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Abstract

The common approach to crystal-plasticity finite element modelling for load bearing prediction of
metallic structures involves the simulation of simplified grain morphology and substructure detail.
This paper details a methodology for predicting the structure-property effect of as-manufactured
microstructure, including true grain morphology and orientation, on cyclic plasticity and fatigue
crack initiation in biomedical-grade CoCr alloy. The methodology generates high-fidelity crystal
plasticity finite element (CPFE) models, by directly converting measured electron backscatter
diffraction (EBSD) metal microstructure grain maps into finite element microstructural models,
and thus captures essential grain definition for improved microstructure-property analyses. This
EBSD-based method for CPFE model generation is shown to give approximately 10% improved
agreement for fatigue life prediction, compared with the more commonly-used Voronoi
tessellation method. However, the added microstructural detail available in EBSD-CPFE did not
significantly alter the bulk stress-strain response prediction, compared to VT-CPFE. The new
EBSD-based method within a strain-gradient CPFE model is also applied to predict measured grain
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size effects for cyclic plasticity and fatigue crack initiation, and shows the concentration of
geometrically necessary dislocations (GND) around true grain boundaries, with smaller grain
samples exhibiting higher overall GND concentrations. In addition, minimum model sizes for VT-
CPFE and EBSD-CPFE models are proposed for cyclic hysteresis and fatigue crack initiation
prediction.

Keywords: Crystal plasticity, electron microscopy, fatigue, grains and interfaces, modelling,

micromechanics

Nomenclature

Symbol Unit Definition

X reference global vector

x current configuration vector

u displacement vector

F global deformation gradient

F, elastic deformation gradient

F, plastic deformation gradient

L, plastic velocity gradient tensor

ye rate of slip along the slip system a
y° [s] reference strain rate

a current slip system

s unit vectors along the slip direction
m* unit vectors normal to slip plane

a [s] reference strain rate component

n strain rate sensitivity

go [MPa] initial critical resolved shear stress
oo [MPa] stage | stress

h** [MPa] self-hardening moduli

ho® [MPa] latent-hardening moduli

x* [MPa] kinematic hardening back stress
C;D; [GPa] parameters which define the back-stress hardening
b, [m] Burgers vector
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peep  [m?] mobile SSD density

psspi  [m?] immobile SSD density

penp®  [m?] GND density

v [s] frequency of jump attempts for mobile dislocations
AH [J] Helmholtz free energy

T [K] temperature

k [TK1] Boltzmann constant

p accumulated effective crystal slip

w [MJ/m?3] accumulated strain energy dissipation

=

fatigue crack initiation life

List of abbreviations

Abbreviation Definition

FCI fatigue crack initiation

EBSD electron backscatter diffraction
CPFE crystal plasticity finite element
RVE representative volume element
FE finite element

VT Voronoi tessellation

HCP hexagonal close packed

FCC face centred cubic

LCF low cycle fatigue

PBC periodic boundary condition
PGB periodic grain boundary

FIPs fatigue indicator parameters
GND geometrically necessary dislocations
SSD statistically stored dislocations

1. Introduction

The development of computational prediction methods for microstructure-sensitive fatigue
crack initiation (FCI) is an important problem that will benefit a wide range of industries, including
aerospace!, medical-device 2, and power generation > 4. The critical importance of characterisation

of the interrelationships between manufacturing process, microstructure, material properties and
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mechanical performance (structural integrity) > ° has been highlighted by a recent aeroengine fan
hub failure investigation 7 8. This report provides detailed proof of the serious risks associated with
not considering these relationships, particularly for fatigue crack initiation in real applications, in
this case, an aeroengine fan hub failure of TI-6Al-4V alloy, not previously considered susceptible
to facet fatigue. CoCr alloys are employed in the medical device industry for a number of important
applications, including cardiovascular stents °® and orthopaedic hip implants 1> 1, where design
against premature fatigue failure is of critical importance. In recent years, major advances in
microstructural imaging, including electron backscatter diffraction (EBSD), have enabled accurate
visual characterisation of grain structures and their orientation 2. In parallel, advances in
computational modelling methodologies, including crystal plasticity finite element (CPFE)
modelling, have permitted advanced microstructural mechanical characterisation 2.

Numerous artificial methods have been adopted for generating idealised polycrystalline
representative volume element (RVE) models, such as homogenised regular shape microstructures
14,15 '\oronoi tessellation (VT) based 2D maps consisting of irregular grain morphologies defined
by straight grain boundaries *® and the 3D polycrystalline aggregate cube " '® methods. These
methods have some important limitations:

e The polyhedral-shaped structures typically generated by VT do not represent the real
measured morphology of grains, which has been shown to influence the evolution of intra-
granular misorientation and inter-grain deformation 92,

e VT generated models fail to include accurate orientation information for grain-

neighbourhood effects, especially for materials with strong texture 22,
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e /T algorithms produce unique models from each run, due to the use of random nucleation
generators within the model generation codes. This produces an inherent scatter in
modelling results which, while sometimes useful, cannot be eliminated 3.

In recent years, researchers have realised the significant influence of phase composition and
grain morphology on mechanical behaviour. Of particular interest to the broader context of the
present work are complex microstructure morphologies like those of Ti6Al4V alloy [20]. The
traditional VT method is not sufficient to represent such multi-phase lamellar or bimodal structures
[20-22]. Efforts to address these shortcomings include the open source software Neper 24, which
uses an extension function, based on the traditional VT rule, to provide an absolute mean grain
size and standard deviation, using the lognormal fit, to achieve a wider range of grain size
distribution and higher grain sphericities compared with the simplified polyhedral-shaped standard
VT method. This improved extension is also capable of providing a sub-tessellation meshing
option, based on the centre of the grain mass, to imitate realistic morphology and grain boundary
shape [23]. The Dunne group introduced a 27-grain polycrystal model to investigate elastic
anisotropic in cold-dwell fatigue of a titanium alloy 8. This 2D model used 5- to 8- (straight) sided
polygons to represent the grain morphology and random orientations were assigned to each grain.
The group also developed another sketching method to generate a real image-based model
integrated with the extended finite element (XFEM) method to model slip-dominated crack growth
through polyhedral line grain boundary drawing with 2D surface crack assumption %. Real
microstructural morphologies (grain shape and size), measured using scanning electronic
microscopy 2 27 or diffraction contrast tomography 28 2°, has been utilised in image-based CPFE

models to enhance accuracy and demonstrate the errors associated with artificially-generated
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microstructure models. However, details of the model generation process have been limited and

its application to fatigue crack initiation has not previously been addressed.

