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Abstract

This paper proposes an engineering approach at the microstructural scale to the problem of fatigue crack initiation.
Initiation of an engineering fatigue crack approximately 0.2-0.4 mm in size is broken down into the separate processes of
nucleation of a small facet, and subsequent short crack growth of the facet to an engineering crack. Engineering fatigue
models frequently don’t consider these processes separately and have difficulty predicting the total initiation life as the
distributions of the separate processes are not known. A fundamental approach to modelling initiation life that tries to
address these issues has been developed. A combination of crystal plasticity and the extended finite element method are
used to model nucleation followed by short crack growth. The crack growth rate is calculated using the local stored
energy at the crack tip, crack growth occurs on the crystallographic plane with the largest accumulated slip, thus allowing
crack tortuosity to be modelled. A grain boundary hardening model has been developed which reduces the local stored
energy available for growth at grain boundaries resulting in growth retardation. The levels of retardation experienced are
in agreement with published data for a range of materials. The method has been successfully correlated with fatigue data

for coarse grain RR1000.
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1. Introduction

Calculation of fatigue lifetimes of materials and components in service has been the subject of extensive research activity
for several decades. Considerable progress has been made in determining the mechanisms responsible for crack initiation,
McDowell and Dunne 2010, Sangid 2013, and in capturing these mechanisms in software and models for calculating
fatigue lifetime at a component engineering level Khanna and Kotousov 2020, Corran and Williams 2007. Component
life calculation is frequently broken down into two separate requirements of crack initiation and crack propagation, or
damage tolerant life. As operating conditions, in particular in gas turbine aeroengines, continue to increase, both the
initiation and propagation lifetimes are increasingly pushed to tighter margins. This paper is concerned with crack
initiation where a particular problem of life calculations is the fact that it is a result of several sequential and competing
mechanisms. This is further complicated by the fact that many of these mechanisms are microstructurally dependent and
as a result highly stochastic. During the early stage of crack nucleation and short crack growth it is known that the crack
interacts significantly with the microstructure leading to a wide variety of mechanisms and also stochastic scatter in

fatigue data, Jiang et al 2020, Boyd-Lee 1999.

In component life calculations two approaches are usually adopted to address the combined issues of scatter and
uncertainty in fatigue life, the first is to apply large knockdowns for calculating safe component design lives and the other
is to life from component rig testing. In the latter case uncertainty is greatly reduced due to similitude in volume, residual
stress, material and surface condition, Corran and Williams 2007, and therefore reduced knockdown factors can be used.
Whilst extremely effective for clearly demonstrating safe lives of critical components this method is expensive, is limited
in use to like for like components and doesn’t help understanding or modelling the failure mechanisms. Fatigue initiation
life calculation is further complicated by the lack of a precise definition, 5% load drop in a specimen test, or life to an
engineering crack size are frequently used, the latter of which is difficult to determine readily and varies widely depending

on application.

The approach adopted in this paper to modelling crack initiation is to attempt to address the unknowns by modelling the
microstructure the main failure mechanisms explicitly. Whilst many mechanisms contribute to the rate of crack initiation
the main sequential processes are facet nucleation, followed by short crack growth up to the point where crack initiation
is deemed to have occurred. In this paper the term ‘nucleation’ refers exclusively to nucleation of a small fatigue facet,
a fraction of a grain diameter in size that occurs typically on the dominant system as a result of persistent slip and is the
starting point for subsequent microstructurally Short Crack Growth (SCG). The term initiation is used to refer to initiation
of an engineering crack (typically of size between 0.2-0.4 mm). SCG is the process by which the nucleated facet grows
to the size of an engineering crack. Here SCG refers exclusively to microstructurally short crack growth where the crack
length is a similar order of magnitude to the dominant microstructural length-scale, taken here to be the average grain

size.

Following crack initiation, fracture mechanics approaches can be used to model the growth of the initiated crack up to
the point where a component is removed from service. Whilst it is somewhat arbitrary, there are many practical reasons
why the use of the ‘engineering crack’ terminology is useful in separating crack initiation from crack propagation,
amongst these are that it is a size which can be measured by non-destructive testing of a component, it marks the point
where growth rates are less susceptible to microstructural variability and it is the smallest size where fracture mechanics
approaches can be used to simulate crack growth rates. Whilst fracture mechanics modelling of crack propagation
presents its own significant challenges, in particular in how to deal with mean stress, sequencing, time dependent and

environmental effects it is far less prone to microstructural variability and scatter than crack initiation.



This work attempts to address the variability and unknowns in crack initiation by treating facet nucleation and SCG as
separate processes, both of which are modelled explicitly within a statistically representative microstructure using the
crystal plasticity finite element (CPFE) approach, Roters et al 2010. The first phase of this work was reported in Pan et
al 2021, where the microstructural local stored energy, (Wan et al 2014A and 2014B, Wilson et al 2018, 2019), was
calculated throughout a statistically representative volume element (RVE) and used to determine crack nucleation life.
The mechanistic argument for this process is that the local stored energy is the component of local inelastic work that is
stored at the length-scale of dislocation structures defined by the mean free path. Facet nucleation occurs when this
energy, driven by repeated loading and the refinement of local dislocation structures and associated hardening, reaches a
level where it is sufficient to overcome the surface energy required to create free surfaces. Use of the mean free distance
that is calculated from both statistically stored dislocations (SSD) and geometrically necessary dislocation (GND)
densities allows the effect of plastic strain gradients and lattice curvature to be included in the local stored energy
calculation. The local stored energy has been shown, Wilson et al 2018, to give similar results to discrete dislocation
plasticity calculations of dislocation configurational energy which is specifically that component of energy which supports
lattice curvature and results from the application of external load and restraint to a dislocation field. [The configurational

energy is the difference in energy between a dislocation network and the total energy of the individual dislocations].

The work of Pan et al 2021 showed that the local stored energy method could successfully calculate fatigue lives at
different temperatures and R-ratios, and crucially, multiple distinct microstructural analyses generated a similar
distribution of fatigue lives to experimental data. One limitation of this work however is that the results, which
represented calculations of facet nucleation, were correlated against conventional S-N fatigue data represented by a 5%
load drop, which would result from a much larger crack than the nucleated facet that was modelled. This paper develops
this approach further and uses the eXtended Finite Element Method (XFEM), within a CPFE framework to simulate both
the nucleation and growth of the small facet to the size of an engineering crack of the order of 0.2-0.4 mm. Therefore,
the results can be correlated more representatively with fatigue initiation data and represent total initiation life rather than
just the nucleation component. Treating the processes of nucleation and SCG separately, will make it possible to isolate
the rates, microstructural dependencies, and distributions, associated with each process leading to a more accurate

representation the distribution of total fatigue life.

The SCG problem itself has been the subject of extensive research and investigation and many specific phenomena result
in SCG being a highly complex physical phenomena to understand and model. Several excellent reviews and treatises of
SCG behaviour have been written, Jiang et al 2020, Hussain 1997, Sadananda et al 2019. Several of the phenomena of
SCG are characterised by direct contrast to long crack growth behaviour, and principle amongst them is the extremely
wide range of behaviour that is observed in short cracks which can grow at rates both lower and higher than long cracks
at equivalent stress intensities, they can also grow at stress intensities below the threshold expected for long cracks and
can exhibit a number of thresholds below the long crack threshold. Part of the SCG problem lies with the inevitable
comparison with long crack behaviour, frequently comparisons are made using Linear Elastic Fracture Mechanics
(LEFM), which is not strictly applicable due to the large size of the plastic zone compared to the crack length, (Jiang et
al 2020, Hussain 1997), and which will not be able to capture the microstructural dependency of crack direction and

growth rates.

