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ARTICLE INFO ABSTRACT

Keywords: Capturing realistic deformation behavior in BCC metals at the polycrystal scale is an important aspect of
BCC crystal plasticity predicting the material’s strength and failure. Furthermore, local deformation/strength heterogeneity also
M‘CZ" digital image correlation influences the lifetime and its assessments in reactor pressure vessel (RPV) steels, especially with accumulating
Irradiation

irradiation doses during long-term operational conditions. This work utilizes a micromorphic crystal plasticity

i;rgm localization (CP) model for BCC materials with the capability to address temperature-dependent stress—strain response and
irradiation effects relevant to RPV materials. The microstructure of the investigated material was characterized
prior to and during testing using electron microscopy experiments, which are used for finite element model
generation and simulation result validation. To analyze the validity of the model to predict strain localization
under monotonic tensile loading, micro digital image correlation (DIC) was employed jointly with the CP
simulations. Different modeling choices, such as the use Schmid/non-Schmid laws and gradient based CP
modeling, greatly affected the capability of the model to represent similar magnitudes in strain localization
and grain reorientation. The requirement for experimental measurements, including image based analyses, on

a microstructural level as a validation tool for CP modeling is clearly demonstrated.
1. Introduction increasing both yield stress and flow stress [4]. However, under severe
loading, moving dislocations could subsequently clear and partially or
BCC metals typically display ductile fracture behavior at elevated completely absorb the dislocation loops, forming defect-free dislocation
temperatures and brittle fracture behavior at low temperatures. This channels [5]. These channels are the primary cause of reduced strain
is one of the most serious concerns for the pressure vessels of fission hardening capacity, resulting in softening and localized plasticity. In
reactors and the vacuum vessels in fusion reactors. The ductile-to-brittle addition to irradiation hardening, the related embrittlement is another
transition (DBT) zone is typically characterized by a transition curve factor that affects DBTT after irradiation [6]. The increase of flow
and a ductile-to-brittle transition temperature (DBTT) [1]. stress caused by irradiation defects can enhance cleavage nucleation

Comprehensive investigations into failure mechanisms are essential
for the development of the materials and the assessment of the me-
chanical integrity of components [2]. The physical mechanism of DBT is
thought to be primarily governed by cleavage crack initiation and prop-
agation. At low temperatures, brittle behaviors are usually attributed to
cracks initiated at second phase particle sites. At higher temperatures,
void nucleation is expected to suppress cleavage nucleation and lead to
higher ductility. The fundamental mechanism underlying DBT behavior
can be understood as a competition between cleavage initiation and the
nucleation of ductile voids [3].

The irradiation-induced damage during service can lead to the for-
mation of irradiation defects, such as dislocation loops and solute clus-
ters. These irradiation defects impede the movement of dislocations,

and propagation, which can explain why irradiation typically leads to
an increase in the ductile-to-brittle transition temperature of structural
materials [3].

Quantitative assessments of the microstructural factors mentioned
above on fracture behavior are essential for integrity assessment. Ex-
isting integrity assessment methods can be divided into the global
approach and the local approach. Under the global approach frame-
work, the Master Curve (MC) method developed by Wallin and adopted
in ASTM E1921, is widely employed. The application of the standard
MC method is limited to macroscopically homogeneous steels with
uniform tensile and toughness properties. The small-scale yielding and
high constraint conditions required by the standard MC method give a
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conservative description of the fracture toughness data, but although
methods have been developed to address transferability across varying
levels of crack front constraints these are rather based on macroscale
fracture mechanical approaches [7]. The microstructural variations in a
material are also not explicitly unaccounted for. Although microstruc-
ture inhomogeneity incorporating methods have been introduced as
described in Ref. [8], the resulting approaches can be insufficient in
complex situations involving more realistic strain-stress states, mi-
crostructures and in accounting for different fracture modes, e.g., inter-
granular fracture. Therefore, it is clear that making predictions without
rather extensive experimental campaigns is a complex matter.

Compared to the global approach, the local approach framework
can transfer the loading conditions and microstructural variations of
materials into predictions in a more direct manner [1]. The local
approach establishes a link between fracture toughness and local frac-
ture initiators, providing explicit explanations for the scatter of brittle
fracture toughness related to microstructural complexity. One of the
most well-known local approach models to brittle fracture was devel-
oped by the Beremin group in the 1980s [2]. However, the original
Beremin-like models are oversimplified e.g., the stress value in the
representative elementary volume (RVE) used for evaluation is taken to
be constant. The heterogeneous nature of microstructures and induced
inhomogeneous stress—strain localizations have been neglected. With
advances in computing power, recent trends have been to use advanced
micromechanical tools such as crystal plasticity modeling directly. This
approach allows the integration of multiple microstructural factors into
the prediction in an explicit way, such as crystallographic orientations,
texture, grain size, and irradiation effects.

Recently, the microstructure-informed probabilistic fracture models
have been developed to understand the influence of material het-
erogeneity on the predicted toughness [3,9-11]. These methods have
demonstrated their effectiveness in determining the fracture toughness
in materials by connecting microstructural features with the overall
fracture behavior in terms of the modeled micromechanisms. The as-
sessment depends on the accuracy of the stress localization predictions
within the microstructure under realistic loading conditions with the
used computational method. In this context, crystal plasticity (CP)
provides a comprehensive framework for analyzing and predicting the
micromechanical behavior of materials [12]. This framework is able
to capture the behavior of various microstructures, whether they are
irradiated or not, by considering factors such as grain size, morphology,
defect populations (e.g., carbides [13]), and non-metallic inclusions
that form during welding, which are known to affect fracture behavior
by initiating cracks [14].

Different crystal plasticity constitutive models have been proposed
and validated with available datasets for different RPV steel grades.
The main features are comprised of either phenomenological or dis-
location density based description of plasticity with irradiation defect
effects with isotropic/anisotropic defect densities. For example, Vincent
et al. [15] proposed a model to include irradiation effects on slip resis-
tance and dislocation evolution to evaluate fracture probability in the
spirit of the technique described in [16]. Monnet et al. [13] extended
the model from this family to encompass a wider range of temperature
and to introduce the evolution (and annihilation) of irradiation defects
during plastic deformation. Patra and McDowell [4,17] suggested con-
stitutive equations to define dislocation mediated plasticity in BCC with
detailed evolution of defect sub-structures. This model is able to define
an irradiation-induced increase in yield strength and related softening
due to the annihilation of irradiation defects that leads to significant
strain localization. Similar model features were proposed by Barton
et al. [18] in their investigation of strain localization in polycrystalline
microstructures. Chakraborty et al. [19] used dislocation dynamics
informed parametrization of their model to capture yield strength and
strain hardening/softening behavior in copper containing iron. The
same authors [20] also utilized a cohesive zone model to investigate
the ductile-to-brittle transition of RPV steels. Shi et al. [21] introduced
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a mechanical damage model within a crystal plasticity framework to
evaluate crack growth in polycrystals. Supporting molecular dynamics
simulations have been used to define complete or partial absorption of
dislocation loops to enhance irradiation defect density evolution in a
crystal plasticity framework [22].

In spite of successful model behavior validation with experimental
stress—strain curves, it remains uncertain whether each model is able
to capture intra-grain heterogeneity during deformation, especially
strain gradient effects. Image-based approaches for measuring local
displacements and strains during testing can supply detailed data on
the microstructural evolution during deformation. Digital Image Corre-
lation (DIC) is one of the most prominent techniques, which has been
widely employed for investigating material plasticity. DIC analyzes a
sequence of images and extracts the displacements on the object surface
by comparing the movement of smaller subsections throughout the
image sequence. It is a versatile technique that is applicable to a wide
range of length scales, and can be used to investigate objects in the mi-
cro/nano scale, provided there is a distinctive pattern or features on the
object of interest. As described in the literature, this approach has been
widely employed to investigate intricate phenomena involving local
plasticity and material deformation mechanisms. Ghadbeigi et al. [23]
were able to measure the evolution of strain partitioning between
the ferritic and austenitic grains in a dual phase steel under tensile
deformation, which elucidated some of the active damage mecha-
nisms (e.g. void nucleation growth, martensite fracture, and decohesion
between phases). Gioacchino and Quinta da Fonseca [24] combined
uDIC and Electron Backscatter Diffraction (EBSD) to investigate plastic
straining in a stainless steel, and coupled crystallographic information
with micro scale deformation to obtain a better understanding of the
active deformation mechanisms. Orozco-Caballero et al. [25] investi-
gated the deformation mechanisms and quantified the heterogeneous
deformation of a magnesium alloy, reporting that local strains can be
magnitudes higher on a grain level than that of the average global
applied strain. Edwards et al. [26] used pDIC to study the occurrence
of twinning and slip in the lamellae of a TiAl alloy at stress below
the macroscopic yield point, and reported plastic strain occurred and
that it localized in softer portions of the microstructure under those
conditions. Isavand and Assempour [27] were able to observe and
quantify the localization of strain within narrow ferritic bands and
also between lamellae during tensile testing of a ferritic-pearlitic steel.
Lunt et al. [28] employed high resolution pDIC to quantify strain
localization caused by irradiation damage on relevant materials for
nuclear applications.