It has been shown that manufacturing-induced texture has an important influence on both
monotonic and cyclic loading, with regards to yield stress and ductility *°. Unfortunately, the
crystallographic orientations in such studies do not correspond to the realistic microstructural
characterisation. Other than the orientational-dependent slip system, a special misorientation
relationship, twinning boundary also needs to be considered and activated for alloy structures
dominated with hexagonal close packed (HCP) 3. Ali et al. 3> implemented the initial texture of
annealed aluminium alloy into an equiaxed cubic VT model where the crystallographic orientation
distribution is statistically equivalent to that from pole figure measurement. McDowell and co-
workers 333 developed a microscale dual-phase titanium model capturing the texture effect and
found that (i) the accumulative effective plastic strain of the basal-textured material was ~25%
lower than the transverse case and (ii) the effective plastic strain distribution changes significantly
if neighbouring misorientation relationships are omitted. In the latter work, orientation distribution
was extracted and assigned to lamellar colony 3D models through the measured probability density
distribution. This method successfully revealed distribution of absolute orientation and initial

texture 3%, The Cailletaud team 36

introduced a customized grain boundary misorientation
relationship in a regular 2D hexagonal model to predict FCI behaviour using the maximum value
of shear strain amplitude as well as accumulated viscoplastic strain. The distributions of the two
fatigue parameters were shown to depend on the misorientation relationships between grains. It

was concluded that individual crystal orientation is insufficient for microstructure-based fatigue

prediction. Rather, neighbouring grains and misorientation relationships need to be considered.
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A solution to include both accurate morphology and texture in CPFE models is through direct

and complete EBSD conversion 3" %, Bronkhorst et al. *°

applied EBSD-based structural
reconstruction with a single-crystal theory model for the tensile behaviour of wrought and
additively manufactured stainless steel to investigate the effects of the manufacturing-induced
differences in texture. Kapoor and co-workers %> %! applied a similar method to study strain
localization and residual stress of lamellar Ti6AI4V alloy. Although Euler angle data available
from EBSD measurements has been used to define grain orientations in CPFE models 4244 the
comparative and quantitative benefits vis-a-vis artificially-generated (e.g. VT) models for FCI has
not previously been addressed. Furthermore, a systematic exposition of this approach, addressing
imaging artefact issues such as imprecise or incomplete Kikuchi band indexing and pattern
matching #° and grain reconstruction strategy, has not previously been presented.

The present work provides a detailed systematic procedure including development of an
automatic tool for EBSD processing to convert data directly into image-based realistic CPFE
models for high fidelity EBSD-based micromechanical predictions. Attention is focused on the
cyclic plasticity and low cycle fatigue (LCF) crack initiation response for the biomedical-grade
CoCr alloy, previously characterized by Sweeney et al. ® 4647 The latter presented experimental
testing characterization, and FE modelling, J2 continuum plasticity and CPFE, based on a VT
methodology. To demonstrate the reliability and accuracy of the new method, comparisons are

made with VT-generated models as the conventional and convenient CPFE method, and also

against the experimental test data.
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2. Model generation methodology
2.1 High-fidelity EBSD image-based methodology

A key objective of the present work is to develop an optimum methodology for the rapid and
accurate construction of image-based computational microstructural models. The methodology is
predicated on the use of EBSD, which is an advanced microscopy technigue, based on scanning
electron microscopy tool to automatically calculate crystal orientations from the Kikuchi bands
formed due to ion beam diffraction on the surface of the detected sample *2. The captured patterns
are transformed to Hough space and computer processed into indexed data using commercial
software “8. This methodology is motivated by the two new types of information obtained from the
automated EBSD technique: (i) quantitative orientation for each individual crystal and (ii) ability
to represent texture. The capability for detection with high pixel resolution facilitates a high
accuracy, high-resolution grain boundary demarcation process. The reconstructed grain maps
based on the quantitative orientation map, in turn, represent the grain morphology and grain size
information with high resolution %°. Before mechanical tests, EBSD imaging was conducted on the
polished L605 CoCr surface, to produce crystallographic orientation maps parallel to the central
axis of the cylindrical specimen 0. An initial grain reconstruction attempt was performed on the
EBSD raw data using an open-access toolbox MTEX °! with a segment tolerance angle of 5 degrees.
Figure 1 shows the segmented grain map, coloured with inverse pole figure definition. Each colour
represents a unique orientation, defined by the set of three Euler angles, corresponding to the
perpendicular plane direction projected on the colour legend. The mean orientation values of the
pixels within the same segmented grain were then calculated and projected to generate the scatter
pole figure and the inverse pole figure, as shown in Figure 2. Plane projections on the three pole

figure reference spheres only show very small areas of red, where similar orientations are shared.
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The indicated texture strength is calculated as 1.2% by MTEX, which is equal to the fraction of
projected orientations within a 10-degree difference compared with the direction of the vector
orthogonal to fibres (a presumed directional texture that is mostly orthogonal to all the grains) in
the (001) pole figure. The quantitative texture strength analysis indicates negligible preferred
crystal orientation, i.e. random orientation. Consequently, in the more conventional VT method
for CPFE model generation, as described below, random orientations are assigned for the cubic
cell RVE model.

The proposed new methodology for converting EBSD data into a high fidelity CPFE is
developed in the commercially available programming language MATLAB (MathWorks) 2. The
MATLAB code calls a number of other software tools, including MTEX, DREAM3D (Digital
Representation Environment for the Analysis of Microstructure in 3D) % % and Python, for
microstructure manipulation and mesh generation etc. Figure 3 shows a graphical illustration of
the conversion process used for the present CoCr alloy. Unlike other digital microstructural
reconstruction tools running from the command line, DREAM3D works through a pipeline
consisting of several filters with unique functions. The EBSD information including the pixel
coordinates and the associated orientations are input into the pipeline structure which contains the
EBSD reader and FE mesh writer functions. Outputs from such generated pipeline clearly define
data containers with reconstructed and meshed grain information. This structure provides
flexibility for customized plug-ins and makes it easier for combined use with Python to import
necessary reconstructed imaging information for CPFE simulation in the commercially available
general purpose FE solver ABAQUS *°,

The microstructure information acquired by the EBSD measurement technique is shown in

Figure 4 (a) with planar dimensions of 576 um x 476 um. The EBSD raw data was firstly processed
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with MTEX. The microstructure morphology was processed in a series of image cleaning steps,
involving:

e specification of feature recognition tolerances,

e climinating poor-quality pixel and

e minimum grain size removal, in order to minimise noise artefacts.

In this grain reconstruction procedure, the grain segmentation process depends largely on the
quantitative orientation measurement of EBSD; non-indexed regions, as shown by the small white
dots in Figure 4, were assigned to the surrounding grains °¢. Consequently, the algorithm >’ merges
the voxels sharing similar orientations into the same grain 1D list, by comparing the misorientation
angle with the critical tolerance between the seed voxel and each of its neighbours. After each loop
a new reference seed voxel is chosen to write up another grain list, and this process repeats until
all the voxels are indexed. Hence, this process is sensitive to the precise value assigned to the
relative misorientation tolerance, as it determines if a pixel belongs to the same grain as a
neighbouring element or is a separate grain or feature. Too large a misorientation tolerance angle
allows too many voxels for the same feature, especially with respect to lack of sudden
misorientation change in deformed material. Too small an orientation tolerance will overpopulate
the model with excessive independent features. However, a significant amount of imaging artefacts
was observed when processing the EBSD raw data. The spurious data is possibly due to the
presence of pores or precipitates or, are unindexed grain boundary points due to duplicate data
from adjoining grains, thus distorting the pattern recognition. One solution to this issue is to
increase the misorientation tolerance angle during grain segmentation °.