Mechanisms responsible for the difference in observed growth rates between long and short cracks include; reduced
closure due to reduced plastic wake and surface roughness behind the crack tip (due to the short crack length), decaying
internal stresses as the crack grows away from an initiating feature, Sadananda et al 2019, and inherent microstructural

flaw size increasing the apparent size of the crack, El Haddad et al 1979. In each case modifications have been made to



the effective stress intensity and crack growth rate calculations such that similitude with long crack growth rates is
demonstrated. Whilst these are very useful engineering approaches for allowing elements of SCG behaviour to be
explained and correlated with long cracks, there remains an issue over the applicability of LEFM at microstructural length
scales. These approaches are also unlikely to capture the effect of microstructural variability and mechanisms controlled

by local microstructure.

In this paper it is attempted to overcome these limitations by explicitly modelling crack growth within a representative
polycrystalline CPFE model. Using this method the interaction of a crack with the local microstructure and crack tip
stress fields are accounted for by including the elastic anisotropy and crystalline plastic behaviour of individual grains.
Instead of LEFM quantities crack growth rate is calculated based on the intensity of inelastic behaviour at the crack tip
quantified through the cyclic variation in local stored energy. The crack growth plane is the slip plane with the most
intense slip deformation thus allowing the tortuosity typical of short crack growth to be simulated. It is noted that SCG
does not always occur on the plane of most intense slip, in particular in titanium alloys they have been found to grow at
an angle of ~15° to the dominant crystallographic plane, Ozturk et al 2017, the current modelling framework does not
capture such effects. The crystal plasticity model is implemented as a UMAT (or User MATerial) subroutine within the
ABAQUS standard finite element package. The crack growth and damage calculations are implemented using XFEM
and the UDMGINI user subroutine within ABAQUS.

A critical factor in determining short crack growth rates and behaviour is the effect of grains, grain size and grain
boundaries. SCG is frequently characterised as occurring in repeated periods of relatively rapid growth followed by
periods of temporary arrest or retardation, typically caused by growth through a grain interior followed by arrest as the
crack attempts to traverse a grain boundary, Blochwitz and Richter 1999, Boyd-Lee 1999. In terms of growth rate
monitoring this naturally leads to very high variability as well as the demonstration of both higher and lower rates than
equivalent long cracks (equivalent in terms of crack tip stress intensity). The growth rate across a grain is dependent on
grain orientation and the extent of arrest is dependent on grain boundary (GB) mis-orientation, Wen et al 2016, Gao et al
2007, Zhai et al 2000. Depending on the grain boundary character and intensity of the crack tip the temporary arrest at a
GB may become permanent. To account for this critical aspect of SCG a GB hardening term has been added to the crystal
plasticity model, this is based on the mechanism and evidence reported in Zhai et al 2000 and the data of Wen et al 2016
and allows for a different degree of hardening dependent on GB twist character. It is shown that the resultant reduction
in plasticity near GBs and hence local stored energy can qualitatively characterise observed crack growth arrest periods

experienced in testing.

The structure of this paper is that there is one main Modelling section, Section 2. Section 2.1 describes the material model
including the critical elements of the crystal plasticity, slip equations, stored energy density and GND calculation. Section
2.2 develops a new microstructural crack growth model, a comparison of the microstructural growth law with Paris’s law
is also made for an idealised material and loading conditions to determine the general applicability of the stored energy
approach. In section 2.3 the model is compared against published single crystal large grain test data in different
orientations to determine its ability to predict growth in single crystals. In section 2.4 a GB hardening model is developed,
and simulations are run of crack growth across GBs, the behaviour is compared with published data showing temporary
growth arrest at GBs. Finally, in section 2.5 the combined approach is used to predict fatigue crack initiation, that is
nucleation followed by SCG, within a microstructurally explicit crystal plasticity RVE, the results are compared with
both fatigue test S/N data and published microstructural crack growth data for a similar alloy. Running a number of
different but representative microstructural elements has shown that the simulated scatter is qualitatively similar to the

scatter in test data, although further test and simulation data are needed to quantitatively compare distributions.



2. Modelling
2.1 Material Model

Crystal Plasticity Model

The crystal plasticity model used in this work is a visco-plastic physically based approach similar to that developed by
Dunne, Rugg and Walker 2007 that calculates slip on a given system based on the velocity and density of mobile
dislocations. This approach has been shown to predict slip deformation as well as dislocation densities that agree well
with High Resolution-Digital Image Correlation (HR-DIC) and HR-Electron Back Scattered Diffraction EBSD
measurements of microstructural deformation respectively, Chen et al 2018, 2020, Guan et al 2017. This model has also

been used successfully on a number of material systems and structures, Wilson et al 2019.

The visco-plastic slip rule, Dunne et al 2007, is given by the equation
. AFY . {|—zl)a ; i
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where ' is the rate of shear deformation on slip system i, o is the density of mobile dislocations, b is Burgers vector, v
is the frequency of dislocations attempts to jump obstacles, AF is activation energy, k is Boltzmann’s constant, T is
temperature, T' and 1. are the shear stress and critical resolved shear stress (CRSS) on slip system i, and AV is activation

volume. Numerical values and units of these parameters are given later following fitting to test data.

Hardening in the model is incorporated directly as a result of dislocation activity based on both SSD and GND densities

o 2
T = Téo +Gb ’(pssd + pgnd) @

where T,i:o is the initial CRSS, G is shear modulus and pssq and pgnq are the SSD and GND densities. The SSD density

through the equation

evolution is linked to plastic strain via the relation

Pssd = Pssd,0 +vy dp (3)

where pssao is the initial SSD density, vy is a hardening parameter and dp is an increment of equivalent plastic strain.
Equation 3 allows the effect of dislocation density on back-stress and on CRSS to be incorporated directly into the model.

The calculation of pgpq to be used in the hardening equation (2) is described later.

The classical approach to crystal plasticity is used where the total deformation gradient FT° is composed of elastic and

inelastic components FE and F'™

FTot — FEFRIn (4)

The inelastic deformation contains the shear deformations occurring on all active slip systems and the elastic deformation
accounts for elastic stretching and distortion. The inelastic deformation is given by the visco-plastic deformation rates in

equation 1. The inelastic velocity gradient is given by

Ns
LI = Finpin-1 Z]}In,ini ® st (5)

i=1



where the inelastic shear strain rate is summed over all slip systems N, in this work the only slip systems considered for
FCC alloys are the twelve octahedral systems of type <011>{111} which typically dominate deformation. n! and s' are
unit vectors normal and parallel to the direction of slip system i. The combined equations 4-5 allow the stresses at a
material point to be calculated for a given state of strain using a Newton-Raphson iterative solution procedure. The initial

stress estimate for any update is based on an assumption of elastic behaviour.