High quality experimental data are fundamental to ensure reliable
model calibration and validation, and accurately model the microstruc-
tural evolution and strain localization. Approaches combining experi-
mental measurements in the micro scale with simulation efforts have
been used by several authors. Isavand and Assempour [27] have a
coupled approach that combined puDIC and EBSD data with numerical
modeling to clarify the deformation mechanisms in a ferritic-pearlitic
steel. Kleinendorst et al. [29] used a connected pDIC-FEM analysis
to investigate the delamination and buckling in stretchable electron-
ics interconnections. Lastly, the activation of slip systems and strain
localization caused by degradation in harsh industrial environments
was investigated by coupling experimental and computational anal-
yses [30]. The obtained data can be used to enhance and validate
material and component models used for R&D and maintenance of
nuclear power plants as well as hydrogen production facilities. It is
fundamental, in such engineering applications, that the behavior and
life expectancy of the plant components are well understood, to assist
in design and predictive maintenance efforts.

To possess at minimum adequate predictive capability on fail-
ure and fracture, the ability to describe local plasticity and related
strain/stress concentrations with acceptable accuracy is of great im-
portance. Non-local models essentially can address the effects of strain
gradients, size effects, and regularize strain localization and therefore
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influence on stress state. In this work, we propose a crystal plastic-
ity model enriched with the reduced micromorphic strain gradient
method [31] for unirradiated and irradiated BCC metals. The main
feature is in the model’s capability to regularize slip banding (strain
localization) and provide size effects with a non-local framework. The
model’s predictive capability is evaluated with tensile experiments
at different temperatures in unirradiated conditions for the so-called
“JRQ” RPV steel reference material. Low-to-medium irradiation doses
typical for RPV steels are investigated with the model, and compared
with available experimental data at room and elevated temperatures.
In addition, a numerical example is provided of a high dose case
to analyze strain localization behavior. As a novelty to evaluate the
predictive capabilities of the modeling approach at grain scale, de-
formation predictions at polycrystal level are compared with pDIC
measurements. Different modeling choices are discussed to shed light
on classical CP, regularized CP, and standard Schmid and non-Schmid
based CP laws.

The research paper is organized as follows. The JRQ material is
initially introduced with a description of the representative volume
element (RVE) generation of the investigated material, and a descrip-
tion of the DIC comparison related computational domain. This is
followed by the details of the DIC analysis used in this work. Re-
sults are provided of the unirradiated material behavior using a 3D
RVE in the simulations. Local plasticity simulations are presented and
compared with DIC datasets using a quasi-3D microstructure with
different modeling approaches, including standard Schmid’s law model,
different micromorphic variables, and a non-Schmid model variant.
Corresponding model errors and the capability to present lattice re-
orientation are discussed. Then, irradiated conditions are investigated
with the model using the 3D RVE to assess the stress—strain response
validity. Finally, sensitivity analysis is performed with quasi-3D DIC
computational domain with irradiation defects to analyze dose effects
on strain localization.

2. Materials and methods
2.1. Material

An ASTM A533 grade B class 1 reference RPV steel, known as
JRQ, was used for the investigation described in this work. This ma-
terial was initially determined as a reference RPV material by the
International Atomic Energy Agency (IAEA) in 1983 [32]. It has been
widely investigated and is sensitive to irradiation embrittlement, dis-
playing a considerable increase in hardness and yield strength with
irradiation [33]. More general information on its thermomechanical
properties and chemical composition can be found at [32]. Fig. 1 shows
an optical microscopy characterization of JRQ’s microstructure with
Nital etching, and further microstructural details of this material can
be found in the Refs. [34-37].

Miniature tensile specimens were prepared using electrical dis-
charge machining (EDM) from JRQ blocks that were available at VTT
Technical Research Centre of Finland. These dog bone specimens were
prepared with a gauge length of 0.5 mm, a 1 mm width at the reduced
section, and 0.5 mm thickness. The specimens were prepared for imag-
ing by mechanical grinding followed by polishing using a VibroMet
2 vibratory polisher. Further details on the specimen geometry and
surface preparation are described in Ref. [38]. Two distinct tests were
carried using the in-situ system and the miniature specimen, one under
optical microscopy to obtain stress-strain data and investigate the
strain distribution in the specimen under tensile load, and another
monitored with scanning electron microscopy (SEM) to carry out mea-
surements on the microstructural level up to a specific strain level
within the range of uniform deformation. In the first test, load was
measured using the in-situ testing system and DIC was used as an
optical extensometer to measure displacement in the gauge portion of
the specimen up to failure. For the second test, a microidentation device
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Fig. 1. Light optical microscopy image of JRQ material depicting its microstructure
after etching with 3% Nital solution for approximately 30 s.

was used to demarcate the area-of-interest within specimen with four
indents using 30 mN of force to delimit a region of approximately
250 by 250 pm which would be investigated with SEM during me-
chanical testing. The area between the indents was investigated with
Electron Backscatter Diffraction (EBSD) prior to and after testing using
a SEM Zeiss crossbeam 540 with a EDAX Trident (EDS-EBSD-WDS)
system. Fig. 2 depicts the overlapped inverse pole figure (IPF) and
image quality (IQ) maps, the kernel average misorientation (KAM) map
obtained from the EBSD analysis, as well as the scanning electron
microscopy image showing the carbide distribution in the undeformed
JRQ specimen. The initial microstructure of the material is composed
mostly bainite with sparse ferritic islands, with a grain size of 3.2 + 2.5
pm, and a fine carbide with a mean diameter of 0.073 + 0.07 pm
dispersed throughout the microstructure. The EBSD analysis shows a
microstructure with no preferential crystallographic orientation, and
KAM map shows a microstructure with a misorientation of roughly
2°, with plate like regions with practically no misorientation. KAM is
related to local geometrically necessary dislocations (GNDs) and the
observed pattern is in accordance with that which would be expected
from a bainitic microstructure [39].

A miniature pneumatic bellows loading device was used to carry
out the in-situ tensile tests of miniature specimens both under optical
microscropy and inside a Zeiss Ultra Plus SEM. This is a custom-
made system designed to allow mechanical testing inside an SEM with
accurate measurements of load and displacement. This system uses
pressurized gas to control the movement of the pneumatic loading
unit, and a self regulating loop guarantees the test parameters set
by the user. The displacement of the specimen is measured using a
Linear Variable Differential Transformer (LVDT) sensor, while the load
is calculated based on the pressure inside the bellows, the stiffness of
the bellows, and its cross-sectional area. The coupling of mechanical
testing data with SEM imaging, and ex-situ EBSD analysis allows the
simultaneous investigation of the material’s mechanical response and
microstructural evolution. An extensive description of this experimental
setup and its applications is available in Ref. [38]. The in-situ tensile
device applied two deformation levels to the miniature specimen, with
global axial strain values of 1.4% and 5.4%, respectively, at strain
rates of approximately 0.5 x 10~* s~!. Considering that a minor stress
relaxation is observed once a given displacement is applied and kept
constant, imaging of the area of interest was only started once the load
signal is fully stabilized after approximately 5-10 min.
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Fig. 2. EBSD (a) inverse pole figure (IPF)/image quality (IQ), (b) kernel average misorientation (KAM) maps of undeformed JRQ specimen, and (c) scanning electron microscopy
image of JRQ material and (d) histogram of the equivalent diameter of the observed carbide particles.

Additionally, the models in this work also utilize results of previous
tensile tests carried out at temperatures ranging from 123 to 673
K from unirradiated and irradiated material provided by UJV Re%
(referred as dataset Expl-x) and Centro de Investigaciones Energéti-
cas, Medioambientales y Tecnolégicas (CIEMAT) (referred as dataset
Exp2-y) [40].