Commonly used misorientation tolerance angles range between 5° and 10° 8. Thus, four

misorientation tolerance angles, 5°, 8°, 10°, 15° were tested on the same EBSD raw data. The
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proceeded maps with the four settings varied little with respect to resulting total number of grains,
viz. 1096, 1042, 1018, 988 respectively. The misorientation tolerance angles range has minimal
influence on the resulting grain segmentation in this work, and 10° was chosen as the critical
tolerance angle for grain reconstruction considering the relatively high grain boundary
misorientation angles and small size poor data points. Then, the minimum grain size limitation in
terms of number of the voxels (4 um?3) was set to merge extremely small ‘grains’ into surrounding
grains. The key parameter for this criterion is the choice of minimum grain for the sample, as well
as the suitable minimum numbers of voxels required to represent the grain morphology. The
measurement of grain size in the EBSD-converted CPFE model adopted the same definition as in
the EBSD image analysis, viz. 2-D circular equivalent diameter assumption. In this study, the
minimum grain size was defined as 3 voxels which is the maximum area size of non-indexed spots,
so that grains with fewer than 3 voxels were combined into a neighbouring grain and were assumed
to artificial noise in the EBSD scan. Finally, the orientation information for individual grains was
captured by the inverse pole figure with a unique colour identification scheme, as shown by the
arrows in Figure 5(a). These orientation details were written in the form of Euler angle datasets
(three Euler angles). The Euler angles datasets were converted to a rotation matrix dataset, as input
material properties for the CPFE UMAT, representing the crystallographic slip systems of different
grain sets in the polycrystalline model.

The resulting grain data was relabelled and discretized to a voxel FE mesh by reorganizing and
grouping the nodes and setting the orientation property in the FE mesh to correspond the Euler
angle value in the EBSD map. In this 8-node element FE model, the 3D RVE was generated by
extending the 2D map along the z direction by one-element thickness, resulting in a columnar grain

shape into the third dimension in this quasi-3D model. In this method, grain boundaries have zero
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thickness, however some computational studies have included explicit representation of the grain
boundaries in small sample sizes *. The grain ID lists were used to define sections in ABAQUS.
Three grains labelled A, B and C are highlighted in both images in Figure 5 to emphasize the

complete equivalent relationship between the EBSD image and the CPFE model.

2.2 A statistically equivalent RVE model approach

The commonly-used VT approach for generation of CPFE models representing measured
microstructures is an obvious comparator for the proposed image-based (EBSD-based)
methodology described above. Initial testing of 2D VT models demonstrated an 18.8% error in the
predicted mechanical performance (maximum cyclic stress) compared with the experimental
results. This compares to a predictive accuracy within 5% for the 3D VT or quasi-3D (one-element
thickness) models. Knezevic et al. % have previously reported the same limitation of 2D VT CPFE
models. The key concept here is to develop a statistically-equivalent RVE model to represent the
microstructure, in this case of the hot-rolled biomedical grade L605 cobalt chromium alloy
previously characterised by Sweeney et al 4’ via EBSD and fatigue testing. For the present work,
a VVoronoi tessellation methodology was developed to generate an FE cubic RVE cell. The Python
library SciPy (Version 1.5.0) 5! was called to generate the nuclei points through the Delaunay
triangulation algorithm, then the edge of each polygon shape was connected based on the
circumcircle around the nuclei points, thus forming the grain boundaries. The grain boundary
coordinates were recorded and later read by ABAQUS. The grain size of the EBSD
characterization was determined through an equivalent circular diameter definition. There exists
an argument that partial grains (on the edges) should be removed when measuring the averaged

grain size to avoid introducing a bias since most partial grains are large. Thus, the average grain
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size measurements were calculated based on EBSD map (i) with all grains, and (ii) without partial
grains, respectively. It was found that the partial grains comprised 26% of the total number of
grains. The calculated equivalent circular diameter was 27.3 um measured from the full grain map,
and this value increased to 27.8 um from the map without partial grains. Considering that the
EBSD-based modelling uses full grain map conversion and a relatively small difference from the
two calculations (1.8% difference), the grain sizes in this paper were measured using full grain
EBSD data. The grain size of the 3D VT model was represented using the equivalent spherical
diameter. The grain volume was calculated by the number and size of the voxel mesh within the
same grain. The grain size distribution was represented using a log-normal distribution fit to the
measured data of mean and standard deviation of the grain sizes, as shown in Figure 6.

Two boundary condition configurations were considered here: simply constrained boundary
condition (i.e. fixing the model at the bottom and left side) and periodic boundary condition (PBC).
Some studies have suggested that it is not necessary to use PBCs for micromechanical models
under tensile loading 6. Other authors have shown that due to PBCs linking the response between
boundary surfaces, there is significant benefit in reducing the minimum required model size for a
definitive RVE 382, A definitive RVE model has sufficient microstructural information to fully
represent the general macroscopic performance. Computational cost is high when running 3D
fatigue constitutive models. The runtime required increases exponentially as the polycrystal
geometry size scales up. In addition, PBCs are considered capable of providing accurate
mechanical behaviour prediction with fewer variations to achieve complete convergence as the
number of grains grows to a critical value 8. PBCs are assigned to all FE nodes along the free
edges of the unit cell shown in Figure 7, through a custom-written Python script 4. N, E, S, W are

the four boundary lines and NW, NE, SE, SW refer to the four corner nodes and z direction is

13
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perpendicular to the square. Boundary constrains for the displacement U obey the following

equations:
Up(x) = Usg(x) + Uy (x) 1)
Un(y) = Unw() + Us(y) )
Ugs(x) = Upy(x) 3)
Uw () = Ue(y) (4)
Usw(x,y,2) = Uyw(x) = Usg(y) = 0 (5)

In addition to PBCs, a periodic grain boundary (PGB) geometry was generated using the
DREAM3D function “pack the primary phases”. This filter generates a PGB for the microstructure
that combines the grains along the surface bounds to a same section. Figure 8 shows the generated
periodic grains within the resulting CPFE model. The definitive RVE model thus contains the
necessary statistically representative microstructural information (as shown in the comparison of
Figure 6) for prediction of the macroscale mechanical behaviour, as illustrated in Figure 9.

