 3.94E+03 | 191| 223| 212 219| 240 248 240 273| 269 255 269| 286 297 325 329 354| 361 371
15 | 5.00E+03 | 202| 219 219 226| 262 255 255 269| 265 272 297 283 297 325 311 396| 382 378
20 | 3.18E+03 | 212| 215| 226 219 240| 255 226| 248| 270 283 301| 308 325 311] 297 361 396 412
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Figure 7. Fe-%Ni- Dislocation dynamics results: Effect of Ni concentrations
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Figure 7 illustrates the effect of Ni concentration on the stress-strain behavior with or without
defects. Figure 7a depicts the effect of the concentration, therefore the dislocation mobility on
the stress-strain behavior for the case with no defects, while Figure 7b shows the effect when

there are defects. Similar trends are observed for all defect densities for both Fe-Ni and Fe-Cr

systems.
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This effect is further shown in Figures 8a-d for the case of no defects. These results show
that the CRSS depends linearly on the concentration. This effect is most pronounced when the
defect density is low because the magnitude of the stress resulting from the irradiation hardening
becomes much larger than the increase due to the concentration as the defect density increases.

The increase in the CRSS as a function of defect density ppis shown in Figures 9 and 10.
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Figure 10. Increase of the CRSS with irradiation defect density in Fe-Cr.

The increase DCRSS (=Ar) is the value of the CRSS (=T(,0D,C)) for a given
mobility/concentration (c¢) and for a given defect density minus the reference state with no

defects, 7, (C) :

At =T(pD,c)—rO(c) )

It can be deduced from Figures 9 and 10 that the increase in the CRSS follows a similar trend
for all the Fe-Cr and Fe-Ni cases studied. In all the cases the curves can be fitted to a simple

power in pp and linear dependence on c, leading to the following constitutive law for the CRSS.

7(pp.c)=1, +ch+a,u(c)(b2dpD )n 3)

where 7,is the yield stress for the case with no defects and zero concentration, i.e. pure & — Fe.

7. 1s a constant equal to approximately 144 MPa for Ni and 100 MPa for Cr (see Figure 8); ais a

constant on the order of 0.1 — 0.3; b is the magnitude of the Burgers vector; d is the average size
of the defect (1-3 nm); and » is a constant with an average value ranging between 0.4 and 0.6.
This relationship is different from the dispersed barrier model [62-64], which is based on
geometrical considerations for strong obstacles intersecting the dislocation glide planes, where
the increase in yield strength is assumed to be proportional to the square root of the defect cluster
density [65-66]. However, in DD the pinning effect is caused solely from the elastic interaction
between the glide dislocations and the FS loops which is an explicit representation of the
interaction process. This effect is similar to that discussed in [67] where a model was developed

to account for the elastic interaction between dislocation loops situated near the dislocation core,
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leading to a modification of the dispersed hardening model. As noted earlier, in the dispersed
hardening mode it is assumed that glide dislocations interact with strong obstacles in a glide

plane and the yield stress rzis inversely proportional to ¢ the average spacing between
obstacles. In the case of dislocation-dislocation interaction (forest hardening), the spacing

between forest dislocations (obstacles) is equal to 1/ \/_ , where, in this case, p is the

dislocation density defined as the total dislocation length per unit volume, leading to 7 oc ,ub\/; .

In the case of hardening induced from dislocation interaction with cluster obstacles, such as FS
loops of average size d whose density is defined as the number of defects per unit volume and to

maintain the form of the dispersed hardening model, the average obstacle spacing is assumed to

be 1/,/d py , leading to 7 oc ub,/d p, . However, in a more precise treatment the average

spacing between obstacles dispersed in a three-dimensional space is equal to 1/3/p, . Thus,

Equation (3) can be written as

b’d )\
(pp.c) =1, +rcc+a,u(c)( VE j , L/ pp 4)

This equation provides a generalized from for the dependence of the yield strength on

concentration, and irradiation defect density.

As a result of dislocation-defect interaction, the defect density p, decreases during

plastic deformation (as can be deduced from Figure 5). As previously mentioned, as the
dislocations begin to move at the CRSS, they interact with the defects and some get annihilated,
causing a decrease in the defect density. Because the dislocations are stationary, no defects get
annihilated during elastic loading. Therefore, the evolution of defect density should be presented
in terms of the plastic strain. A typical defect density versus plastic stain is shown in Figure 11
for one case. All other cases follow the same trends. Based on these results, a generalized

evolution law for the defect density can be derived.