2.2. Digital image correlation on a microstructural level

Acquisition of SEM images of the region-of-interest between the
indents during the in-situ test was carried out using the secondary
electrons detector (SE2) and an accelerating voltage of 5 kV. Image
acquisition in the SEM was automated for high magnification images
to be taken in a grid-like manner to cover the whole area. A grid of 9
by 10 images was taken for each deformation step, with a resolution
of 4096 by 3072 pixels, an 11 nm/pixel scale, and a 20% overlap.
The relative positioning between each image and overlapping of the
acquired images for each step was carried out using the Grid/Collection
stitching function [41] within the Fiji image analysis platform [42]. The
properly aligned images were then merged using Enblend 4.2 [43,44],
an open source plugin that employs the Burt-Adelson multi-resolution
spline approach [45] to blend composite images together, taking into
account the features in the overlapping regions to obtain the best
possible seam between images. The resulting image after the overlap-
ping and merging process for the non-deformed specimen is shown

in Fig. 3. Given that the final output image is not a perfect square,
and that the lower indents are almost out of the field of view, it is
clear that some level of drifting occurred during the automated imaging
of the area. This problem was mitigated by selecting a larger area of
interest than that demarcated by the indents. Additionally, it is clear
that undesired carbon contamination by the electron beam occurred
during imaging, which appears as the dark shaded square in the image.
Although there was an initial concern about increasing contamination
over several imaging steps, this ended up having a negligible effect
on the DIC analysis, which already accounted for the different ranges
of gray between images. While preparing the merged images for DIC
analysis, they were initially manually post-processed, so that the canvas
of the images would have the exact same image resolution and the
upper right corner would be roughly in the same position.

DIC was initially carried out using only the topmost right image
of each step to verify the feasibility of microstructural features as a
pattern, and to set initial analysis parameters. A smaller area was used
for the initial optimization, as using full-sized images would have been
too computationally time consuming. Subsequently, the parameters
that led to the best results were used to analyze images of the whole
area of interest, and the analysis took about three days of computation.
The parameters used in the pDIC analysis are described in detail in
Table 1. The following full-field quantities of interest were extracted
from the DIC analysis: x-displacement, y-displacement, axial strain,
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Fig. 3. High magnification secondary electron SEM image for large analysis area
obtained with automated grid imaging, stitching and merging.

Table 1
pDIC hardware and analysis parameters.

Zeiss Ultra Plus SEM

27975 by 27419 pixel?, 8 bit
307 by 301 pm?

Secondary electrons (SE2)
0.09 pixel/nm

13.5 mm

Carbide distribution and
microstructural features

Microscope

Image resolution and digitization
Field-of-view

Detector

Image scale

Working distance

Patterning technique

Carbide size distribution
DIC Software

Total number of images
Speckle quality [46]
Subset size

Step size

Strain window

Virtual strain gauge size
Correlation mode

Shape function
Weighting function
Matching criterion

Interpolant
Strain formulation

14 + 6 pixels // 0.073 + 0.07 ym
LaVision DaVis 10.2.1

3

6.07

137 pixels // 1.50 ym

41 pixels // 0.45 ym

13 data points

629 pixels // 6.9 pm

Sum of differential

Affine

Round (Gaussian)

Weighted variables-based sum of
squared differences (WVBSSD)
7-tap B-spline function
Engineering

transverse strain, and shear strain. The results of the analysis were post-
processed to remove any clear outliers based on a threshold for the
correlation value and residuals of the DIC vectors.

Rigid transformations (translations and rotations) that were not
caused by the deformation of the material were removed from the vec-
tor field. Considering that DIC analysis was done on merged composite
images with slightly different image sizes, shifts in the image position
would be recognized by the algorithm as translation, even if it would
not be related to the actual displacement of the specimen. Nevertheless,
rigid body motion does not affect the strain calculations, considering
that the strain analysis is based on the relative displacement between
subsets. Fig. 4 shows the comparison between the obtained full-field
displacement map prior to and after the rigid body transformation.
The displacements on the upper right of the original displacement
field are close to zero, as the images were aligned according to that
indent. Displacements grow and have different directions towards the
other edges. The displacement field without rigid body transformation
has roughly no displacements in its center of mass, and displacements
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grow symmetrically towards the edges. The vertical contraction and
horizontal extension of the microstructure are clearly visible from the
displacement arrows in the transformed displacement field, which was
not as evident prior to the removal of the rigid body movement.

The full-field results from the pDIC analysis support the crystal
plasticity modeling efforts in two distinct ways: (1) it provides high res-
olution strain maps of the microstructure for validation of the modeling
results; (2) it provides accurate displacement information on the bound-
aries of the area-of-interest which can be used to set the boundary
conditions. Ultimately, these results are most impactful when further
combined with crystallographic data from the investigated material.
The next subsection describes the application of EBSD and SEM data
to generate representative quasi-3D and full 3D virtual microstructures
that were used with the crystal plasticity modeling approaches.

2.3. Microstructure characterization and digital twin

To digitally simulate experiments, a statistically representative vir-
tual microstructure of the material that captures its microstructural
features is required. These virtual microstructures are referred to as
representative volume element (RVE) and they were generated in the
current work using the following steps. The Greninger-Troiano (G-T)
orientation relationship [47] is used to reconstruct the prior austenite
grains (PAG) in the EBSD data (shown in the left of the Fig. 5), with the
crystallographic texture of the reconstructed PAG being random. In the
center of Fig. 5 the correlation between the PAG size with the number
of martensite packets and blocks is shown, the axes have been max-
normalized. It indicates that larger PAG consists of more martensite
packets and variants. The generation of the 3D digital twin of the
microstructure is performed using Neper software [48], which begins
with the prior austenite RVE (shown in top right corner of the Fig. 5),
using the grain size distribution and the orientations obtained from the
PAG reconstruction of the EBSD data. Using the correlation between
the PAG size and the packets/blocks, the number of packets and blocks
are estimated for each PAG in the RVE, which is then used to generate
the bainite RVE (shown in the right corner of Fig. 5).

In the following step, a quasi-3D finite element mesh is generated
from the EBSD map. The domain is discretized with 400 by 400
quadratic C3D20R elements with reduced integration. This yields an
element edge size of approximately 560 nm. The physical size of the
rectangular computational domain is 225.73 x 225.73 pm. Special
boundary conditions are applied based on the displacement data of the
same region in the DIC experiment. Sixth degree polynomial fits are
made for each edge of the computational domain to match the spatial
axial displacements from DIC displacement data. The back side of the
domain is fixed in Z-direction, while a free surface is retained for the
front side. The model is clearly a simplification of the real condition,
and no information is available of the subsurface grain structure. This
is expected to generate errors in the simulations, as noted also in [49].
Fig. 6 shows the applied boundary condition and the computational
domain with the grain structure. A total of 8064 different orienta-
tions/grains were included in the computational domain, which results
from the two degree misorientation threshold in defining element sets
as grains.

2.4. Crystal plasticity model

The following section describes the crystal plasticity model for the
unirradiated and irradiated material. The present model shares many
features with the model proposed by Monnet et al. for BCC containing
irradiation defects [13], and in this work, we further extend it with
a micromorphic reduced strain gradient method [31]. Additionally,
irradiation induced solute clusters are also included in the model, and
the effect of dislocation loops and their interactions was evaluated.

Finite strain formalism is used with the decomposition of the de-
formation gradient to elastic and plastic contributions F = FE . FP.
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The plastic velocity gradient is defined as L* = Zf’zsl 7* S5, where S
is the orientation tensor of a slip system s. The slip rate is defined as
a harmonic sum of slip rates required to nucleate kink pairs, and on
the other hand, to subject enough driving force for jog drag. The two
contributions are denoted by drag and lattice friction terms.

1o, O

LS oS .S
4 ydrag yfriction

A viscoplastic formulation (power-law) is chosen for the jog drag
mechanism for each slip system s. The slip rate contribution j/;mg is
defined:

|

) ]

Virag = 10 [ pr sign(z*) (2
c

where 7, is the reference strain rate, 7} is the shear resistance, param-

eter n defines strain rate sensitivity, and z* is the resolved shear stress

on system s. An alternative model with enrichment using non-Schmid
terms is described later at the end of this section, which modifies the
computation of 7*. The shear rate for the lattice friction regime is given
as the conventional thermally-activated dislocation motion [50] by:

s JANKS

. AG Tefs .