To obtain values of the visco-plastic, physically based material parameters in equations (1-3) the model has been fitted to
test data showing the plastic hysteretic behaviour of coarse grain (CG) RR1000 at 300 °C. The numerical values of the
parameters obtained are shown in table 1 and the comparison of model simulations and test data is shown in figure 1. The
FE models used to run these simulations comprised of uniaxial simulations under the same load conditions as the test data
using a cubic domain of 10x10x10 linear hexahedral elements where each element represents a grain and is assigned a
random orientation. A sensitivity study showed that using this number of grains is sufficient to ensure the resulting overall
deformation is independent of the specific random orientation field used and therefore generates a representative macro-
response, this is similar to other work that found 250 grains was sufficient to obtain unique macroscopic behaviour,
Farukh et al 2016. Whilst using one element per grain does not allow the internal micro-structural stress field to be

determined it is sufficient to determine the average macro-response of the material.
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Table 1. Physical parameters used to describe Figure 1. Comparison of CPFE model
hysteretic behaviour of CG RR1000. simulations and test data, R=-1 at 300°C.

Stored Energy Density

The local stored energy was developed by Wan et al 2014 to predict crack nucleation under notched cyclic bend-fatigue
testing of a large-grained BCC ferritic steel. As the notch root radius was of similar dimensions to the grain size there
was a wide degree of variation in fatigue life and nucleation location. When crystal plasticity models were run of the
exact grain structures and orientations as in the tests the failure locations as well as nucleation lives could be correlated

with the local stored energy results from the CPFE models.

The local stored energy is defined as the fraction of energy of inelastic deformation, stored within the material, that

provides energy for generation of local dislocation structures.

— cdein 6
G fcuads (6)

where ois the stress tensor, ™ is the inelastic strain tensor, £ (=0.05) is the fraction of total inelastic energy that is stored

in the material with the remainder dissipated as heat, and A, defined below is the mean free path between dislocations. At



microstructural obstacles to dislocation motion and with continuous increase in load or cycling, the stored energy
increases and the dislocation structures become increasingly more refined leading to very high local hardening. When
the energy reaches a sufficient level such that the release of energy (through release of dislocations and lattice curvature)
would overcome the surface energy for creation of new fatigue surfaces then the material fails locally. The length-scale
A, in equation 6 represents the mean free distance between dislocations, assuming that these dislocations act as barriers
to one another, and defines a meaningful length scale over which hardening and resulting facet nucleation may occur. It
physically represents the distance, from a newly created free surface, over which stored energy is released from the
material and therefore defines a meaningful length-scale for this energy and energy release. The mean free path is given

by

A= 1/\/pssp + Penp (7.)

The local stored energy has been used for a range of materials and structures and shown to reliably predict both failure
location and crack nucleation life, Pan et al 2021, Chen et al 2017, 2018 and also crack growth rates, Wilson et al 2018,
2019. Due to its dependence on dislocation density gradient (through A) and lattice curvature, the stored energy density
has been shown to be related to the stress intensity factor K and also non-singular at a crack tip, Xu et al 2021. This
results from the fact that as a crack tip is approached the dislocation density increases and the volume over which the
stored energy is available for crack extension reduces. The result is that, so long as a sufficiently refined nesh is used,
(Xu et al 2021) the stored energy, like K, is independent of local crack tip mesh refinement but has the advantage that it

takes account of key microstructural quantities such as grain orientation and local slip deformation.

To further reduce mesh dependency and provide some regularisation of mesh effects the local stored energy is volume
averaged over a radius of a small number of elements (typically 3, Karamitros et al 2022). This volume averaging is

performed on an integration point by integration point basis using the equation

I, (1 - (%)2>2 2G dv
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where Gy,; is the volume averaged stored energy, r is the distance between integration points and R is the volume

®)

Gy =

averaging radius. Only integration points where r <R are considered.

Geometrically Necessary Dislocations (GNDs)

The dislocation density has been found to be a key component of the local stored energy in determining the localisation
of energy that leads to facet nucleation Wan et al 2014, Chen et al 2018, 2020 and crack growth Wilson et al 2018, 2019.
It has the combined roles of controlling hardening within the visco-plastic model of deformation (equations 1 and 2) as
well as determining the critical length-scale for the calculation of local stored energy, equation 6. Whilst dislocation
density is composed of both GNDs and SSDs the contribution of the former can be determined quantitatively from
knowledge of plastic deformation and resulting lattice curvature. The contribution of SSDs is derived more empirically
from the hardening response of equations 2 and 3. The GND density is calculated using a method similar to that of Dunne,
Rugg and Walker 2007 and Liang and Dunne 2009, and is based on the relationship between the curl of the inelastic

deformation gradient and the Nye tensor A
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where, as before F'™ is the inelastic deformation gradient, i and N; represent each slip system and the total number of slip
systems, and p¢_, pg,, and pg,, are the density of screw dislocations and the density of edge dislocations with Burgers
vectors normal and tangential to the slip plane. s, n and t are an orthogonal set of unit vectors along the dislocation line,
normal to the slip plane and perpendicular to the dislocation line and the slip plane normal. A numerical field approach
similar to that outlined in, Xu et al 2021, is used to determine the components of VF'"; this has the advantage that the

implementation is independent of element type and does not rely on element shape functions.

2.2 Modelling Crack Growth

Microstructural short crack growth law

Crack propagation is modelled explicitly within the CPFE model using XFEM in ABAQUS. Cyclic crack growth is
controlled by the local stored energy at the crack tip using a similar argument as for facet nucleation (that is intense
hardening resulting from increasing refinement of dislocation networks leading to eventual facet nucleation/propagation
as the released energy is greater than the free surface energy). A drawback with the use of XFEM to model cyclic crack
growth is that when cyclic lives are high, or even reasonably high (greater than 1000 cycles) it is difficult to run FE
simulations explicitly for every cycle. For this reason, instead of using a critical value of stored energy for crack growth,
a correlation is derived between the local stored energy at the crack tip and the rate of crack growth. Whilst this is less
fundamental than the approach where crack growth occurs when the critical value is reached (Karamitros et al 2022,
Wilson et al 2018, 2019), it enables the effect of large numbers of cycles to be simulated without having to run each cycle
in the FE analysis. The key benefits of accounting for the effect of crack geometry, trajectory, local grain orientation and

microstructure on stored energy are still explicitly included in the analysis.

The rate of crack growth is taken to be described by the equation

d n
=== Cg X MGy, ¢ (10).

n
where AGc,, is the increment in local stored energy at the crack tip over a cycle and C¢ and ng are correlating parameters
named for their similarity to the standard Paris Crack Growth Law. In this approach an increment of crack growth is
automatically set to occur at the minimum loading point of each mechanical cycle. Following this a complete mechanical
load cycle is run during which the local stored energy ahead of the new crack tip is calculated. This stored energy is used
to determine the cyclic crack growth rate in equation 10. During crack growth simulation in ABAQUS XFEM an element
cannot be partially cracked so the increment of crack growth per cycle is dependent on the element size. The actual crack
increment, da, is simply the length of the crack increment that bisects the element. Calculation of da allows the number
of equivalent cycles it would take to grow the crack an amount equal to da as all the other parameters in equation 12 are
known. No mesh dependency is introduced using this method other than the small level of discretization resulting from

the fact that the crack tip stored energy is calculated at discrete intervals equal to the local crack tip element size.