Consistent with the discrete DD of dislocation-obstacle interaction, some of these defects
get annihilated as a glide dislocation passes through a cloud of the FS defects (depending on their

interaction energy with the glide dislocation [36]). Let N, be the number of defects in volume V

centered around the dislocation segment, then N, =Vp,,. Only a fraction £ <1 of these defects
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may be annihilated. Their annihilation rate depends on the average time ¢ for one dislocation with
velocity v,  to move through the volume, which equals ¢ =v, /R, where R" is the average
distance traveled by a dislocation through the volume V. If the volume is assumed to be spherical
with radius R, then R" = zR/4. The frequency f'with which irradiation defects within the volume
V' get annihilated is equal to f = N, /t. Given that N glide dislocations may go through the

volume V, the rate of decrease of the defect density within /" becomes:

y =
Po = VN (5)

Noting the number of dislocations crossing the volume V' is equal to N = p, A4, where p,is

the dislocation density and A is the project area of V, assuming a spherical volume of radius R,

and after a few algebraic manipulations Equation (5) becomes:
Po =—4PRps p,vp (6)

This expression provides an evolution law for FS defects in bcc materials systems, resulting
from the absorption of FS loops by gliding dislocations. In the case of fcc materials systems,
such as Cu, where the dominate defect is dislocation stacking fault tetrahedral (SFT) interaction,
the evolution of the defect density involves the mechanism of dislocation cutting of the initially

perfect SFT as discussed in [38, 68].

By using the Orowan relation y° = p,bv,, equation (6) can be written as:
. R .
Po=~4Fpo7" (7)

Assuming £ is constant (in a more general treatment, it may depend on both the defect

density and dislocation density), equation (7) can be integrated to yield the analytical solution:

)

5

Po =Pp e (&)

where pg is the initial defect density. Equation (8) can be fitted to the results from the discrete

DD simulations, and typical results are shown in Figure 11, showcasing almost a perfect fit of
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the DD results to the model with the exponential coefficient 4 SR/b varying between 0.9 to 1.0,

depending on the initial defect density.
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Figure 11. Evolution of defect density as a function plastic strain for Fe-10%Ni.

Based on results from DD analyses, a constitutive equation for the irradiation-induced
hardening in Fe-Cr and Fe-Ni systems and its dependence on alloying element concentration are
derived, primarily in equations (4) and (7). These DD-based equations, along with other DD
results such as evolution of DD (Figure 6), junctions, jogs, and cross slip, form the basis for the

continuum-DD-based crystal plasticity under development.

3.3 Continuum Dislocation Dynamics — Crystal Plasticity
Dislocation density evolution and the mobile-dislocation-related CRSS are predicted

from discrete DD. They are the basis for the continuum-DD-based crystal plasticity. Here, we
present the framework of continuum DD applied in steel. This framework used the principle of
crystal plasticity and was improved by introducing more physical-based mechanisms to
substitute empirically based formulations on constitutive and hardening laws. In crystal plasticity

[69-70], the total deformation gradient F is the product of elastic part F* and plastic part F*:
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F=F°F", )

where F° is due to the elastic distortion of lattice and F” is due to the slip by the dislocation

motion in the unrotated intermediate configuration.

The plastic deformation gradient is expressed by the flow rule:

FP = [PFP (10)
with the plastic velocity gradient expressed as the sum of all crystallographic slip rates, Y :
N
L= Z)'/"‘n“ ® m“
a=1 , (1 1)
where n” and m” are the vectors representing slip direction and slip plane normal of slip system
a, and N is the number of slip systems.

The plastic velocity gradient is composed of a symmetric part, strain rate D”, and an

antisymmetric part, total spin "

N
D} =symm(L}) = lZy'“ (n,“m;’ + nj’m,“)
250 and (12)

1 S ca [24 a a a
VK‘/P :Symm(Lg‘):EZV (ni m; —n;m, )
a=l . (13)
Here, strain rate D’ determines the deformation behavior by updating stress strain curve;
while total spin 7" is used to update the orientation of crystals, further texture in polycrystalline

materials.

With traditional crystal plasticity 7 , the shear strain rate of each slip system o is

determined by a strain-rate-dependent power law function:

; (14)
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where 70is reference strain rate, *0 is the slip resistance of the slip system a, 7% is the resolved

shear stress along slip system o, and m is the rate sensitivity exponent. The parameters % andm

are obtained from experimental results using curve fitting.