J/}I‘iction = pfnbsHljcexp _ﬁ 1= i_s stgn(rs) (3)
0

where p,, is mobile dislocation density (set constant here), b° length of

Burgers vector, H jump frequency, [, is the average length of screw

sc
dislocation segments, k is the Boltzmann constant, 7 is the absolute
temperature, AG is activation energy, and r; is the lattice resistance of
each slip family, considered different for {110} systems, system family

{112} twin directions and {112} anti-twin directions. An effective stress
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Fig. 6. Boundary conditions and microstructure for EBSD based computational domain, (a) horizontal axial DIC displacement field, (b) vertical axial DIC displacement field, (c)

FE computational domain with grain structure and boundary conditions.

7,7 is defined as the mean stress driving dislocation motion.

[2°] =25, if |7°] > )
T =
eff 0, otherwise

4

Slip resistance 7} is considered generally as a combination of solid
solution strengthening, grain size (Hall-Petch) effect, self and line ten-
sion hardening contributions. The solid solution strength is considered
small for lowly alloyed materials. In the current model we include

this effect in the Hall-Petch contribution, i.e., 7} is set zero as an

T 0/SS

individual term.

rj:,/(T;‘elf)2+(fz7.)2+THP+18/SS—SX 5)

where ¢ . is self hardening contribution, 73.. is line tension contri-
sel f LT

bution, 7 p Hall-Petch term. Generalized stress is introduced in the
spirit of reduced micromorphic framework S, = —H (Ve — 7,) =
Ady, [31]. An additional degree of freedom is considered related to
microslip y,. Cumulative plastic slip is defined as y,,,, = /0’ Zi‘l |75 dt.
Two length-scale parameters are then introduced H, and A. As a major
difference of the previous and current modeling approaches, the current
model is dislocation density based including irradiation defects that
influence on temperature dependent stress—strain state predictions and
most importantly on the strain localization behavior in the presence of
irradiation defects. Therefore, the known capability of the micromor-
phic part of the model [31] to regularize strain localization is adopted
within the current framework.
The Hall-Petch contribution is provided by:

_u  Kyp
THp =
ﬂ(RT) decc

where y is shear modulus at a given temperature, 4(300 K) shear mod-
ulus at 300 K reference temperature, K p is the Hall-Petch constant at
300 K, and the effective grain size is estimated with d,,.. The definition
of effective grain size in martensitic/bainitic steels is non-trivial and
controversial to define, whether to relate it to either packet, block or

©

lath size, or the mean value of the aforementioned. We utilize effective
grain size defined from the EBSD map, as discussed in Section 2.3.
Self slip resistance is expressed as

ooty = MO \[ Cser1° @

The present model utilizes the line tension contribution proposed in
Ref. [13], where more details can be found related to the effectiveness
of this model choice.

S ubS
s a - 0]

_ H

TLT = max _AS — lc

where o° is the mean obstacle strength coefficient, parameter /, is the
minimum length of screw segment, A average obstacle spacing, and
Tosy the effective stress defined in Eq. (4). It should be noted that
this line tension model will regain the classical Taylor’s formulation at
high temperatures, and when the average obstacle spacing approaches
1/4/Posss S0 that 77 = a’u*b*y /p°, . A planar density expression g, is
used:

(3

Pops = Z Pf,,-s + Pearb T Psc t PpL C)
s#j

where carbide defect density is introduced with p,,,;, = C.4rp Dearp, and
C,arp D.op are the average carbide number density and size, respec-
tively. RPV steels have a high population of submicron carbides, which
will cause a significant Orowan type of hardening. Irradiation related
defect densities are denoted with pg- and pp; for solute clusters and
dislocation loops, respectively. These defect densities will be discussed
in the following in more detail.

Solute clusters

Irradiation induced solute clusters are found highly relevant for
strengthening RPV materials [51]. Monnet et al. introduced an addi-
tional solute cluster defect density to influence flow stress and dis-
location density evolution. The defect density pg- can be expressed
with [13]:

Cs. DS

scrsc (10)

Psc =
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where C¢. is the planar number density and D% the average size of
the clusters. Solute clusters can be sheared by dislocations and effective
reduction in their pinning effect is established with [13]:

s

Cro = —ih 5C gy an
SC T TASC s scl?’l

where parameter 1. is used to describe the magnitude of the anni-
hilation process of solute clusters. Effectively, the initial solute cluster
planar density and average size are assigned equal to all slip systems
in spite that the model formulation essentially tracks the evolution of
each planar density depending on the activity of slip on that slip plane.

Dislocation loop model I: Monnet et al. [13] proposed a dislocation
loop model that considers one type of loop density that equally con-
tributes to the hardening of each slip system, similar to the model
formulation of solute cluster defects. Dislocation loop defect density is
expressed:

ppr =CprDpr 12)

where dislocation loop number density is Cp; and Dy, is the average
size of loops. It is taken that dislocation loops can then be annihi-
lated/absorbed during plastic slip, and the annihilation rate is given
by:

. D
Cpr=~4pr—pCorl?’] (13)

where Aj; determines the magnitude of annihilation/absorption, rang-
ing generally between zero and one. No distinction is made between the
active slip system and loop type, and therefore all active slip systems
contribute to the annihilation depending on their effective slip rate.

Dislocation loop model II: Alternatively, Barton et al. [18], and
Chakraborty and Bulent Biner [19] used a tensorial interaction between
the loop type and dislocation slip system. Anisotropic interaction be-
tween dislocations and 1/2(111) and (100) loops are distinguished in
this defect description. The defect density is modified to:

ppL=N':'H 14)

where H is a second order defect tensor. Interactions between the loops
and slip systems are incorporated in a defect tensor formulation, where
the slip plane normal tensor is defined as N* =n* @ n’.

H=)3Npdj(I-n®n) as)

where Np; is the initial number density of a loop type, and d; is
the average size of loops or given size distribution distributed in the
microstructure. Loop plane normals are denoted with nj.

The evolution of the irradiation (damage) tensor is given by:

H=-n Y (N*: H)N'|7'| (16)

where # determines the magnitude of annihilation/absorption in this
model. No particular upper limit is set for the value. However, generally
it can be set between 0 and 200, where 200 can already generate
a significant local softening after a small amount of local dislocation
slip. The model does not account for loop size dependent annihilation
separately [52], which can address the size distribution of loops and
their absorption. It should be noted that the most restrictive aspect of
the model is often the unknown distribution of dislocation loops over
different planes. In spite of this restriction, the dislocation loop model
II is used in the current work.

Irrespective of which of the dislocation loop models is used, the
average obstacle strength is estimated as a function of various defect
densities.

s 1

a 2 aijffpiﬁs + acarbPears T AscPsc T apLPpL (17)

pr: s#
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Sj
where 4

Evolving dislocation interaction coefficients are employed [13].

2
. 1n(0.356°\/pps) )
@l =(02+08—— VB ) g (18)
eff In(0.35b%  /Pref)

where %/ are the constant values for the interactions. p,,, is a refer-
ence total dislocation density, in which the interaction constants are
determined, effectively set to 1x10° 1/ mm? in this work following [13].

An average obstacle spacing is defined in the model to conform with
low and high temperature ranges.

is the interaction matrix between dislocation slip systems.

™ = minly/p%, ; D°pS, ] 19

S
obs’ obs
where curvature diameter of non-screw dislocations is approximated
i S — S 5
with DS = ub /Teff.
Evolution of dislocation density is related to the mean free path.
Different self and obstacle contributions are defined for multiplication.

-y (20)

Rl IR Torr \| V@i ps LV @ H D
= - -

b df)L’C Tf; Kself Kobs
where K, and K, describe the average number of self and obstacle
interactions of dislocation before immobilizing. To simplify, a relation-
ship of K, = Ky, ;/3 is adopted here. It should be noted, that z; refers
to the critical shear stress of a slip family that is considered different,
i.e., {110}, {112}TW twinning direction and {112}ATW anti-twinning
directions [13]. The annihilation distance in the original model is
defined as:

11 2
— +

v G

cc

S
TTers

o @D

where G, is the annihilation distance constant, that dominates the
annihilation process at high temperatures.

More distinctive control strain rate and temperature dependency
can be applied [53]. We apply this definition of the annihilation
distance in this work.

K,T
v, =2G.. | 1- -
Yo

where reference slip rate is defined accordingly as 7, = p,b° HI:,, which
is usually in the range of 1.0 — 5.0 x 107. Parameter 4, is effectively
used to scale temperature and strain rate dependency on annihilation
distance.