Comparison with long crack growth

Before illustrating the use of equation 10 for predicting growth rates of microstructurally short cracks a brief comparison
of the method with conventional long crack growth techniques is made. This is simply to determine the general
applicability of the method for predicting crack growth (independently of crack size) and how it compares with other
methods. To make this assessment comparisons of growth rates are made between the Paris Law and equation 10 for an

edge through crack in a plate, shown in figure 2, of dimensions 60x60x0.05 mm and a 10mm starter crack size. For this



simple idealised model crack growth is constrained to remain perpendicular to the loading direction. (That is crack growth
is not allowed to occur on slip planes but simply perpendicular to the load direction so that comparison can easily be made
with idealised Paris law growth rates). The model simulations are run under conditions of generalised plane strain (ie all
the nodes on the front and back faces are restrained to remain in-plane) and additional boundary conditions are added to
prevent rigid body movement. Continuum linear hexahedral elements (C3DS) are used for the entire model. In the outer
region of the plate an irregular mesh is used whilst in the inner region, directly ahead of the initial crack, a regular mesh
of 50 micron elements is used through which crack growth rates are monitored. The plate is modelled as a large single
crystal using a set of elastic and visco-plastic material parameters calibrated for nickel alloy CMSX-4. The orientation

of the crystal is in the datum configuration with the primary FCC directions aligned along the global axes.

60 x 60mm square plate
10 mm initial crack size (static)

Fixed X-Y BC

(c.)

Figure 2. Illustration of edge-through crack plate FE model, (a) model definition, (b) complete model mesh, (c)

close up of crack tip mesh showing refined grid mesh through which crack growth rates are calculated.

Four separate cyclic FE models were run with different remote loads of 100, 200, 300 and 400 MPa and an R-ratio of 0.1,
and the resulting crack growth rates obtained using equation 10 were compared with predictions of long crack growth for
the same crack size and geometry. Long crack growth predictions were made using the Paris Law

2= Cxakn (11)

with a stress intensity solution for a single edge through crack in a plate, Tada et al 1998, of
_ a a\? a\3 a\*
AK = Am/na{l.lZZ —0.231 (;) +10.550 (z) —21.710 (;) +30.382 (;) } (12).

The Paris Law parameters C and n were estimated from the work of Joyce et al 2003 for CMSX-4 as 3.6e-9 and 3.4
respectively (to give results in units of mm/cycle and MPa-m'?). The crack growth results using the stored energy law,
and the Paris Law, equations 10 and 11 respectively, for the four remote applied stresses are plotted in figure 3. The
parameter values used to simulate crack growth in equation 10 are C,~4.5e-5 and n,=1.0. These parameters have simply
been obtained by matching the CPFE predicted growth rates to the Paris behaviour. Though there are slight differences,
the comparison of Paris’s law and the local stored energy model are remarkably close both in terms of acceleration of
growth rate and the dependency of the growth rate on remote stress. This is a very interesting and encouraging result as
it shows that the method proposed for modelling microstructurally short crack growth has a sound basis in modelling long
crack growth based on crack tip stored energy. It is remarkable that good similarity can be obtained between two such

different techniques. Paris’s law assumes linear elastic behaviour and that crack growth is controlled via remote loading



and crack geometry (the stress intensity) while the local stored energy approach assumes growth is controlled entirely by

stored energy of plastic deformation local to the crack tip.

Crack Growth Rate Correlation with Stored Energy
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Figure 3. Comparison of simulated crack growth rates using Paris’s law with the crack tip stored energy

method. Lines are Paris Law simulations; symbols are CPXFEM - stored energy results.

2.3 Crack Growth in Single Crystals

In this section results of CPXFEM/stored-energy crack growth simulations are compared with published test data of
physically long, but microstructurally short, crack growth tests of a single crystal Ni-base superalloy in different
orientations. These are useful for determining the ability of the model to predict crack growth rates and trajectories,
within isolated large grains, which is an essential requirement to predict short crack growth within individual grains of a
polycrystalline microstructure. The mechanical test data of Sakaguchi et al 2019 is used to make a quantitative
comparison with predicted growth rates as they used a similar SX alloy to that for which the constitutive model has been
calibrated. The results of Sakaguchi et al have already been used in a similar way for the calibration of a different
microstructural crack growth law in Karamitros et al 2022. It is important to say that this was for a different growth law
where crack growth occurred when the local crack tip energy reached a critical value, in the current work the power-law
correlation of equation 10 is used to determine crack growth rates. Sakaguchi et al performed compact tension (CT) tests
on Ni based SX alloy NKH-304 at room temperature and R=0.4. The tests were performed in four different crystal
orientations defined by the direction of applied load and the nominal initial crack growth direction. In this convention,
the load direction is specified first and the nominal growth direction second and the four orientations tested were A:
[010][100], B: [010][101], C: [01-1][100] and D: [110][1-10]. The four different orientations tested therefore comprise
the datum cubic configuration and orientations achieved by rotations of 45° around the Y, X and Z axes respectively as
shown in figure 4. The four unique octahedral planes are shown as the faces of the tetrahedrons in figure 4 in each
configuration. During perfectly crystallographic crack growth, cracks are constrained to grow on one of these four planes.
As the model used here is quasi-2D (a thin sheet of finite thickness), the out-of-plane nature of crack growth is not
captured and the only available direction for cracking to occur in is the intersection (or trace) of the relevant
crystallographic plane and the plane of the 2D model. In all cases the plane of the model is indicated as the grey square
in the figures, the available crack growth directions are therefore the trace of this square with the four crystallographic

planes, some of these traces are highlighted in the figure with a red line. The actual 3D specimens tested are more



complicated due to out-of-plane effects and because the specimens are thick enough (3mm thick) to grow on alternating

crystallographic planes in the out of plane direction; this is a recognised limitation of the current 2D approach.
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Figure 4. The four different orientations tested by Sakaguchi et al 2019. In each case the tetrahedron is rotated to
show the alignment of the four unique octahedral crystallographic planes in each test and simulation. A, the datum

cubic orientation, B rotation about Y of 45°, C rotation about X of 45° and D rotation about Z of 45°.
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Figure 5 (a). Diagram of the CT specimen tested by Sakaguchi et al 2019 (b). the FE mesh used to

approximately model the CT specimen (the whole model) and (c). close up of the crack growth zone.

To make quantitative comparisons of crack growth rates of macro single crystals in different orientations CPXFEM
models were run under similar conditions to the mechanical tests of Sakaguchi et al. The CT specimen used by Sakaguchi
et al is shown in figure 5(a), a CPXFEM model was created to match this CT design as shown in 5(b) and 5(c) shows a
close up of the refined mesh ahead of the initial crack tip through which crack propagation occurs. The overall size and
dimensions of the CT specimen were modelled exactly with the two exceptions that the loading pin holes were not
included in the model and the specimen thickness of 3mm was reduced to a thin sheet as the XFEM model cannot capture
3D out-of-plane effects. A single layer of three-dimensional linear brick elements (C3D8) were used in the analyses. The

boundary conditions were such that a state of plane strain is generated at the crack tip approximately representing the



behaviour of the finite thickness of the CT specimens. Load is applied to the model at the vertical projection of the pins
to the top and bottom faces as indicated. The published stress intensity solutions were used to determine the required
loads to apply to the model to generate the same stress intensities in the mechanical tests for an R-ratio of 0.4, other model

details are as described in Karamitros et al 2022.