In the present work, the cyclic plasticity responses of the two sets of boundary conditions were
compared for strain-controlled simulations corresponding to strain-ranges of £0.5%, +0.8%, +1.0%
and £1.2%, viz. low cyclic fatigue loading cases, using the 3D VT CPFE models presented below.
It was thus established, using the constitutive model (Equation 10) described below, that the simply
constrained approach over-predicts local von Mises stress by between 10 to 20% relative to the
PBC approach, the 0.5% comparison case, as shown, for example, in Figure 10. The remaining

models, both VT and EBSD-based, in this paper thus use a PBC-based approach.
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3. Crystal plasticity model
3.1 Constitutive model
The crystal plasticity model is based on large deformation theory  and the deformation is
described solely by the slip displacement along crystal slip systems. The motion and generated
dislocations along the crystal slip direction cause shear deformation along slip planes. Crystal slip
occurs on a given slip system once the shear stress exceeds the critical resolved shear stress. The
CoCr metallic alloy studied here has a face centred cubic (FCC) crystal lattice type material with
12 slip systems on the close-packed {111} family of crystal planes, which contains four equivalent
slip planes and 3 corresponding potential slip directions on each close-packed plane % (Figure.
11(a)). The potential dislocation directions along the slip system are also shown in the close-
packed ABCABC... plane stacking sequence of Figure 11(b). These twelve slip systems determine
the velocity gradient during plastic deformation.
According to large deformation kinematics, current position vector X is defined in terms of
reference original position vector X and displacement u, as follows:
x=X+u (6)
and the deformation gradient tensor F is used for describing the transformation of the deformation
from reference global vector dX to the current configuration vector dx:
dx = FdX ()
The deformation gradient F can be further decomposed into elastic and plastic parts:
F=F¢-FP (8)
where F€represents rigid body rotation and elastic stretch while FP represents plastic deformation.
The inelastic velocity gradient LP is implemented as follows:

LP = Fp- (FP)™' = F,y%s* (m*)" 9)

15
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where the velocity gradient L is the differential form of the deformation gradient F. Plastic
deformation is only affected and determined by crystallographic slip here; the velocity gradient
can also be written as the accumulated value of the rate of slip along the slip system a where y* is
the rate of slip, and s* and m®* are the slip direction and slip normal direction vector for slip system
a, respectively.

In the present work, a user material subroutine (UMAT) for ABAQUS (Release version 2017)
is employed, initially developed by Huang ®’. This UMAT adopts a phenomenological power law
flow rule for rate of crystallographic slip y, as follows:

(10)

IT“—x“I}"

ca _ a__ a

y* = asgn(t® — x ){ e
where a is the reference strain rate component and n is a rate sensitivity exponent. x¢ is the total
back stress which is defined later in Equations 14 and 15. g% is isotropic strain hardening

parameter, defined by Peirce and co-workers % as:

hoYa
gowo—80

(11

g(ra) = 8o + (8o — go) tanh |
where y, is the accumulated plastic slip over all slip systems, defined below in Equation 16. g is
the critical resolved shear stress, g, is the saturated stress, while the initial hardening modulus h
is calculated by the equation:

R = h® = h(y,) = hosech? |- (12)

o—80

a and f refer to two specific slip systems. The self-hardening modulus h** (¢ = «), and latent
hardening modulus h*® (a = B) are assumed to be equal here. Thus, the evolution of the hardening

parameter is defined as the following:

g% = YghfyP (13)
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The original Huang UMAT was extended to include non-linear kinematic hardening by
Sweeney et al ®, with the total back stress x*, defined as a summation of two individual back-
stresses defined by individual Armstrong-Frederick evolution rules as follows:

x% = xf+ x§ (14)

xi' = Cy* — Dx{'[y“| (15)

where i = 1, 2; Ci and D; are the material parameters which define the asymptotic limit and rate of
decay of each non-linear back-stress evolution.

Accumulated crystallographic slip over all slip systems, which is key to the fatigue indicator
parameters (FIP) for crack initiation in the present work, can be obtained by integrating over time,

as follows:

Yo = Xofy ly¥l dt (16)

The constitutive material parameters of CoCr alloy for this model were previously calibrated
by Sweeney et al ®, as shown in Table 1.

In order to evaluate the effects of grain size (see Section 4.5), a UEL with a strain gradient
constitutive law, as developed by Dunne and co-workers © was adopted here, based on
incorporation of geometrically necessary dislocation (GND) "* effects. GNDs act as barriers to
mobile dislocations such as the statistically stored dislocations (SSDs) 2. The flow rule is modified

from the Gibbs creep rate equation "

(Ta—goa))’obgt (17)

. AHY .
¥* = pgsp bivexp (— E) sinh
kTJZa(PSSD,i“+PGND“)

where pgep and by, are the mobile SSD density and Burgers vector, respectively, on the slip system

a. v describes the frequency of attempts for mobile dislocations to jump over the energy barriers

whether successful or not. The exponent " describes the energy fluctuations. AH is the Helmholtz
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free energy, T is the temperature and k is the Boltzmann constant. g, is the critical resolved shear
stress and y, is the reference slip. More details are provided in the first publication of this

implementation 8.

3.2 Prediction of fatigue crack initiation

A key challenge for prediction of microscale crack initiation, is the identification of suitable,
scale-consistent fatigue indicator parameters (FIPs) 27 7°,

Dunne "" and co-workers have shown for a C263 alloy, that accumulated effective crystal slip,
aggregated over all slip systems, can be successfully implemented with CPFE to predict high and
low cycle fatigue, including the effects of mean stress and even temperature. This parameter is

denoted here as p and defined as follows:

1

p= (L) (18)
t .
p= [, pdt (19)
A further development of this approach is the accumulated strain energy dissipation W
parameter. This FIP sums up the energy consumption on all the crystal slip systems and takes both
microscale shear stress and slip rate into consideration, as follows:
t .
W =3[, t*y%dt (20)
It has been shown that these parameters typically evolve to a stabilised saturated value, so that

the numbers of cycles for FCI is then predicted by dividing a critical FIP value by that of the

stabilized fatigue cycle, shown below:
Pcyc = p(t) - p(t - Atcyc) (21)

Weye = W(t) — W(t - Atcyc) (22)
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N, = Perit (23)

Lp Pcyc

w
N‘ crit 24
= (24)

The critical values have previously been identified by comparison of predicted and measured
FCI data for sample tests, with validation against other independent data. The L-605 CoCr sample
was tested at room temperature on an Instron 8500 servo hydraulic machine using V-shaped jaws.
The strain controlled LCF behaviour tests with a cyclic strain ratio of -1 were carried out at four
different strain ranges. Closed-loop control of strain-range and strain rate (0.01 s~1) was
monitored via clip-on extensometer. The experimental FCI life was approximated from the total

life fatigue data according to a damage approach #’:

p=1-fi-(2)7] @9
where x and y are two parameters identified against all strain range tests to allow the best fit. FCI

(Ni) is identified with a critical damage value D, taken as 0.0125, based on an assumed crack

initiation size equal to the RVE standard element size at the free surface.