In contrast, continuum-DD-based crystal plasticity proposed another form of power law
by using the results from discrete DD to substitute the parameters m from curve fitting. Our

constitutive law for the shear strain rate is based on the Orowan relation [71]:
/4 ‘= p:/{l b Vg (15)

a

“ o, . . . . . . v, .
where P is the mobile dislocation density of slip system a, b is the Burgers vector, and ¢ is

the average dislocation glide velocity in slip system a.

o

In previously developed models, the dislocation glide velocity Ve , 1s expressed in a

a
a .. . . . T
power law of resolved shear stress 7 similar with shear strain rate of slip system a, " :

b
sign(z'“) (16)

Here the expression of dislocation glide velocity is improved to a general law using

Kock-type activation enthalpy:

AFy |1 -3\ P aq . o h | al > ¢
o — VDlgeXp [—— 1-— — ] S]gn(r ) whnen |t To
Vg {0 KT ( ( % ) ) when [t¢] < 1‘0‘ (17)

where /; is the distance between the barrier. For a kink height, /, is close to Burgers vector. Vp is
the Debye frequency, and k is the Boltzmann constant. 7 is temperature, AF, is Kock-type
activation enthalpy, 13 is the Peierls lattice resistance of slip system o, and p and q are strain rate

parameters. In this new proposed law, all parameters have physical meaning calculated from
lower length scale models. The slip resistance of slip system a, 7, , is a summation of reference
resistance 7y from lattice friction stress for moving dislocations; resistance due to dislocation-

defect interaction 7,”, mainly from irradiation; and resistance from dislocation hardening 7, :
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Ty =Tty Ty, (18)
According to the Baily-Hirsch model [72], the resistance from dislocation hardening is
slip resistance of statistically stored dislocations on other slip systems against moving ones on
one specific slip system a. It is a function of interaction matrix of slip systems 2" :
T, = Zab,uQ”””\/p’”
m . (19)

Here, b is Burgers vector magnitude, p is shear modulus, a is a numerical factor on the
order of 0.1, and p™ is the density of statistically stored dislocations accumulated on the slip

system m.
The evolution rate of statistically stored dislocation density is related to the mean free

path of moving dislocations on slip system a, L” [73]:

pa = 07}0! /bLa , (20)

.
where 7 is shear strain rate of slip system a and ¢ is a numerical constant of order 1. L” is a

function of dislocation density.

If we assume defects are distributed randomly for all slip systems, 7] is a constant. A

modified dispersed barrier hardening model is used to express irradiation resistance z; from

dislocation-defect interaction:
vi = pdu(p,d)’ , 1)

where p, is the defect density and d is the defect size. In a traditional dispersed barrier hardening

model, n=0.5. In our proposed model, 7 is calculated directly from discrete DD.

In the previously proposed DD-based crystal plasticity models, the dislocation density
evolution laws are either ignored or used a fitted curve to represent the evolution (as proposed by

Kock [74]):

1[N sP
ka

-

74 (22)

P b —ky,p”
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where k, and k; are material parameters for dislocation generation and annihilation, respectively.

In this work, the evolution rate of the dislocation density is mechanics based and
calculated from the discrete DD. Generally, the dislocations are divided into two types, mobile

and immobile:

P =py +P1a‘ (23)

The evolution of mobile dislocation density is composed of six terms with different
physical contribution. The first mechanism is from the multiplication and growth of residential

dislocation and the production of new dislocations from Frank-Reed sources in slip system a::

=<l
R Q

Pu =Py = 24)

2

~

where a; is the dislocation multiplication coefficient, p;, is the mobile dislocation density
distributed on slip system o, and /“ is the mean free path of dislocations on slip system a.
The second mechanism captures the mutual annihilation of two mobile edge or screw

dislocations with opposite signs in slip system a:

Pl = 2R (0 v, 05)

where a; is the dislocation annihilation coefficient and R, is the capture radius for the dislocation

annihilation event.

The third mechanism describes the transition of mobile type to immobile type due to the

interaction between dislocations:

. a ‘78
Pu = 0Py IT (26)

where 03 is the immobilization parameter.

Conversely, the fourth mechanism is about the mobilization of immobile dislocations due

to breaks of junctions, dipoles, pinning parts, etc., at a critical stress condition:
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) (27)
where o4 is the mobilization parameter.

The fifth mechanism considers cross slip, the phenomena where screw dislocation segment

on one slip plane to move to another plane. This mechanism was not evaluated in most models.

Py =as) PYpl

-
|

ki

; (28)

where as is the cross slip parameter and P “ is a delta function matrix based on the stochastic

process to determine of the probability of cross slip.