Sakaguchi et al showed that the test crack paths followed different combinations of the four crystallographic planes
depending which slip systems were most active in different orientations. This leads to different overall crack growth
trajectories in in-plane and out-of-plane directions. The actual crack directions predicted by the CPXFEM simulations
for the four different orientations are shown in figure 6, all occur on the most active octahedral plane in agreement with
the test results, albeit with the limitation that the models are only two-dimensional. Superimposed on the images in figure
6 are the normal stress components in the vertical direction, the different stress fields generated at the crack tip are a result

of the dependence of both the elastic compliance and the available slip systems on specimen orientation.

Comparisons between the published crack growth rate data of Sakaguchi et al and the CPXFEM results are plotted in
figure 7. For both model and test data the crack length is the projected crack length on to the horizontal global X direction
as this is the way the data was originally presented. The simulated results are obtained using the method outlined
previously with values of Cg=8e-11 and ng=2 to give growth rates in m/cycle. As an early predictor of growth rates in
different orientations the results are very encouraging. In two of the orientations (<100><110> and <110><100>) the
results are predicted reasonably well, the <100><100> is not as accurate but the test data and simulation appear to be
merging as AK increases. The results for the final <110><110> orientation are also less accurate. The predictions in
figure 7 represent an attempt to determine an orientation independent model for crack growth which is controlled, through
the local stored energy, by the state of stress and plastic deformation at the crack tip. There are two main potential routes
to improve on the predictions of figure 7 which are the ability to account for 3D out-of-plane effects on crack growth rate
as well as how crack tip deformation may be affected by latent hardening of slip systems in different orientations. The
latter is not included in the model largely due to lack of specific data quantifying the latent hardening effect, but both of

these options for improving the predictive capability should be investigated.

Initial crack tip

Figure 6. Illustration of the different crack paths following the dominant slip system in the four different

orientations examined, A[010][100], B[010][101], C[011][100] and D[110][110]. The contours are of normal

stress in the vertical or load direction; contour scales are the same for all images.
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Figure 7. Comparison between crack growth rates in different orientations. Solid lines with symbols are test

data from Sakaguchi et al 2019, dashed lines are CPFE-stored energy simulations.

2.4 Crack Growth across Grain Boundaries

One of the key elements of SCG and fatigue resistance comes from the ability of grain boundaries to retard and arrest
short cracks during the early stages of fatigue. As such it is a fundamental requirement of any mechanistic SCG approach
that the effect of GBs on strengthening and resisting crack growth are included within the model framework. In this
section simulations are run of cracks growing through idealised grains and grain boundaries to determine the effect they

have on predicted crack growth rates.

There are likely to be two dominant beneficial effects of grain boundaries on strengthening polycrystalline materials. The
first is that grain boundaries offer greater resistance to plastic deformation than the grain interior with fine grained alloys
typically stronger (in terms of yield and hardening) than coarse grained alloys. This is classically illustrated through the

Hall-Petch equation which shows an inverse square root relationship between yield stress and grain size.

O'y=O'O+K/\/E 13.

Where gy, is yield strength, g, is the yield strength of the lattice, K is a constant representing the magnitude of GB
strengthening and d is average grain size. The mechanism behind GB strengthening and the Hall-Petch equation is that
the change in grain orientation at a boundary disrupts the continuous glide of a dislocation by requiring a change in
orientation and, if this energy barrier is sufficient, to provide a pinning point. As further dislocations arrive, they also
become pinned and a back-stress develops which eventually overcomes the energy barrier provided by the grain boundary
and initiates slip on a rotated system in the next grain. The second strengthening effect of GBs to SCG is due to the mis-
orientation and in particular the angle of twist between the crack plane in two adjacent grains [Zhai et al 2000, Wen et al
2016]. The angle of twist at a GB, denoted « and illustrated in figure 8, (re-created from an original image in Zhai et al
2000), is defined as the angle between the trace of the dominant slip planes in two neighbouring grains, on the GB plane.
If an incident crack growing on the dominant slip plane in grain 1 is to grow onto the dominant slip plane in grain 2 it
must rotate through o.. This rotation will clearly be energetically unfavourable as it will require the area ‘A’ of the GB to
crack, though this area can be reduced by a series of slip steps. It was argued by Zhai et al that the effect of this additional
energy requirement would be for the crack to follow a plane in the second grain that minimised the twist angle. A similar

argument was applied to the tilt angle, 3, where in this case low values of B were preferred as they allowed high values



of mode I and mode II stress intensities to be maintained. Wen et al 2016 and Zhai et al 2000 found that of o, § and slip
system Schmidt factors, o had the strongest effect in controlling SCG behaviour. Clearly the two effects of GB yield
strengthening, and GB SCG resistance are related and may in fact become indistinguishable as slip becomes highly intense
in one grain, or two neighbouring grains immediately preceding crack extension. In terms of modelling the increased
resistance of GBs it is possible either to add an additional hardening term to the crystal plasticity model to reflect the
increased ability of GBs to resist slip, or, to increase the local energy for crack growth, reflecting the additional energy
requirement for the crack to rotate and crack the area ‘A’ in figure 8. In this work the former is used as it enables the
Hall-Petch effect to be captured, and, through an increase in GB slip resistance will result in less energy being available
for crack growth across a GB. An additional hardening parameter is therefore added to the crystal plasticity model of the

form
T = Tc(1 + f(a)) 14

where 7¢ gp is the CRSS in the vicinity of a GB where slip resistance is increased, 7. is the nominal CRSS away from a
GB, and a is the angle of twist at the grain boundary illustrated in figure 8. The function f(«) is, in this first
implementation, and based on limited data, a simple linear function where the additional hardening is a constant times

the angle of grain boundary twist.
fla) =mgpa 15

where mgp is the hardening coefficient, for the analyses described later m takes a value of 0.02 for o in degrees (this
value has been obtained by characterising the GB hardening effect to the results of published data shown later). GB
hardening is also likely to be a function of the tilt angle however no accessible data was found with which to correlate

hardening and it has thus been omitted in this assessment.

Slip Plane 1
Initial direction \
of crack growth

onslipplanel ~ L
~
~

- Slip Plane 2

Grain1 GB Grain 2

Figure 8. (Re-created from Zhai et al 2000) Illustration of crack growing on an incident slip plane in one

grain and encountering a grain boundary and rotated (primary) slip plane in a neighbouring grain.

To illustrate the effect of GBs on crack growth rates an idealised model is created with elongated grains arranged in strips
of material as illustrated in figure 9. A similar crack growth model and boundary conditions are used as previously
consisting of a simple edge through thickness crack in a thin plate, though here the dimensions are different to investigate
GBs at an appropriate length scale. The outer edges of the square plate are 1mm in length and the starter crack is 1/6™ of
this or 0.167 mm. The mesh consists of C3D8 elements comprising of an outer irregular region which is refined to a
regular mesh, ahead of the starter crack, through which crack growth is analysed. The regular gridded region is a square

of edge size 0.167 mm and consists of 200 by 200 elements approximately 0.8 um in size. A total of 5 elongated crystals



were used where each grain is the full height of the model (in the global Y’ direction of the applied load). The first, third
and fifth crystals are kept in the datum material orientation ([001][010][100]) and the remaining two crystals, the second
and fourth in the sequence, are rotated about the global ‘X’ axis a fixed number of degrees relative to the datum. The
angles used for this rotation are 0, 10, 20, 30 and 40°, these rotations result simply in an angle of twist for each boundary
equal to the specified rotation. Five separate simulations are therefore run and in each case grains 2 and 4 are rotated the
same amount. As each grain runs the full length of the model in the vertical or “Y’ direction, grains 1 and 5 are far wider

than the others in the ‘X’ direction as they run all the way to the outer ‘X’ edges.