GND density is estimated from the norm of microslip vector K in
the reduced micromorphic model [54]:

penp = IIKIl/b* (23)

Non-Schmid model extension

As a model alternative to the conventional definition of Schmid
based resolved shear stress 7°, the effect of non-glide stresses is in-
troduced. We utilize the three-term non-Schmid modification for the
resolved shear stress [53,55]. Hence, the resolved shear stress com-
putation from the conventional 7* = M : S§ is modified with three
non-Schmid parts so that 7° = M : (8] +w; S} ¢, + WS ¢, + W3S g3)-
Weight factors for non-glide stresses are denoted by w;, w,, and ws.
Only slip family {110}(111) slip systems are operational in this model,
containing 24 slip systems due to asymmetry.

J'/S

In

> (22)

rec

Sisi =my ® n;S 24)

Sy =y xmy @ es)
’ !

Shss = (g xmp) @ng (26)

where m] is the slip direction and ny is the slip plane normal of a slip
system s. Plane normal né)“ has an angle of 60 degrees to the primary
slip plane nj. The non-standard slip plane normals and slip directions
are listed, for example, in [53] and not repeated here.
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3. Results and discussion

In this section, the stress-strain response of the model is com-
pared with experimental datasets in unirradiated conditions at different
temperatures. The RVE constructed in Section 2.3 is used for the
analyses. Irradiation defects are introduced and the model response
is compared against experimental stress—strain behavior. Subsequently,
low-to-medium dose levels are primarily analyzed and also compared
to experimental tensile test results. This is followed by a comparison
of deformation localization using pDIC measurements and model pre-
dictions using different modeling approaches based on the same EBSD
map measured of the surface of the tensile specimen within the region
of interest for the unirradiated material. Finally, irradiation defects are
introduced in the same EBSD based computational domain to perform a
sensitivity analysis on their effect on strain localization with the model.

3.1. Stress—strain behavior at different temperatures

The model parameters are adjusted to correspond to the material
tensile behavior at 123 K, 183 K, 297 K and 563 K. This serves as
the baseline model parameter identification also for later sensitivity
analyses. In general in Fig. 7, the model predictions agree well with
the experimental datasets. Two different experimental datasets were
used, which are denoted by Expl-x and Exp2-y, where x and y are the
numbering of the individual tests. Expl-x dataset is more consistent
with a number of tests showing very similar material behavior, while
Exp2-y dataset shows more variations.

The model does not predict the observed distinctive yield point
effect, especially at low temperatures 123 K and 183 K. From the
modeling point of view, this is due to the absence of any back-stresses
in the microstructure initial condition or any specific model to address
dislocation avalanche after micro-yielding (e.g., dynamic strain aging
model). However, the model is satisfactorily capable of predicting
strain hardening of the material beyond the initial yield point affecting
up to ten percent of strain. Beyond this point, it is assumed that the
necking of material will play an influential role in the experiments,
which is not aimed at capturing the used RVE approach with kinematic
uniform boundary conditions. Furthermore, no damage model [31] is
activated in the present approach which could already influence the
saturation of stresses near the peak strength of the material.

At room temperature, taken as 297 K here, the model overestimates
strain hardening compared to the experimental dataset Exp1-x slightly.
On the other hand, the variations in the Exp2-y dataset indicate that
the model prediction is within the range of error for the material stress—
strain response. Furthermore, the room temperature stress—strain curve
obtained using a miniature specimen in the in-situ system under optical
microscopy is also in good agreement with the model prediction. At
high temperatures (563 K), the model matches the material’s yield point
well. While the strain hardening response is more limited than observed
in dataset Expl-x, it is still within the margin seen in Exp2-y.

Fig. 8 illustrates Von Mises stress and dislocation density distri-
butions for 123 K and 563 K cases. Elevated stress state is observed
generally for the 123 K case throughout the microstructure in compared
to 563 K temperature. It is observed that 563 K still shows high stresses
in the grains and grain boundary regions that are found also hotspots
at 123 K in spite the average Von Mises stress of the RVE is lower
at 563 K. A plate-like stress distribution is observed for the 123 K
at stress levels of 600-700 MPa, which mostly smoothens out when
temperature increases. The simulation results at both temperatures
show dislocation densities above 1 - 101> m~2 in the regions having
stress hotspots at regions such as grain boundaries. However, smoother
spatial distribution is observed for the 123 K case, highlighting less
pronounced dislocation accumulation at specific grain boundaries in
the microstructure in compared to 563 K simulation.

Table 2 lists the identified model parameters. These parameters are
used for the basic part of the model without irradiation defects in the
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Table 2

Model parameters.
Description Symbol Value Unit
Elastic constant Cy 236.0 [GPa]
Elastic constant C), 134.0 [GPa]
Elastic constant Cy 119.0 [GPa]
Shear modulus " (236 — 0.04597) /2.6 [GPa)
Reference slip rate (power law) y, 5.0%x 1073 [s~1
Strain rate exponent n 50.0 [-]1
Length of Burgers vector b 0.248 [nm]
Activation energy AG 2.25x 107" [
Energy barrier parameter p 0.32 [-1
Energy barrier parameter q 1.15 [-1]
Minimum segment length I, 5.0 [nm]
Mobile dislocation density 2y 1.0 x 107 [1/mm?]
Initial dislocation density (total) p, 1.68 x 108 [1/mm?]
Reference dislocation density Pres 1.0 x 107 [1/mm?]
Frequency factor H 2.0x 10" [s™1]
Hall-Petch coefficient Kyp 3.9525 [MPa/+/mm]
Effective grain size d 3.5 pm
Solid solution strength To/ss 0.0 MPa
Self hardening parameter Koos 18.0 [-]
Obstacle hardening parameter Ko Kor/3 [-]
Dislocation interaction a; 0.7 collinear, others 0.1 [—]
Thermal resistance 110 7,0 360.0 MPa
Thermal resistance 112TW 2" 410.0 MPa
Thermal resistance 112ATW 7, 24TV 480.0 MPa
Reference annihilation distance G, 1.5 % b* [nm]
Capture radius energy Avee 4.5x 10720 [
Average carbide size D, 73.0 [nm]
Number density of carbides Court 238 x 102 [1/m?]
Carbide interaction Aoy 1.0 [-]
Length-scale penalty H, 5000 and variable [MPa]
Length-scale parameter A 0.005 and variable [N mm?]
Non-Schmid weight® w, 0.3 [-]
Non-Schmid weight® w, 0.1 [-]
Non-Schmid weight® ws 0.05 [-]

@ Indicated separately if non-Schmid behavior is used

following sections. In principle, as the drag term of the model will
become dominant at high temperatures, the model fit could be im-
proved by modifying the drag part of the model to be more temperature
dependent. For example, reference slip rate y, and strain rate exponent
n could be set as a function of temperature [56,57]. However, this was
not attempted in this work and a single set of parameters is retained for
all temperatures. The main fitting parameters of the model are initial
dislocation density p, that influence yield of the material, hardening
variable K, (K, is related to K, () that influences strain hardening
capability in irradiated material, reference annihilation distance G.,
that controls strain hardening and saturation, and 4,,, that influences
on strain rate and temperature dependency of annihilation distance.
Other parameters such as carbide strengthening related to its defect
density and irradiation defect densities (solute clusters and dislocation
loops) are aimed to be defined from experimental/characterization
data, and therefore are not exactly used as fitting parameters. However,
we use defect density interaction coefficients ag- and ap; partially
as fitting parameters, but limited to a range reported in literature.
Additional non-local effect on hardening is attributed to parameters A
and H,, which are used to regularize slip localization in the current
work.

3.2. Irradiated material behavior

RPV materials generally experience relatively low doses during their
operational lifetime. In the following, we evaluate how the model is
able to predict the material’s tensile behavior in irradiated conditions
with low to medium doses (<1 dpa).