The sixth mechanism is similar with the second one, also an annihilation, but between mobile

and immobile type dislocations:
P = =R, Pl pyvy (29)

Combining all of the preceding considerations, the evolution rate of mobile dislocations
is:

r
a

- a a v o 2— o v 4 Q, a—a
pM:alle—i_zaZRc(pM) vg_aBleTg+a4 - +a2p g ﬂ__aR PI PV

—a —

(30)

The aforementioned mechanisms of mobile dislocations evolution, including Eq. (26),
(27), and (29), also involve the immobile dislocations. Based on these, the evolution rate of

immobile dislocation density is:

”
—a a —a
\%

- a o T v o a—a
Pr = 3:0MZ_§_054 - plng_aﬁchlvag (31

The advantage of this framework is the physical meaning in the mesoscale model. With
consideration of cross slip, anisotropic Peierls stress for different slip systems and the continuum

DD will predict the strength and deformation behavior of single crystal with more fidelity.
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This model was used to predict the deformation behavior of single crystal a-Fe. The

parameters used are listed in Table 6, partly built from Lee’s previous works [75-76].

Table 6. List of parameters used in the continuum dislocation dynamics model

Symbol Denotation Value

U Shear modulus 80GPa

v Poisson’s ratio 0.3

Cn Anisotropic elasticity constant 242 GPa
Co Anisotropic elasticity constant 150 GPa
Cyuy Anisotropic elasticity constant 112 GPa
Yo Reference strain rate 4x10™ m/s
m Strain rate sensitivity 0.012

o Baily-Hirsch hardening coefficient 0.4

b Magnitude of Burger vector 2.54x10"'m
) Peierls stress (internal friction) 11.0MPa
i Irradiation hardening coefficient 0

a Mobile dislocation multiplication coefficient 0.02

a; Mobile-mobile dislocation annihilation coefficient 1.0

R, Critical radius for annihilation in units of Burger vector | 15

as Immobilization parameter, mobile to immobile 0.002

ay mobilization parameter, Mobile to immobile 0.002

as Cross slip coefficient 0.016

as Mobile-immobile annihilation coefficient 1.0

One point should be emphasized here: the parameters are either experimental measured
(such as x and Cy;) or calculated from the discrete DD (e.g., the parameters in the mechanisms of
dislocation density evolution law, a;, a,, etc.). Along with the advantages already mentioned,
there are four other bright points in the proposed framework. The first is the application of cross
slips, the second is the anisotropic Peierls stress, the third is the updated strain rate sensitivity
law with information of dislocation density, and the final one is the capability to predict

irradiation hardening by introducing hardening due to interaction between dislocation and
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defects. The predicted stress strain curve of single crystal a-Fe with the uniaxial tension loading
direction along the crystal orientation <001> is illustrated in Figure 12. Compared with the
experimental results measured by Keh et al. [77], the predicted results are in good agreement

with the experimental results.
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Figure 12. Measured and predicted stress strain curve of single crystal a-Fe under uniaxial tension along
<001> direction.
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Figure 13. Measured and predicted stress strain curve of single crystal a-Fe under uniaxial tension along
<011> direction.
Figure 13 shows the predicted and experimental results of single crystal a-Fe with

loading direction along the crystal orientation <011>. The continuum DD also demonstrated

success in this crystal orientation.
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The strength and deformation behavior presented herein are only for single crystal cases.
We are implementing our crystal plasticity in polycrystalline materials to incorporate the
predicted results from continuum DD. In the developing framework, the influence of texture and
grain boundary will be taken into consideration. Continuum DD also will be applied to
irradiation hardening of steel. Likewise, the interaction between the dislocation and defects will

be considered.

4. SUMMARY AND CONCLUSIONS

We conducted simulations of the motion of an edge dislocation at various stress levels
and temperatures to produce functional mobility laws that can be used in large-scale DD
analyses. Three systems were studied: the pure Fe and two Fe alloys, Fe-Ni and Fe-Cr, with
various concentrations of Ni and Cr to identify the effect of the solute concentration on
dislocation mobility. Our results reveal the dependence of the dislocation mobility stemming
from the temperature and concentration of the solute. A power form was used to fit the
computational results. The fitting parameters were found either to vary linearly or remain
constant. This observation allows us to form universal laws for the mobility as a function of
concentration. These laws are in a form used in the DD framework to study the mechanical
behavior of the systems at higher length and time scales. Furthermore, the results discussed in
this work for edge dislocations can be coupled with findings for screw dislocations presented
elsewhere by other authors, forming a unified framework that will describe the mobility of a
dislocation inside pure Fe and Fe systems. The continuum DD proposed in this work is based on
dislocation evolution mechanisms used in discrete DD. Using the information from the discrete
DD, the continuum DD demonstrated success in predicting strength and deformation behavior of
single crystal a-Fe. With the consideration of anisotropic Peierls stress and cross slip, the
continuum DD is a model with high fidelity in predicting strength and deformation behavior of

polycrystalline structural materials in nuclear engineering.
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