4. Results

4.1 RVE converged model size determination.

4.1.1 Determination of a converged definitive VT model.

The determination of a suitable (minimum) size is the first step in RVE modelling. CPFE
models can lead to noticeable scatter in maximum principal stress ’® and initial yield strength when
the number of grains is below 20 along cross-section area ’°. Hojun et al. observe that the predicted

Von Mises stress values have a scatter of up to 11.7% when fewer than 100 elements are defined
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in individual grains 8. This quantitative RVE convergence study ensures that the resulting
simulation scatter due to inherent VT algorithm shortcomings is minimized to a reasonable level
so that both VT and EBSD models represent the (statistically) same grain size distribution. One
benefit of the VT method is convenience with respect to studying RVE convergence; this is due to
the artificial nature of the model, whereby it is straight-forward to generate models with increasing
numbers of grains for the same grain size distribution. Hence, RVE convergence is first established
here using the VT-based models. Figure 12 shows a typical example of the scatter predicted for
three realizations of the statistically equivalent grain distributions on a 30-grains RVE mode.
Although the average mesh density of 900 elements/grain is sufficiently refined, based on the
findings of Harewood 8, for example, and both periodic boundary condition and grain boundary
geometry were adopted, the predicted bulk stress values for an applied strain of 0.5% strain are
502.7 MPa, 507.4 MPa and 492.7 MPa, i.e. 3% difference between maximum and minimum. As
for FIP p, the scatter in incremental values from the third cycle is 32.2%, with similar associated
scatter in predicted FCI life.

In the literature, there is significant variation in RVE sizes, in terms of number of grains, e.g.
26, The size of the definitive RVE depends on material properties such as elastic modulus, shear
modulus and plasticity 8 and typically needs to be quantified individually for each application,
including local considerations such as boundary and loading conditions, as well output criterion
for convergence.

This study aims at ensuring a reliable prediction of elastic-plastic behaviour for an applied
tensile strain of 0.5%. In order to facilitate this, a matrix of RVESs consisting of different random
realisations for different numbers of grains, all using the same grain distribution (mean grain size

and deviation) data, was generated using VT. Recent work by Farukh et al. 5, for 2D RVE

20



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

convergence, concluded that a 169-grain RVE was sufficient for convergence under strain-
controlled tensile deformation. As shown in Figure 13, the numbers of grains considered were 50,
80, 120, 150, 190 respectively, for each of three realisations. The FE mesh density was set constant
at 100 elements per grain, according to a previous study demonstrating that 98 elements per grain
was a sufficient density for converged results 2,

Figure 14(a) shows the effect of number of grains on scatter in predicted macroscopic stress,
and the computational cost for the different RVE sizes are shown in Figure 14(b), based on a
Windows workstation, consisting of a quad-core Intel i7 processor and 32 GB (4 x 8 GB) with
ABAQUS multi-core accelerating assist. Simulation run-time needs to be balanced carefully
against scatter when deciding the size of definitive RVE model, because the required
computational cost multiplies for fatigue (cyclic loading) cases.

The predicted scatter in mechanical response is due to the scatter in randomly generated
microstructural RVEs. Artificial variations in micro-structure occur when the total RVE volume
is not sufficiently large. Figure 15(a) shows comparisons of the probability density plots of grain
size distributions for different realisations of the 30-grain RVE and the 190-grain RVE. The scatter
is significantly less for the 190-grain RVE. Furthermore, Figure 15(b) shows the corresponding
comparison between the 190-grain RVE and the measured EBSD data, illustrating that the 190-
grain model correlates closely to the EBSD. Hence, establishment of a converged RVE is critical
for minimizing the errors (artificial scatter) from VVT-generated CPFE models of microstructures.

Remaining CPFE-VT results in this paper correspond to the 190-grain RVE.
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4.1.2 Determination of a converged EBSD model.

The convergence investigation for the EBSD-based model focuses on the effect of ratio of
EBSD map length to average grain size (l/d) using five cropped regions to construct the
comparison sets, as shown in Figure 16. Unlike a strictly regular grain model, the averaged grain
size slightly varies and is recalculated in each case of the cropped EBSD map; consequently, the
I/d ratio is not completely linear with respect to the edge length | along the x axis direction.

These five models were subjected to fully-reversed 0.5% cyclic strain. Consistent with the
previous VT-RVE convergence study, difference in stress-strain hysteresis response is negligible,
with only 8 MPa (1.42%) difference in maximum stabilized principal stress. This is attributed to
the number of grains in the smallest cropped EBSD model being 272, which exceeds the above-
identified convergence limit of 190 grains in an (VT-generated) RVE. However, I/d ratio was
observed to marginal influence predicted FCI life, as shown in Figure 17. The predicted FCI life
was found to decrease by factors of 1.12 for W and 1.23 for p as I/d increased from 21.7 to 9.9,
with negligible increase for I/d > 14.5. These results are consistent with previously-presented
results in a fretting fatigue study ®* and a failure strain 8 study. It was found that predicted life is
more stable with respect to I/d for W than for p. It is important to note that all subsequent CPFE
results meet the convergence requirements of more than 190-grain for VT models and I/d > 21 for

EBSD models.

4.2 Stress-strain response during cyclic deformation
Figure 18 shows a comparison of the CPFE models with the experimental data %° for four
different applied strain-ranges, demonstrating close agreement of both methods with the test data.

Similar to the finding of a previous martensitic steel study °, in general, the macroscopic stress
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results from the two methods show only slight differences in term of stress-strain response. Both
models, viz. VT- and EBSD-based methods, provide satisfactory prediction of the hysteresis
stress-strain relationship, although the VT method predicts slightly less accurate maximum tensile
stress for the lowest and highest strain-ranges. To further characterize the difference between these
two polycrystalline generating methodologies, Figure 19 (a) shows a comparison of the predicted
stabilized stress-strain responses from the EBSD- and VVT-based CPFE models. Figure 19 (b) gives

the stress values at different strain ranges from experimental measurements and CPFE predictions.

4.3 Fatigue crack initiation prediction

The FIP,, values are calculated by the difference between successive cycles after the stress-
strain response has stabilized, taken here as the 7" cycle. The critical FIP values are calibrated
using the equation FIP,,;, = FIP,,.N;"" at a sample strain range, in this case, the 1% case. Table
2 shows the identified critical FIP values against FCI life. The FCI life identified from the test data
was 15,690 ®°. Figure 20 shows a contour plot of the measured grain boundary misorientation angle
along with the corresponding CPFE-predicted equivalent (von Mises) stress distribution, p-
distribution and W-distribution, at 0.5% tensile strain. Grain boundaries are not explicitly modelled
here as per > but it is clear that the ESBD construction data provides accurate geometric
representation of grain boundaries for the microstructure RVE being modelled. A significant
benefit of the EBSD-based CPFE model is the ability to capture the localization of crystallographic
plastic slip and discontinuity stresses at the grain boundary interface regions of the microstructure.
This is critical for accurate and realistic representation of the discontinuity in crystallographic
orientations between adjacent grains, which plays a key role in fatigue crack nucleation [32]. It is

important to note that the VT method is limited to straight-line polyhedral boundaries and thus
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fails to provide a realistic neighbour relationship between adjacent grains. Hence, the VT method
cannot provide realistic representations of the localized stresses and slips.