The material was populated with irradiation-induced solute cluster
and dislocation loop defect densities, utilizing Egs. (10) and (12).
Two different fluence ranges are investigated. Table 3 lists the used



M. Lindroos et al.

a) 1000 T T T T T
‘T
o
=
12}
a ]
[
@
o
£
B ]
Q
£
D
v
200 T=123K Expict .
Exp1-2
Exp1-3
—Sim.
0 . : : ) "
0 0.05 0.1 0.15 0.2 0.25 0.3
Axial strain
¢) 1000 : : : . .
. 800 1
©
o
=
é 600 .
®
o Exp1-1
=
= Exp1-2 ]
o 400 Exp1-3
% Exp2-1
I.IC.I —Exp2-2
200 T=297K Exp2:3 1
Exp2-4
Miniature specimen
— Sim.
0 : : " . :
0 0.05 0.1 0.15 0.2 0.25 0.3
Axial strain

Materials Science & Engineering A 914 (2024) 147121

b) 1000 ; . . ’ ’
__ 800} 1
©
o
=
é 600 .
@
{o)]
=
o 400 1
Q
£
jo)]
@
200} T=183K Expi=i .
Exp1-2
Exp1-3
—Sim.
0 . . : . .
0 0.05 0.1 0.15 0.2 0.25 0.3
Axial strain
d) 1000 : . ; . .
Exp1-1
Exp1-2
Exp1-3
= 800 Exp2-1]
o Exp2-2
= —Sim.
é 600 ;
®
(o]
£
o 400 1
Q
£
[o]
[ =
W
200 1
0 . . , . .
0 0.05 0.1 0.15 0.2 0.25 0.3
Axial strain

Fig. 7. Experimental and simulated stress-strain curves at (a) 123 K, (b) 183 K, (c) 297 K (room temperature), (d) 563 K (290 °C).

parameters for the simulations. A correlation of 1.0 dpa ~ 6.67¢20 n/cm?>
is used [58] to estimate displacement per atom for reference. Exper-
imental data consisting of stress—strain curves at room and elevated
temperatures originated from two different data sources, denoted again
by Expl-X and Exp2-Y. The reported fluences range from 1.56 x 108
n/cm? to 30.0 x 10'® n/cm?.

Dislocation loop densities and average sizes are reported for JRQ
in [59] for fluence 4.2x10' n/cm? (flux 0.28x10!2 cm™2 ™1, E > 1 MeV)
and for 4.0 x 10! n/cm? (flux 1.6 X 1012 cm™2 s™!, E > 1 MeV) to be
Cpr = 3.19%x 102 [1/m3], Dp; = 3.18 nm and Cp; = 1.0 x 102! [1/m?],
Dp; = 3.18 nm, respectively. The average size of the loops does not
show significant change due to fluence, however, the neutron flux can
influence the loop number density. Hence, we choose lower dislocation
loop number density for lower fluences in the simulations and slightly
higher for the higher fluences.

Dislocation loop density was set for [100] type loops. Loop density
on [111] was set to zero, since if the density in all [111] planes is equal,
the off-diagonal terms will be canceled in the reconstruction of loop
damage tensor H (Eq. (15)). Dissimilar loop densities on each plane
can be assigned, however, no experimental data is available to support
these choices for the investigated material. Moreover, for similar mate-
rial like EUROFER97 ferritic-martensitic steel, studies report conflicting
results regarding loop distribution on habit planes, with some having
observed DLs mainly on [100] planes and some on [111] planes [60].
Solute cluster shearing parameter A% was set to 0.4 and dislocation
loop annihilation parameter n was set to 20.0 using the dislocation
loop model II. Solute cluster interaction parameter ag- was set to
0.02, rendering smaller, but still notable, additional slip resistance.
Similarly low values, 0.03 and rather negligible, have been reported

10

Table 3
Model parameters of irradiated condition (1.0 dpa ~ 6.67 x 10% n/cm?) [58].

Low dose I

Fluence 4.4 x 10'® n/cm?
Fluence 3.64 x 10'® n/cm?

0.0066 dpa
0.0055 dpa

Exp-1 dataset
Exp-2 dataset

Model parameters

Description Symbol Value Unit
Solute cluster number density Ce 1.0 x 10% [1/m’]
Solute cluster average size Dgc 1.5 [nm]
Dislocation loop number density CpL 1.0x 10%! [1/m’]
Dislocation loop average size Dy, 2.75 [nm]
Medium dose II

Fluence 1.56 x 10" n/cm?> 0.0234 dpa Exp-1 dataset

Fluence 3.0 x 10" n/cm?> 0.045 dpa Exp-2 dataset

Model parameters

Description Symbol Value Unit
Solute cluster number density Cye 2.0 x 10% [1/m?]
Solute cluster average size Dge 1.5 [nm]
Dislocation loop number density Cpr 2.5% 10% [1/m?]
Dislocation loop average size Dy, 3.19 [nm]

for EUROFER97 steel [61,62]. Dislocation loop interaction parameter
ap; was set to 0.18. For similar steel materials a wide range between
0.17 [63] and 0.68 [61] has been reported. Identical initial dislocation
density was retained in all simulated cases for simplicity. The same 3D
RVE described in Section 2.3 was used in these simulations.

Fig. 9a—-c shows the simulated and experimental tensile stress—
strain curves in irradiated condition for temperature 297K with two
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Fig. 8. (a) RVE used for simulations, von Mises stress for (b) 123 K and (c) 563 K, dislocation density for (d) 123 K and (e) 563 K. Probability density distributions of von Mises

stress and dislocation density at (f) 2.5% of axial strain and (g) 10% of axial strain.

fluences (Dose I and II) and for temperatures 563K and 673K (Dose I)
based on two different experimental datasets. The model reproduces
the low dose (Fig. 9a and d) well. Higher dose level (Fig. 9b and
e) introduces more uncertainty in the predictions. Exp2-Y dataset is
quite well in agreement, while it is observed that Expl-X dataset is
underestimated by 8%-9% using the same model parameter set for
both cases. The prediction on Expl-X dataset could be improved by
assigning higher irradiation-related defect densities, which would lead
to higher apparent yield stress of the material in the model. However,
no particular characterization data is available of the average defect
densities or defect sizes between the used datasets (the fluence range
is very similar) to justify the selection.

Model response at higher temperatures is again two-fold (Fig. 9 c
and f). Simulated yield stress correlates with the experimental yield
stress in dataset Expl-X. However, significantly lower predictions are
observed for Exp2-Y dataset. The 673 K experimental curve yields at
around 500 MPa, which is very similar to the room temperature yield
stress of about 490-510 MPa. Hence, it is inevitably expected that
the model predicts a much lower yield point due to the temperature
dependency in the model. Furthermore, the sole high temperature
curve does not allow for evaluating deviations in the experimental data
as is observed in cases tested at room temperature.

Two methods of addressing gradient enhanced hardening/softening
are presented with simulated blue and red curves. The red curve
(sim.) follows the original model with a possibility for the generalized
stress S, to impose additional hardening or softening. The blue curve
(sim. hard) defines a situation where S, is enforced to produce only
hardening (S, > 0). Artificially enforcing only hardening leads to
improved approximations in some of the stress—strain responses, while
in other cases overestimation is observed. If the original model is used
with softening and hardening effect, the strain hardening rate is sup-
pressed with the irradiated material condition, while the unirradiated
model predictions in Fig. 7 are in satisfactory agreement. This indicates
that the additional hardening term can be too restrictive in either
way, using hardening only or softening/hardening with irradiation
influenced material. In contrast to the recent work of Abatour and
Forest [64], the current model does not use saturating variables. This
aspect then remains a topic for possible improvement in the current
model. Overall, it is observed that model predictions are mostly in
line with the experimental results, given a 5% error margin, and the
aforementioned observations related to higher temperature(s).
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Fig. 9. Tensile stress—strain curves of irradiated material, Exp-1 dataset: (a) low dose I at 293 K, (b) medium dose II at 293 K, (c) low dose I at 563 K . Exp-2 dataset: (d), low
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of this article.)

3.3. Comparison of local deformation of DIC and models

A comparison of the local strain field is made between experimental
DIC data and crystal plasticity simulations. Fig. 10 shows the compari-
son of horizontal, vertical, and shear strains. Different simulation cases
were investigated, consisting of two regularized cases with different mi-
cromorphic length-scale parameters, a local crystal plasticity case, and
regularized non-Schmid cases with different length-scale parameters.
We compare the DIC measured and simulated strain maps at a global
horizontal axial strain of approximately 5.4%. The DIC fields in Fig. 10
displays the uncorrelated regions and removed outliers as white, which
are not considered in the comparison. Qualitatively, the local strain
fields appear largely similar, which suggests that the simulations and
experimental data are correlating well pattern-wise. Discrepancies are
seen in some grains showing either higher or lower deformations in the
most dominant horizontal strain field.

Regularized Schmid’s law based and non-Schmid models - Fig. 10b,e
- show smoothing of the local strain magnitudes in compared to the
classical local crystal plasticity simulation in Fig. 10d. This is especially
observed for the low length-scale parameters H, = 5000 MPa and
A = 0.005 N mm?. Higher local magnitudes appear when the length-
scale parameters are adjusted more tightly to avoid diffusive spread
coming from the regularization with H, = 50000 MPa and A = 0.001
N mm?. With these parameters, the model response is becoming more
similar to the standard local crystal plasticity case. It should be noted
that the local crystal plasticity is expected to overestimate local strains
in general. To highlight the local strains in Fig. 10, the strains legend is
restricted with the limits shown in the figure. This masks some of the
highest local strains when using the local CP approach.