The reason for using this specific configuration of 5 grains, rather than a bi-crystal or other even number of grains is
because rotation of a crystal significantly affects the elastic stiffness and hence the overall compliance of the structure,
including distortion and load redistribution between grains. As we are trying to determine intrinsic effects (ie purely
material dependent) on crack growth rates, it is important to minimise extrinsic effects such as changing compliance and
stress re-redistribution between grains. Using the configuration shown, the majority of the model is taken up by grains 1
and 5, and as these are always in the datum orientation the effect of overall compliance of the model and stress state is
reduced, though it is still not possible to completely remove extrinsic effects. For each level of rotation of grains 2 and 4
(where both grains are rotated the same amount in each model) two sets of models were run, one with GB hardening
active and another where it is inactive. In the following crack growth model simulations, the crack does not follow the
crystallographic planes but is restrained to grow in the ‘X’ direction perpendicular to the applied load, the reason for this

is to minimise stress state and mode effects and to be able to compare directly crack growth rates for different orientations

and rotations.
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Figure 9. Illustration of the edge through thickness crack strip model showing grain configurations and dimensions, odd

numbered grains are in the reference orientation, even grains are rotated varying amounts about global ‘X’.
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Figure 10. Results of elongated strip model simulations plotted as crack growth rate against crack length (from

the starter crack) for (a). models with no GB hardening and (b). models with GB hardening.

Figure 11. Contours of crack tip local stored energy following crack growth simulation for the 30° rotated crystals for
(a). no GB hardening and (b). GB hardening. The contours show the different energy distribution and hence resistance

to crack growth. The local restrictions in energy caused by GB hardening are clearly visible in (b).

Figure 10(a) plots the crack growth rates for the series of models with no GB hardening. These growth rates are calculated
using the local stored energy method outlined previously with values of C;=4.0e-8 and n,=1. The 0° model is used for
reference and is essentially a single crystal as there is no rotation or GB hardening. The different coloured lines in the
figure refer to the different degrees of rotation of grains 2 and 4, in all cases the remaining odd grains are in the datum
orientation. What is most striking about the results in figure 10(a) is that the presence of the rotated grains significantly
affects the crack growth rate in the datum grains which are not rotated. For instance, the growth rate in grain 1 steadily
decreases as grains 2 and 4 are rotated more about the X axis. This is primarily because grains 2 and 4 have increasingly
higher stiffness in the vertical load direction, the more they are rotated, and therefore reduce the stresses in grain 1 as they
take more of the load (this is despite the efforts made to minimise such effects). The datum grains in the figure are
denoted as ‘strong’ grains simply because they have lower growth rates than the rotated grains, this is however not an
intrinsic effect and is because they are more compliant. As the crack grows into grain 2 there is an initial rapid realignment
before growth proceeds at a stable rate of increase prior to reaching the next grain boundary. The change in growth rate
that occurs as the crack grows through a GB is primarily to re-adjust such that it adopts the rate appropriate to the next

grain. As the crack grows from a ‘strong’ to a ‘weak’ grain there is a fast increase in rate, and as it grows from a ‘weak’



to a ‘strong’ grain there is a rapid decrease but this appears to be simply a case of aligning with the resistance of the new
grain rather than specifically due to the properties of the grain boundary. Figure 10(b) plots similar results to (a) but for
the simulations with GB hardening from equations 14 and 15 active. These graphs were created in an identical fashion
using the same values of C¢ and ng. In this figure the position of the 0° line is identical to that in (a) and can be used as
a reference. The overall behaviour of the crack growth rate within the body of each grain is very similar in the two
scenarios. The simulations with hardening however show a very pronounced drop-in crack growth rate at the grain
boundaries that occurs as a result of the hardening introduced. Figure 11 shows contours of stored energy in the different
grains through a crack growth simulation where grains 2 and 4 are rotated through an angle of 30°, for (a) the case with
no hardening and (b) the case with hardening. Both (a) and (b) show clearly the increased energy available for crack

growth in the ‘weaker’ grains whilst (b) also shows the reduction in energy that occurs at the boundaries due to hardening.

The retardation of crack growth illustrated in figures 10 and 11 that is associated with grain boundaries is well known and
has been studied extensively although a quantitative dependence of retardation with mis-orientation has yet to be
developed. Wen et al 2016 published quantitative data of the effect grain boundary twist orientation has on reducing
crack propagation rates. They performed 4-point bend fatigue testing on an Al alloy (AA2024-T351 Al-Cu-Mg) with
elongated pancake shaped grains. Test pieces were machined such that the primary tension direction on the specimen
surface was aligned with the elongated grains, and crack growth rates across grains and grain boundaries could be
monitored. Initial micro-notches of length ~30um were created by focussed ion beam milling on the tension surface of
the bend specimens. Testing was done at RT, R=0.1 and 20Hz and was regularly interrupted to determine the lengths of
the cracks, using SEM and optical microscopy. From these experiments and measurements Wen et al were able to
determine the retardation in growth rates that occurred as the crack passed a grain boundary and were successfully able
to correlate this reduction with the angle of twist of the grain boundary. Their results are replotted in figure 12 in the
form of change in crack growth rate, (Ada/dn), against a. Also plotted are the (Ada/dn) values from the current modelling
study. The value for m gg in equation 15, of 0.02 quoted previously, was obtained by iteratively running this series of FE
simulations until a grain boundary hardening factor was obtained which approximately matched the test data of Wen et
al. It is apparent that in the current results the level of GB retardation increases as the crack length and underlying growth
rate increase, as such the measured values for the different boundaries are plotted separately for the first three grain
boundaries indicated in figure 9. GB4 was omitted as the crack growth rates were becoming excessive and erratic. It is
not clear if the change in growth rate should be measured with respect to the current grain or the next grain, bearing in
mind that as the crack tip crosses the boundary it may be affected by the rates experienced in both grains. The reduction
in rate in these results has been calculated from the average growth rate in both neighbouring grains to the trough of the
growth rate curve. The results and comparison in figure 12 are qualitative, bearing in mind the model was developed for
a different material to that of the test data as well as the fact that it was not attempted to model the actual test piece and
microstructural geometry. The comparisons are nonetheless very reasonable and indicate the ability of the model to
capture realistic reductions in crack growth rates across GBs and a good correlation with the angle of twist between slip

planes.