Figure 21(a) shows the comparison of the EBSD model for both FIPs with the experimental
data across the full set of strain-ranges. Although accurate FCI prediction was achieved using both
FIPs, the W parameter is found to be more accurate across the full range. Figures 21(b) show the
comparisons of the VT-based and EBSD-based FCI predictions with the test data. The EBSD-
based RVE model predictions are more accurate than those of the VT-based models. The EBSD-
based p- and W- predictions are all within 25% and 23%, respectively, of the test data; in

comparison, the corresponding errors for the VT-based model are 37% and 30%, respectively.

4.4 GND induced strain gradient length-scale size effect

In this section, the evolution of the immobile GNDs during deformation is captured in order to
predict the effects of grain size on FCI performance. More dislocations are required to overcome
curvature obstacles in the crystalline lattice induced by deformation. Smaller grains result in a
higher plastic strain gradient thus leading to a higher localized hardening along the slip systems of
smaller grains [50, 51]. The original material was annealed to increase the grain size. The grain
size was defined by the averaged value of equivalent spherical diameter d from EBSD analysis.
The EBSD-based CPFE model was assigned the strain gradient constitutive formulation to
simulate the LCF behaviour of both original fine grain (d = 27 um) and the coarse grain (d = 209
um) CoCr alloys, using the modified constitutive law specified in Equation (17). Two fatigue tests
were carried out on this annealed alloy at the strain ranges of £0.5% and £1.0%. Figure 22 shows
the predicted hysteresis loops compared to experimental loops for the two different grain sizes. It

is clear that a key effect of the coarsened grain size is the reduction in loop size and, hence, in
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cyclic strength, i.e. softened response. This is well captured by the present EBSD-based strain-
gradient CPFE model for both strain ranges. In order to demonstrate FCI prediction for the two
different grain sizes, the W-based method was adopted, due to its established superior predictive
ability above. A value Wi = 83934 MJ/m~ was identified using the fine grain, +1.0% data. Table
3 shows the resulting comparisons between the predicted and experimental FCI data for both
original fine-grain and coarsened-grain material for the two strain-ranges. It is seen that for the
higher strain-range, the model is very accurate, while for the lower strain-range, it is somewhat
conservative. Figures 23(a) and (b) shows the grain boundary mis-orientation relationships for the
fine and coarse grain EBSD images and FE models. Figure 23(c) and (d) show the CPFE-predicted
GND density distributions for both levels of microstructure refinement. It can be seen from Figures
23(b) and (d) that there appears to be correspondence between high-angle grain boundaries and
concentration of GNDs. For the fine-grain model, it is not possible to identify such direct
correspondence; the dominant characteristic is the significantly higher GND values throughout,

due to the reductions in grain size.

5. Discussion

The primary objective of the present work is to detail a new structure-property methodology to
(i) systematically convert EBSD images directly into CPFE models and (ii) thus establish a
micromechanics-based predictive method for fatigue crack initiation in realistic microstructure
morphologies. Due to the inherent two-dimensional nature of the EBSD data, attention is limited
here to ‘quasi-3D’ CPFE models, where grains are assumed to have one-element thickness in the
out-of-plane direction. Thus, the grains are essentially columnar in this direction. This approach

has been previously adopted by a number of authors, such as O’Dowd and co-workers >4, Dunne

25



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

and co-workers ® 2, Shollock and co-workers 2% 8 etc. However, the grain size measured from 2D
EBSD image assumption has potential errors since not all grains in the 2D slice are sectioned
through their exact middle section, apparently leading to a smaller value compared to the realistic
3D case. This issue could be solved using 3D EBSD data which combines a set of 2D slices to
provide more reliable grain size distribution information. The EBSD-based methodology
discussed here could be extended to 3D by suitably combining together a sequence of EBSD scan
slices ¥'.

Another objective of this paper is to compare the results between VT-generated and EBSD-
converted CPFE model. Consequently, a definitive RVE model convergence study is necessary to
minimize the influence of scatter and ensure the reliability of the comparison conclusion. The
scatter studied here refers to the inherent limitation of the VT algorithm in failing to accurately
represent the realistic microstructure with an insufficient number of grains. Such scatter caused by
the inherent deficiencies of artificial model-generating techniques (not microstructural scatter due
to sampling region) is undesirable. The convergence study of the EBSD-based model is not simply
a statistical size effects relationship . FCI prediction is assumed here to be local, calculated based
on the maximum or ‘hottest’ point in the map. As the I/d ratio increases, the size of EBSD map
represented increases, so that the maximum ‘hot-spot” value will be greater than or equal to the
value from lower I/d values. This is consistent with the observation that fatigue life tends to
decrease as part size increases & due to increased probability of occurrence of fatigue-weak points.
This trend is also consistent with the findings of Lucarini ®. Figure 14 (a) shows decreasing tensile
strength with increasing number of grains, consistent with the results of Farukh 26. An important
finding here is that the predicted cyclic hysteresis loops from both VT- and EBSD-based CPFE

models are essentially the same. In contrast, for FCI prediction, EBSD-based models have

26



604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

improved the accuracy compared to VT-based models. The crystallographic work FIP, W,
performs consistently better than crystallographic slip, p. W is able to capture more potentially
dangerous hot spots by including the effects of both crystallographic slip and local crystallographic
stress as indicated in Figure 20 (b). The EBSD-based modelling methodology is also applied to a
coarsened-grain CoCr (heat treated) material and captures the grain size effect on (i) cyclic strength
and hysteresis loop shape via incorporation of the GND-induced spatial gradient mechanism and
(if) FCI life via the crystallographic work parameter, W. FCI is a localized event specifically
associated with microstructure discontinuities, such as grain boundaries with complex geometries,
sudden changes of mis-orientation and facet nucleation. Compared with the coarse-boundary VT
method, EBSD-converted models contain more accurate grain boundary morphologies and
realistic neighbouring grain mis-orientation relationships.

Although the VT model, based on statistical information from SEM characterization, is more
convenient and arguably suitable for bulk stress-strain behaviour, it is important (and necessary),
for capturing localised effects, to adopt the EBSD-based approach, due to the associated fidelity
with respect to grain orientation, morphology, and microstructure-sensitive effects in particular.

The latter has been shown here to give about 10% improvement for fatigue crack initiation life.

6. Conclusions

Key conclusions from this work are as follows:

e A method is developed for converting electron back-scatter diffraction data images of
microstructure into crystal plasticity finite element models, including grain morphology,
size and orientation information. Details of the method are provided and explained from

reconstruction of the EBSD raw file to linkage with CPFE constitutive laws. The
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primary user inputs in this automated model generation tool are a definition of
misorientation tolerance angle and of minimum feature size. The EBSD-based RVESs
studied in this work are all one-element quasi-3D models due to the lack of 3D EBSD
raw data; however the EBSD-CPFE conversion method used here can be extended to
3D EBSD-based model generation. This fully automatic procedure also allows
generation of large groups of models rapidly, providing potential for application of
machine learning and parameter control.