Mesh sensitivity analysis is performed in Appendix B. The gradient
approach shows an almost mesh-insensitive solution for the horizontal
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strain field, while the local crystal plasticity is more mesh dependent.
The von Mises stress distribution is also less mesh-sensitive with the
gradient model. However, full mesh independence is not established
stress-wise in either case. Appendix C shows the size dependent scaling
of the standard Schmid’s law model. Saturation of flow stress is es-
tablished with decreasing size of microstructural characteristics (grain
size), as expected from the non-local model.

Full-field maps provide an appropriate qualitative overview, but de-
spite strain values being displayed in different colors, a direct quantita-
tive comparison is complicated. We quantified, therefore, the difference
in strain magnitude between simulations and experiments using proba-
bility density plots. Additionally, the L1 error (= Y ; | f<*P(g;) — f*"™(g)),
where £ and f*"™ are the probability density functions from exper-
iments and simulations results, respectively) was computed to show
the cumulative difference between simulation and experimental re-
sults. Fig. 11a—c show the probability distributions of local strains.
This confirms visual analyses in Fig. 10. The strain distributions from
simulations adequately match those from the experiment. The scalar
Ll-norm (Fig. 11d-f) presents the cumulative difference between the
experiment and simulations.

Oversmoothing is evident for the standard Schmid’s law based
micromorphic regularized simulation with low H, and high A values.
The prediction is improved with the choice of different length-scale pa-
rameters. Based on the L1-error, non-Schmid model correlates also well
irrespective of the choice on length-scale parameters for the dominant
horizontal strains. A good correlation is found for the local CP model
in the horizontal strain values, but it does not show any improvement
of the other modeling choices for vertical and shear strains. Also, the
local CP model experiences very high local strain hotspots, which is
masked out in the comparison. The quantitative comparison in Fig. 11
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plots all material point level data but does not provide information of
spatial correlation visually presented in Fig. 10. Therefore, no definite
judgment on the superiority of each method can be established based
on the L1-error alone.

Obtaining adequate spatial correlation between the EBSD crystal-
lographic data and full-field data from the SEM images can be an
intricate challenge. Four indentation marks were used as anchor points
to select the same analysis area for both datasets. However, there
are experimental obstacles that make it complex to obtain a perfect
correlation. The EBSD analysis required a long analysis time, which
makes it susceptible to drifting of the specimen over time. Moreover,
it visualizes the specimen at a 70° angle, which is addressed by a geo-
metric correction of the viewing angle. On the other hand, SEM images
were taken at a perpendicular angle. However the image acquisition
also took considerable time and is prone to drifting, lens distortion,
and inaccuracies introduced by the merging procedure. While the
adequate spatial correlation was obtained, it is plausible that there is a
horizontal shift of even up to tens of microns between the experimental
and modeled datasets. Nevertheless, based on our visual analysis, the
non-Schmid model does not provide particularly improved predictions
when compared with the standard Schmid’s law, given the obtained
resolution with the DIC measurements.

Appendix A includes a comparison of the experimental DIC and
simulated strain fields for the lower axial strain of approximately 1.4%.
Visual comparison of the strain fields shows a slightly better correla-
tion. However, probability density analysis shows a similar range in
the error between experiments and simulations using different models.
Therefore, it can be stated that the model predictions do not improve
or degrade with increasing strain in the sample, at least in the studied
strain range.

We consider several reasons for the local differences between ex-
periments and simulations. Firstly, the current model approach does
not account for explicit micron sized or submicron carbides in the
computations, which could influence local strain states by suppress-
ing or activating different slip systems. Secondly, we utilize constant
initial dislocation density throughout the microstructure. Assignment
of heterogeneous distribution could potentially improve localization
behavior, for example, as defined with KAM or related GND distribution
in Fig. 2. Thirdly, the model is based on quasi-3D approach with
unknown subsurface grain structure, which is expected to influence the
outcome of the simulations.

Fig. 12 shows the comparison of IPF plot of the deformed mi-
crostructure observed in the experiments (Fig. 12a) and simulations.
Three simulation cases are selected, namely the local crystal plasticity
model (Fig. 12b), regularized CP H , = 50000,4 = 0.001 (Fig. 12¢),
and non-Schmid regularized CP H, = 50000,4 = 0.001 (Fig. 12d).
Two sub-regions containing a few grains are chosen for this highlighted
comparison (cutout windows are magnified 2.2\times), which are la-
beled as E] and in the figure. The following observations can be
distinguished:

1. The grain reorientation in the local CP model is stronger in
comparison to other simulation methods, as indicated by the
sharper contours in the IPF plot.

2. The grain reorientation in the local CP model is closest to the
experiments in spite of occasional high local strain hotspots.

3. In the grain for the non-Schmid case there is some missing
reorientation at the bottom of the grain, whereas the grain
has additional reorientation. The addition of slip family
{112}(111) might be necessary to generate reorientation similar
to the experiments.

While the local crystal plasticity model results agreed with the ex-
periments well, the simulations showed very high stress/strain spikes,
which could influence the prediction of crack nucleation and as an
overall indication can lack physical justification. Therefore we propose

13

Materials Science & Engineering A 914 (2024) 147121

that local regularization should be considered in order to avoid ex-
tensive localization in strains or stresses, as any predictions for failure
essentially depend on these values, either with a full crystal plasticity
formulated damage model, or post-processing based models. For exam-
ple, Ren et al. used the Microstructure Informed Brittle Fracture (MIBF)
model to predict fracture properties of RPV steel microstructures [11].
To eliminate extremely high local stress and include grain morphology
effects, it was proposed simply that local scale stress fields are averaged
on the smallest structure to assess brittle crack penetration, such as a
bainitic packet in bainitic steel. The current results indicate that this
could be possibly established directly with a well-behaving non-local
model, but the validity of each model should be performed with means
of local strain analysis such as the pDIC approach used in this work.

4. Local scale plasticity analysis of irradiated material

As a numerical example, we investigate different irradiated con-
ditions at a low tensile strain (5.4%) with the EBSD based model
described in Section 2.3. First, a medium dose range with dislocation
loop density of Cp,; = 4.0 x 10?! and average size of D, = 4.0 nm
is investigated to analyze irradiation effects on strain localization with
the proposed model. Solute cluster annihilation is retained at Ag. = 0.4
and the loop annihilation parameter is kept at # = 20.0. A high dose
case with loop density of Cp; = 6.9 x 10>! and average size of Dp; =
6.1 nm [60] is also given for the sake of a numerical comparison. To
demonstrate the localization behavior with irradiation, we also define
a higher dislocation loop annihilation rate for the highest dislocation
loop defect case, i.e., n = 50.0.

Fig. 13 shows total dislocation density, GND density approximated
with Eq. (23), von Mises stress of each studied case, and a comparison
of the stress-strain response of each case. Both dislocation density and
stress state are elevated from the unirradiated state. However, it is
observed that the model does not predict very significant changes in
local plasticity from unirradiated to medium dose cases. Dislocation
density is increased locally and some banded regions can become more
populated with dislocations and therefore appear thinner. A similar
trend is observed in the von Mises stress state in terms of localization.

Overall, stresses are elevated with the presence of irradiation de-
fects, as expected due to the introduction of additional defect densities.
A high dose combined with a high dislocation loop annihilation rate
shows very significant strain localization, which is also reported by [4,
18] with a similar kind of dislocation loop model. The dominant shear
bands predicted by the model involve high dislocation density and
secondary bands that are formed in the in-between regions. Other
zones in the material show less deformation due to the existing shear
bands with concentrated deformation. This outcomes from reduced
slip resistance during the reduction of dislocation loop density, which
promotes formation of localization bands. Effectively, these areas can
also be interpreted as bands clear of dislocation loops [65] exactly
because the loop defect density has significantly decreased.