In an attempt to illustrate the general effect of GB crack retardation and applicability of models such as this, table 2 shows
a brief summary of examples in the literature where the rate of crack retardation at GBs has been measured experimentally.
The evidence for this retardation is compelling in a wide range of materials and structures. What is particularly interesting
about the data in table 2 is that the reduction in growth rates at GBs is frequently of a similar order of magnitude and in
the range from approximately 0.5 to 2 nanometres per cycle. The loading conditions and in particular stress intensities
are difficult to calculate, and compare, for all the different types of test performed, so as a basis for comparison of the

relative magnitude of retardation, the published crack growth rates within individual grains away from GBs is also quoted



in table 2. (It should be said that in some instances the background growth rates and levels of retardation had to be
estimated from graphs and must only be considered as approximate). In most cases the angle of GB twist was not readily
available so a more detailed correlation with twist was not possible. Whilst this is admittedly a broad-brush comparison

the data in table 2 indicate a similar range for the strengthening effect of GBs on SCG as shown in figure 12.
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Figure 12. Comparison of reduction in growth rate, (Ada/dn), occurring at grain boundaries as a function of twist

angle, diamonds are simulations with GB hardening model and are compared with test data from Wen et al 2016.

i Range of da/dN Range of
Mean Grain
Reference Material Size (1m) Test type Temp within individual retardation
ize (Um
K grains [Lm/cycle] Ada/dN
Zhang and Edwards 6000 and 7000 .
) 100 and 180 4 pt. bend, 25 Hz, R=0.1 in air RT 0.0002 - 0.01 0.0002 - 0.0015
1994 series Al alloy
pancake focus ion beam (FIB) milled micro
AA2024-T351 Al- s =R
Wen et al 2016 Cu all shaped notches within grains in plain RT NA 0 - 0.0015
u allo
v 361x97x37 specimens, R=0.1, 20 Hz, air
Austenitic
Blochwitz and Richter i plastic strain controlled plain
stainless steel 47 i i RT 0.001 - 0.002 0.0003 - 0.0015
1999 161 fatigue, air, 1Hz

Ultrasonic fatigue on FIBed micro
Panwar et al 2018 Mg alloy WE43 113 K RT 0.0008 - 0.002 0.0005 - 0.001
notches, 20Hz, air

CT specimens under load control, 5

Chen and Liu 1993 Al 7029 10000 RT 0.002-0.2 0.002 - 0.025
20 Hz, R=0.1,

FiBed micro notches, stress control

Marx et al (2006, 2010) DS CMSX-4 X RT 0.001 - 0.006 0.0007 - 0.0013

fatigue, 5 Hz, R =-0.1
Bi-crystalline FIBed micro bend tests and FIBed
Gruenewald et al 2019 RT 0.0001 - 0.005 ~0.0005
CMSX-4 starter notches
4 pt bend testing, rectangular
Gao et al 2007 Rene 104 (ME3) 15 specimens 1.8x2.8mm, load RT 0.004 - 0.0012 0.0005 - 0.001

control, 25-50 Hz, R=0.1

Table 2. Summary of published data that have clearly illustrated a significant retardation and reduction in

short crack growth rate that occurs due to the additional energy requirement of crossing a grain boundary.

2.5 Crack Nucleation and SCG in Polycrystals
This section combines the work described in this paper with previous work [Pan et al 2021] to form a combined model
for crack initiation based on the two mechanisms of fatigue facet nucleation, followed by SCG, to form an engineering

crack of the order of 0.2 to 0.4 mm in size. Explicitly accounting for these processes separately, in a stochastic, physically



based model is a key step in attempting to quantify the underlying distributions of each process and hence of crack
initiation in general. Previous work, Pan et al 2021, Wan et al 2014A, 2014B showed that crack nucleation life can be

determined by correlating local microstructural hot-spots of stored energy with fatigue life using an equation of the form

Nyue = _GCNuc 16.

where Ny is facet nucleation life, Geyy is the critical stored energy for facet nucleation and AG ., is the cyclic change
in accumulated stored energy. In practice a small number of initial cycles are run to allow the microstructural stress-
strain response to stabilize, after which the largest local AG.y in @ RVE is used to derive the nucleation life as per
equation 16. In this work the same approach to that of Pan et al is used to calculate life to facet nucleation, and this
nucleation event is then used as a starting point for a subsequent microstructural SCG calculation. As regards the
nucleation life calculation, the only difference between this work and that of Pan et al is here we use a 2D microstructural

RVE, instead of full 3D, as performing the SCG simulation in 3D is still not computationally tractable.

Model Framework

The DREAM3D software program (Groeber and Jackson 2014) is used to create 2D representative grain microstructural
models (that is using a single layer of 3D voxels). The model material used for this study is coarse grain (CG) RR1000
and the same grain size distribution is used as reported in Pan et al 2021. A typical microstructural RVE/FE model is
shown in figure 13 and consists of a square section with in-plane dimensions of 400x400 um and 2 pum in the through
thickness out-of-plane direction. The average grain size is 30 um resulting in approximately 200 grains per RVE. The
mesh consists of 200x200x1 cubic C3D8 elements of edge length 2 um. The boundary conditions are a fixed zero normal
restraint applied to the bottom edge of the section and a cyclic displacement applied to the top edge (in the vertical Global
‘Y’ direction) of the model of magnitude to generate a required level of macro strain in the model. The RVE is set up as
if it were in plane stress representing the surface of a specimen where the majority of fatigue cracks nucleate. All the
nodes on the Z=0 plane are restrained to have no displacement out-of-plane (approximately representing sub-surface
behaviour) whilst the nodes on the Z=2um plane are free to move independently out-of-plane representing surface
behaviour. Planar restraints are applied to the left and right edges of the model also simulating the effect of bounding

material on the RVE.

The CPXFEM models used in this section are different to those in previous sections in that there is no starter crack.
Fatigue facet nucleation occurs spontaneously using XFEM at the location within the microstructure with the largest
cyclic increment of stored energy, AGeye, after five initial fatigue cycles. The orientation of the nucleated facet is on
the crystallographic slip plane with the largest slip at that location. Following facet nucleation the short crack/facet grows
through the next element ahead of the crack tip on each successive fatigue cycle. During each load cycle the crack tip
cyclic stored energy is calculated as well as the corresponding growth rate using equation 10. Each time the crack grows
the local crystallographic plane with maximum slip is re-calculated and used to define the crack orientation, as such the

crack is able to re-orient as it grows across grain boundaries.

Several cyclic RVE simulations were run at conditions to match macro fatigue test data for CG in RR1000. The test
conditions are; air, no stress concentration, 300°C, strain control loading, 0.25 Hz, R=0.1 and various strain levels. In
order to determine the ability of the model to pick up stochastic variation in fatigue life multiple RVE fatigue simulations
are run at each strain level. Each of these RVE simulations are representative of the material as they are generated from
the same grain size distribution and represent the stochastic variation in grain geometry and orientation. Using a Monte-

Carlo approach each model predicts different results and multiple representative simulations can be used to build up a



simulated distribution of fatigue life. The results from different RVE simulations are presented in the section Total Life

Prediction. Figure 14 shows the typical progression of a cyclic crack initiation simulation from the initial reference

condition to the nucleation of a small fatigue facet at the peak local stored energy location and the growth of this facet

across the RVE.
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Figure 13. Typical RVE-FE model with dimensions and BCs used in CPXFEM simulations.

Figure 14. Stages of crack initiation, (a) initial grain structure, (b) small facet nucleation, (c) magnified view of facet

nucleation, (d) initial growth across grain and grain boundary, (e) growth across several grains (f) initiation of an

engineering crack across multiple grains. Images taken from a simulation at 300°C, 1% max strain and R=0.1.