The tool has been applied to generate image-based models of biomedical grade CoCr
alloy and applied to the cyclic plasticity and low—cycle fatigue crack initiation
prediction for multiple strain ranges.

A minimum RVE size with adequate number of grains is required to sufficiently
reproduce real crystallographic texture. For this hot-rolled L-605 CoCr alloy sample and
the CPFE models introduced in this work cyclically-loaded (under strain control) at
+0.5%, £0.8%, +1.0% and +1.2% strain ranges, a definitive RVE convergence study
confirms a minimum of 120 grains, preferably higher than 190 grains, in VT-generated
CPFE models, to avoid detrimental scatter in the prediction of cyclic hysteresis
behaviour. The size of the selected EBSD-based model (model dimension to grain size
ratio) needs to be greater than 14.5 to ensure converged prediction of FCI.

Until advanced multi-level VVoronoi tessellation (VT) methods are developed for RVE
generation, real microstructure conversion techniques (e.g. the EBSD-based RVE for
micromechanical modelling) offer benefits in terms of FCI prediction. In this study, it
has been shown that an improvement of up to 10% in fatigue life prediction is achievable

in FCI1 behaviour prediction via EBSD-based micromechanical modelling based directly
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on observed microstructure, as opposed to wusing artificially generated VT
microstructure models, even if the latter are based on approximate statistical
equivalence to measured microstructure data.

e Modification of the constitutive law via a GND effect successfully captured the
microstructural grain size effect on cyclic response and fatigue crack initiation life

without the need to change model parameters.
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915 Table 1. Material parameters

Parameter Value
a 0.002s71
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go 100 MPa
Zoo 130 MPa
ho 100 MPa
C, 80 GPa
D, 750
C, 1.25 GPa
D, 0.001
b« 2.56 X 1071%n
v 1.0 x 1011571
AH 2.85 x 10729
T 293K
k 1.38 x 10723JK 1
Yo 1.0 x 1073
Pssp.m 5x101%m2
916
917

918  Table 2. FIP critical values determination of the original fine grain sample for strain-range of
919  1%.

Model type Pcrit Werie
VT 312.6 132123
EBSD 380.2 148920

920
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921  Table 3. Comparison of W-based FCI life prediction using EBSD-based modelling for two fine-
922  and coarse-grain CoCr.

Grain size Strain NP Nipred
range

Fine 0.5% 15690 8820

1.0% 2752 2740

Coarse 0.5% 8697 6186

1.0% 2376 2375
923
924

37



925

926

927
928
929
930

931

932

933
934
935

[011]

Figure 1. (colour online) Reconstructed 576 xm x 476 xm grain map of CoCr alloy from
electron backscatter diffraction (EBSD) scan. Each colour represents a unique orientation,
defined by the set of three Euler angles, corresponding to the perpendicular plane direction

projected on the inverse pole figure colour legend.

Figure 2. (colour online) (a) Grain orientations are projected on three reference sphere planes
(001) (011) and (111) to plot pole figures for CoCr alloy and (b) texture strength of 1.2%
obtained through inverse pole figure analysis. The texture strength is determined by the fraction

38



936 of grains sharing similar orientation (within 10 degree) compared to the reference fibre

937 direction in (001) plane.
938
Proceed with the EBSD Grain cIa.55|f|.cat|on. Def|nt? the m|f1|n.1um
::> from the misorientation grain size to eliminate
raw data o o
tolerance definition the noise pixel
Generate FE solver input Write the grain feature Calculate the area and
files with node, element information associated <:I average orientation of
and section with grain ID labels individual grain

4

Relabel the grain IDin

) Assign boundary .
FE model for ma!tfarlal condition and loadings I:> Run CPFE job
property definition

939
940 Figure 3. Flowchart of the overall steps of generating a realistic CPFE model based on the
941 EBSD characterization. This graphical description starts from EBSD raw file processing,
942 microstructural information conversion, to linkage with CPFE constitutive laws.
943

_ . T, ool
944
945 Figure 4. (colour online) (a) EBSD measurement with noise before post proceeding. The non-
946  indexed pixels are shown in white regions and the FCC structure CoCr phase shown in blue. (b)
947 Noise measurement through quotients between the noise pixel area and the boundary length.
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Single 576 um x 476 um EBSD Image
o

948

ainixa| % Abojoydion
1EM}JOS UM WOo3sn)

949

Crystal Plasticity Finite Element (CPFE)

(b)

950

951 Figure 5. (colour online) Output schematic during image-based CPFE generation procedure
952 showing direct mapping of grains from 576 xm x 476 xm EBSD into CPFE model. (a) Arrows
953  show the projected orientation for individual grains. Three randomly picked grains labelled A, B
954 and C are highlighted here for reference and comparison to the converted and meshed CPFE
955 model in (b).
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0.45 M Microscope characterization

M RVE cell distribution
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Figure 6. (colour online) Comparison of measured grain size distribution from EBSD
measurement with RVE cell distribution in VT based CPFE model. The equivalent spherical
diameters d of the grains are extracted and regrouped to plot probability distribution. The grain
size distribution was represented using a log-normal distribution fit to the measured data of
mean grain (equivalent spherical diameter d) and standard deviation. The definitive RVE model
thus contains the necessary statistically representative microstructural information.

Figure 7. A cropped EBSD map to illustrate the principle of periodic boundary condition (PBC).
N, E, S, W refer to the four edge surfaces of the model while NE, SE, SW and NW are the four
corner points. Red curve around the model shows a typical deformed shape with PBC definition.
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968

969  Figure 8. (colour online) Illustration of the periodic grain boundary (PGB) in the polycrystalline
970 RVE morphology. Labels 1, 2 highlight grain examples with PGB definition where the grains
971 along the edge surfaces of the RVE model are bounded to the same section (grain) definition.

972

Periodically repeated by PBC & PGB

973

974  Figure 9. (colour online) The concept of periodically repeated RVE model to predict mechanical
975 property. Microstructure characterization information obtained from a partial area of the
976  sample is used for generating RVE unit cell model, which is then repeated periodically using the
977 PBC and PGB definitions to predict macroscopic deformation.
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Simple BC Periodic BC

Figure 10. (colour online) Effect of assumed boundary condition on localised von Mises stress.
Finite element contour plots of the von Mises stress distribution for 0.5% strain-range case using

simple boundary condition (BC) and periodic BC definition.