The current model with micromorphic regularization could be used
to control such shear bands. Fig. 13b shows the approximated GND
density caused by plastic deformation. GNDs evolve around slip rich
regions (high dislocation density in Fig. 13a). This is shown in the high
dose simulation, where GND accumulation is observed bordering the
apparent shear bands because of the strong gradient in microslip. In
effect, this regularizes the thickness of the slip rich or shear band re-
gions. However, validity of the method to produce finite sized bands is
uncertain without actual validation measurements from a test specimen
with a high irradiation dose. The stress—strain curves in Fig. 13d show
a qualitative difference between the simulated cases with a quasi-3D
microstructure. It is observed that the higher dislocation loop density
and related annihilation show reduction in the strain hardening rate.
As pointed out in Section 2.3, the quasi-3D meshes can underesti-
mate the stress—strain response of the material due to the often used
plane strain/stress assumption, which leads to lower overall flow stress
predictions in compared to Fig. 9. Even so, the model effectively
predicts changes in the localization and strain hardening behavior of
the material at various dose levels.
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of the references to color in this figure legend, the reader is referred to the web version of this article.)

5. Restrictions of the approach and future aspects stress and strain concentrations around the carbides. Overall, as im-
proved data becomes available either from experimental sources or

Carbides are treated non-explicitly only as a defect density and multiscale modeling workflows, the use of distributed values for the
average size is prescribed. This choice neglects any sub-micron scale defect structure is preferred. This is an important aspect if any damage
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model is involved [14]. The crystalline cleavage damage model could
be used in the framework [31]. This type of model, however, assumes
that damage is described on specific (cleavage) planes and no direct
ductile fracture behavior is involved, unless the model parametrization
is devoted to temperature dependent and ductile-like sluggish crack
growth. At present the current model does not account for mechanical
damage for these reasons. Li et al. [66] suggested a mixed model for
FCC material to address different damage mechanisms. Similarly for
FCC, phase field damage modeling offers a coupling to plastic work
as a contributor to the fracture driving force [67] to imitate more
ductile like behavior with fundamentally brittle behaving phase field
model. In all of these cases, a care should also be placed on the
regularization of strain and damage fields represented at the level of
the microstructure and the nature of fracture mechanism. Alternatively,
the validated model behavior in this work allows more robust use of
so-called microstructurally informed brittle fracture models [11]. This
approach enables users to utilize plasticity results and couple them
with a probabilistic model to predict failure and shifts in the ductile-
to-brittle master curve. It should be noted that we discuss mechanical
damage (explicit cracking), not to be confused with irradiation dam-
age, which remains a future topic. Furthermore, the model does not
include vacancy formation constitutes explicitly or dislocation climb
model in the current form, which is demonstrated important for high
temperature creep behavior [68,69].

The current work does not cover puDIC validation of local plasticity
in irradiated conditions. Therefore, the model predictions of irradiated
material local scale plastic localization should be considered specula-
tive, given the available data on the investigated material. Furthermore,
even higher spatial resolution in pDIC would be required to enable
the validation of model behavior at finer length scales, e.g., of finite
thickness of slip bands. Overall, the pDIC method used in this work
must be further refined. Higher magnifications and finer patterns on
the specimen would be required to obtain experimental strain mea-
surements of phenomena such as the formation of slip bands and
deformation twins. The analysis of larger areas of interest containing
more grains and more deformation steps would also provide a more
representative description of the microstructural evolution of the ma-
terial throughout deformation. As stated, the current work does also
not introduce explicit carbides in the microstructure, for example, sub-
micron carbides that were observed largely in the JRQ material. Tests
with model alloys are also expected to support the development of the
experimental techniques and partition the contributions arising from
different microstructural features. Data on the location, size, and shape
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of precipitates could be obtained from the same initial overview of
the microstructure that is used as the reference image for pDIC. In
such efforts, an excellent spatial synchronization with the data obtained
from imaging and EBSD would be required for the modeling approach
to include precipitate information. Such simulations at the level of large
3D polycrystal would be computationally costly with the present model.
Furthermore, the current modeling approach did not include hetero-
geneity in initial dislocation density based on approximation of GND
density from EBSD measurements that could influence on localization
behavior either as standard SSD density or assigning strain gradient for
the non-local term of the model. Sampling the observed heterogeneity
in dislocation density SSD or GND for 3D RVEs is considered plausible
but not attempted in this work.

6. Conclusions

A proposed micromorphic enriched crystal plasticity model was
used to describe RPV steel behavior at low and elevated temperatures.
Micro digital image correlation measured the deformation of a minia-
ture tensile specimen to evaluate the validity of the crystal plasticity
model at the intra-grain level of polycrystalline material. The following
conclusions and observations are summarized:

 Reasonable fit for the BCC crystal plasticity model was obtained
in a temperature range of 123 K to 673 K in both unirradiated and
irradiated conditions. This is accompanied by a critical note that
the stress—strain behavior of a material is often achievable with
various non-unique crystal plasticity parameter sets. However, it
must be noted that since the defect structure is explicitly specified
with physics-based and identifiable parameters in the present
work, there is less room for such non-uniqueness. Further confi-
dence over the model parameter choice is obtainable through the
use of uDIC experiments as well as on the selection and different
variants of the modeling approach in general.

pDIC measurements were used to validate simulation models
and assist the inherent modeling choices in terms of capturing
strain localization in the material. Full-field displacements were
used to define the boundary conditions for the modeling efforts.
Considering the uncertainties in both experimental and computa-
tional approaches, the comparison is seen as promising and the
performance of the modeling framework as satisfactory, although
further areas of improvement and work were identified.
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» Reduced micromorphic regularization on slip can cause over-
smoothing, which can be diminished with the choice of length-
scale parameters. The standard local crystal plasticity model per-
forms reasonably well with respect to experimental data, how-
ever, it may overestimate local strains and have a general mesh
dependency in the absence of non-local characteristics limiting its
generalization.

The comparison of standard Schmid’s law based slip model and
non-Schmid based law indicates that local deformation predic-
tions can be improved and degraded by this choice within current
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Fig. 12. IPF plot of the deformed microstructure as observed in (a) experiments (b) local CP model (¢) regularized CP H, = 50000, A = 0.001 (d) non-Schmid regularized CP
H, = 50000, A =0.001. Two grains (labeled as and I are compared between the experiments and the simulations. The cutout windows have a magnification of 2.2 times.

scope of work. Present work did not clearly indicate the supe-
riority of non-Schmid behavior for the JRQ material, since the
non-Schmid model provides slightly better strain magnitude pre-
diction (not confirmed spatially), but slightly worse predictions
in terms of reorientation.

Introduction of irradiation effects promotes the plastic localiza-
tion in the material at high doses and the gradient model can
be used to regularize shear bands or irradiation influenced clear
bands in BCC materials. At low doses, the localization effect is
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much more limited since the material’s strain hardening capabil-
ity partially suppresses localization effect in the presence of lower
irradiation defect densities and their evolution (annihilation).
pDIC experiments on irradiated material samples of far higher
dose should be employed in the future to validate this behavior.
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An increased stress state due to irradiation affects the ductile-
to-brittle transition of the material, the analyses and presented
methods enable a path forward to investigate the influence of
interactions arising from hardening and slip localization across
a wider range of irradiation doses.
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Appendix A. Low strain DIC-CP comparison

Fig. A.14 shows the comparison of horizontal, vertical and shear
strains at a global axial strain of 1.4%.

Fig. A.15 shows probability density plots of different strains and
error bars with respect to the experimental distribution.

Appendix B. Mesh sensitivity analysis

Fig. B.16 shows mesh sensitivity analysis for different EBSD-DIC do-
main discretizations for local crystal plasticity and micromorphic strain
gradient model. The number of elements is indicated on the edge of the
domain, for example the whole domain is 200 x 200 for the coarsest
mesh totaling in 20000 elements. Similarly, 500 x 500 discretization
has a total of 250 000 elements for the same domain. It is observed that
gradient model shows almost mesh insensitive solution for horizontal
strain field (tensile direction). A notable difference is seen for the local
crystal plasticity with the densest mesh. Both methods show some
amount of mesh dependency in von Mises stress distribution. However,
at higher stress values, exceeding 600 MPa, the gradient shows more
or less saturated stress values when comparing 400 and 500 elements
per edge discretization, while the local crystal plasticity is again more
mesh sensitive.

Appendix C. Size scaling of the model

Fig. C.17 shows the stress—strain response of different sized RVEs.
The scaling was applied for the whole microstructure. Original size is
100 x 100 pm. Effective grain size was kept constant at 2.5 pm to avoid
scaling of the yield point and affecting dislocation density evolution
with the grain size. This way, the size effects on strain hardening rate
coming from the generalized stress term are observed more clearly with
evolving size of the RVE. The model parameters were H, = 50000 MPa
and A = 0.001 N mm? with a standard Schmid’s law behavior. The
model shows clear saturation of stress state at very small or large
aggregate sizes.
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