Figure 11. (colour online) Slip systems of CoCr alloy during the plastic deformation. The cobalt
atoms are in purple with smaller atomic size compared to chromium atoms. (a) Atom unit L12
structure of CoCr alpha phase crystal. The yellow arrows show the four slip directions on a
close packed plane. (b) The (111) slip direction from the ABCABC... stacking perspective.
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992  Figure 12. (colour online) Comparison of predicted responses from different realisations of VT-
993  based RVE (30-grain case) with same grain size distribution. Three realisations with different
994  markers show (a) stress-strain behaviour for 0.5% applied strain and (b) stabilized hysteresis
995  loops for +0.5% strain-controlled cyclic case.
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Figure 13. (colour online) VT-generated CPFE models used for RVE convergence study with five
groups differing in numbers of grains: 50, 80, 120, 150 and 190. Each group includes three
realizations for specified number of grains. All the models have same grain size distribution (as
measured from EBSD analysis, see Figure 6) and element density (100 elements/grain).
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1003 Figure 14. (a) Effect of number of grains from 50 to 190 in RVE model on maximum principal
1004 stress, with error bars representing the standard deviations across the three realizations; (b)
1005 effect of number of grains in RVE model on computational cost for 0.5% strain tensile test.
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1009 Figure 15. (colour online) Comparisons of probability density distributions for grain size. d is
1010  the averaged grain diameter and is equal to 27 um. (a) grain size distribution for three different
1011 realisations of 30-grain and 190-grain RVE models. (b) Comparison of grain size probability
1012 density distribution of 190-grain RVE (in red) with measured EBSD distribution (in blue).
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1014  Figure 16. (colour online) Illustration of the five cropped areas with different EBSD map length
1015  to average grain size I/d ratios for convergence study. The dashed rectangular window indicates

1016 the cropped model and the value on the right-top of this window gives the relative (I/d) ratio.
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1018
1019 Figure 17. The effect of I/d ratio on predicted FCI life for the EBSD-based CPFE model, as
1020 predicted via FIP p and FIP W. I/d ratio is observed to have marginal influence on predicted
1021 FCI life. The predicted FCI life is found to decrease by factors of 1.12 for W and 1.23 for p as I/d
1022 is increased from 21.7 to 9.9, with negligible increase for I/d > 14.5.
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Figure 18. Comparison of measured and CPFE-predicted stabilised hysteresis stress-strain
loops behaviour for strain-ranges of 0.5%, 0.8%, 1.0% and 1.2% for (a) EBSD-based CPFE
model and (b)VT-based RVE response. The predicted responses show close agreement of both
methods with the test data, with the EBSD predictions showing slightly higher fidelity
particularly for the tensile part of the lowest and highest strain ranges.
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Figure 19. (a) Comparison of stabilised hysteresis stress-strain loops from VT- (blue dashed
line) and EBSD-based CPFE models (red curve). (b) Comparison of maximum stress values at
four strain ranges of 0.5%, 0.8%, 1.0% and 1.2% between experimental measurement (circle,
VT- (blue square) and EBSD-based CPFE models (red triangle).
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Figure 20. (colour online) CPFE-predicted contour plots showing distributions of (a) von Mises
stress at 0.5% strain after 6 cycles with grain boundary misorientation angle information where
the boundary curve is coloured based on the orientational angle difference between the
neighbouring grains and (b) fatigue indicator parameters, effective plastic strain p and
accumulative energy dissipation W for EBSD-based RVE, at 0.5% tensile strain. It is clear that
the ESBD construction data provides accurate geometric representation of grain boundaries for
the microstructure RVE being modelled. A significant benefit of the EBSD-based CPFE model is
the ability to capture the localization of crystallographic plastic slip and discontinuity stresses at
the grain boundary interface regions of the microstructure. This is critical for accurate and
realistic representation of the discontinuity in crystallographic orientations between adjacent
grains, which plays a key role in fatigue crack nucleation [32].
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Figure 21. (a) Comparison of the predicted FCI from EBSD-based RVE with experimental
results (red circle), for FIP p (blue diamond) and FIP W (green triangle), and (b) comparison of
VT-based and EBSD-based FCI predictions against measured data for W parameter. A +30%
error area is provided for the ease of predicting accuracy comparison. Although accurate FCI
prediction is achieved using both FIPs, the W parameter is more accurate across the full range.
(b) shows that the EBSD-based RVE model predictions are more accurate than those of the VT-
based models. The EBSD-based p- and W- predictions are all within 25% and 23%, respectively,
of the test data; the corresponding errors for the VT-based model are 37% and 30%,

respectively.
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Figure 22. Comparison of experimental measurements (black circle) and EBSD-based model
results (red curve) for original fine grain and coarse grain after annealing, at (a) 0.5% strain,
and (b) 1.0% strain. It is clear that a key effect of the coarsened grain size is the reduction in
loop size and, hence, in cyclic strength, i.e. softened response. The present EBSD-based strain-
gradient CPFE model clearly captures this effect of grain size for both strain ranges.
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1069  Figure 23. (colour online) The grain reconstruction and mis-orientation relationship for the two
1070 grain sizes of (a) d = 27 um (fine grain), (b) d = 209 xm (annealed, coarse grain) CoCr alloy.
1071 The mis-orientations are classified into four ranges by 15 degrees interval in blue, green, yellow,
1072 and red, respectively. Predicted geometrically necessary dislocation (GND) density distributions
1073 of (c) material-averaged diameter d = 27 um and (d) d = 209 um, at 1.0% strain range. It can

1074 be seen from (b) and (d) that there appears to be correspondence between high-angle grain
1075 boundaries and concentration of GNDs. For the fine-grain model, it is not possible to identify
1076 such direct correspondence; however, the dominant characteristic is the significantly higher
1077 GND values throughout, due to the significantly higher level of grain refinement.

1078
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1079  Appendix A. Slip systems
1080  In FCC, glide occurs along close-packed {111} planes, which provides twelve slip systems in
1081  total. The general form is <110> {111}

Slip direction Slip plane
1 [110] (111)
2 [011] (111)
3 [101] (111)
4 [110] (111)
5 [011] (111)
6 [101] (111)
7 [011] (111)
8 [110] (111)
9 [101] (111)
10 [110] (111)
11 [101] (111)
12 [011] (111)

1082

1083  Consequently:

[1 1 1] [ 1 1 0
m:_l_)_;n:—l—l
VRN | K W, R

1085  where mis the unit vector of slip plan normal, and n is the unit normal in the slip direction.

1084

1086  Appendix B. Euler angle to rotation matrix conversion

1087 Inthis paper, the specimen coordinate transformation is defined through three Euler angles in Bunge
1088 definition: ¢, ®, and ¢,. These Euler angles are converted to the format of rotation matrix, which links
1089  the grain orientation with user defined subroutine. The three rotations are calculated as:

cosp, sing; 0
1090 9o, = (— sin¢g,; cos @, 0)
0 0 1
1 0 0
1091 9o =10 cos® sind
0 —sin® cos®
cos@, singp, 0
1092 9o, = (— sing, cos, 0)
0 0 1

1093  Thus, the rotation matrix is obtained by multiplying these matrices in sequence:

1094 d9=9¢, 9o * Yo,
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