Grain Boundaries

Special consideration is required for handling GBs and for calculation of the angle of twist necessary to calculate GB

hardening. GB properties are assigned at the element level and as they affect the plastic behaviour of the material they



must be implemented in the UMAT subroutine in abaqus rather than in subroutine UDMGINI which deals with crack
growth. During the pre-processing stage of the model a grain number is assigned to each element. Following this the
nearest neighbour of each element is determined, if all the nearest neighbouring elements belong to the same grain then
the element in question is deemed to be an internal grain element, but if at least one of the nearest neighbour elements are
from a different grain then the element becomes a grain boundary element and the additional hardening term from equation
14 is used. The orientation of both the parent grain and the neighbouring grain are readily available, but for the calculation
of the angle of twist, o, the GB plane is also required. As no out-of-plane effects are considered the GB planes are deemed
to be perpendicular to the plane of the model effectively enacting elongated prismatic grains. Determining the GB normal
vector, which now lies in the X-Y plane, is also difficult due to the discrete nature of the GB itself (ie following the
stepped profile of the cubic GB elements). As an initial coarse approximation the GB plane is deemed to be either vertical,
horizontal, or at a 45° angle, depending on the relative location of the elements belonging to neighbouring grains, with

respect to the central GB element in question. The different potential scenarios are illustrated in figure 15.

El E2 E3 El E2 E3 El E2 E3 El E2 E3
E4 ES E6 E4 ES E6 E4 E6 E4 E6
E7 ES ES E7 ES E9 E7 ES E9 E7 ES ES

Figure 15. Illustration of determination of GB plane based on the parent grain of element nearest neighbours. Central
element ES is the element under consideration, black labels indicate elements belonging to the same grain as ES, red
elements indicate a different (neighbouring) grain. The diagram indicates the different nearest neighbour options used to

determine the GB plane, symmetry conditions are used to determine other combinations.

The results of two different simulations for the same grain geometry and orientations, but with and without GB hardening
are shown in figure 16. Other than the addition of hardening the simulation conditions are identical, 300°C, R=0.1 and
0.4% applied macro strain. Figure 16(a) and (b) show the microstructure and crack paths for each simulation. As GB
hardening effects internal stress and strain distribution the crack nucleation location and paths are different for the two
simulations. Equation 10 allows the crack growth rate at a crack tip to be calculated and hence the number of cycles for
an increment in crack growth can be determined. Figure 16 (c) and (d) plot the crack growth rates against crack length
for each crack branch emanating from the original facet, the simulation with GB hardening (d) gives rise to much greater
scatter in growth rates and a significant reduction in growth rates every time the crack tip encounters a GB. Figure 16 (e)
and (f) plot the crack length for each crack branch as well as the total crack length, against number of cycles calculated
using equation 10. The total number of equivalent cycles is simply calculated as the average of that for each crack tip.
Comparing the growth profiles in (e) and (f) the effect of GB hardening is clearly seen in causing the crack growth rates
to be temporarily arrested at the GBs giving rise to the stepped crack growth profile in (f). Under these conditions the

effect of hardening gives rise to approximately a 3-4 fold increase in SCG life.
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Figure 16. Results of SCG FE simulations with no GB hardening (a, c, e) and with hardening (b, d, f) for
simulations at 300°C, R=0.1, and 0.4% maximum strain. (a, b) RVE microstructure showing crack profile, (c, d)
crack growth rate plotted against crack length (distance from nucleation site), and (e, f) crack length against number

of cycles.

Comparison with MSCG rate data

It has regrettably not been possible to perform bespoke micro-mechanical testing as part of this project with which to
validate the model and make direct comparisons with growth rates across grains and grain boundaries. As a strictly
qualitative alternative, a comparison is made here to published MSCG rates for a similar material. The published data
used for this comparison are from Gao et al 2007. Gao et al measured crack growth rates of the alloy ME3 (René 104)
on the top surface of a rectangular section 4-point beam specimen cyclically loaded at room temperature and under load
control with a sinusoidal frequency between 25 and 50 Hz and R-ratio of 0.1. The growth rates were measured using

replicas taken at regular cyclic intervals. They found the MSCG paths were predominantly transgranular and facetted

along dominant octahedral slip planes. A specific test result which provides useful qualitative comparison to the current



work is shown in figure 17 which is for a grain coarsened variant of ME3 having an average grain size of ~25 pm, similar
to CG RR1000. Figure 17(a) (re-plotted from Gao et al) shows surface crack growth rates as well as stress intensity
range plotted against crack length. The stress intensities were calculated (by Gao et al) using solutions for bending beams
with semi-elliptical cracks and experimental measurements of the crack shape. Figure 17(b) (also from Gao et al 2007)
shows the specific crack and microstructure used for the growth rate measurements (the coloured lines indicate different
GB types) from which the retardation of crack growth at grain boundaries can be identified. Gao et al were investigating
the effect of GB type and character and went on to perform a quantitative comparison of the effect of GB type and angle
on crack growth rate and crack deflection. To compare the published growth rates with those calculated using the local
energy method a CPXFEM RVE was simulated at a load level to generate similar crack tip stress intensities to those in
figure 17(a). The results are shown in 17(c) which plots crack growth rates and stress intensity range against crack length.
As the materials are qualitatively similar the crystal plasticity properties of CG RR1000 have not been altered though the
crack growth rate parameters have been scaled to S-N life data for ME3. The stress intensity solution in 17(c) is for a
centre crack in a plate with the same horizontal (projected) crack length as the crack in the model. Figure 17(d) shows
the modelled crack trajectory and microstructure used to generate the growth rates in (c), though this is not the actual

microstructure used by Gao et al and the comparison is only intended to be indicative.
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Figure 17. Qualitative comparison of published MSCG rate data with model simulations. (a). MSCG rates and AK values
for ME3 from Gao et al 2007 (b). crack path and microstructure corresponding to (a) (also from Gao et al), (c) growth
rates and AK values for a 2D CPFE RVE simulation and (d) CPFE microstructure and crack trajectory.

The comparison of the experimental (published) and simulated data is qualitatively very good, (the final crack is different
in both cases as the experimental crack grew to ~900um whereas the CPFE simulation has a maximum length of 400pum).
The load level for the CPFE simulation was set such that for the final half-crack length of 200um, the stress intensity
range is similar to the experimental data at the same half-length, a value of approximately 12 MPa-m'?, (both for an R-
ratio 0£ 0.1). Comparing 16(a) and 16(c) it can be seen that in the range of stress intensities from 6-12 MPa-m'? that both

the experimental and model data vary approximately in the range from 0.5 to 1 nm per cycle. The level of crack retardation



at grain boundaries is also similar to the values obtained in the previous section and in table 2, typically in the range 0.5

to 1 nm per cycle.

Total Life Prediction

To compare the crack initiation model predictions with S-N mechanical fatigue test data a number of CPXFEM RVE
simulations were run over a range of strain levels at which mechanical fatigue test data are available. Three separate
simulations were run at a number of strain levels to generate different nucleation and SCG lives that are only dependent
on the specific microstructural instantiation, thus allowing the effect of local microstructure on fatigue life to be directly
quantified. The results of these simulations are shown in figure 18 (a) for the case with no GB hardening and (b) for the
case with GB hardening. The mechanical test data are plotted as red asterisks and are fatigue crack initiation lives to 5%
load drop for CG RR1000 in air, at 300°C and R=0.1 under strain control fatigue testing (unfortunately the vertical axis
on these graphs has had to be normalised as the mechanical test data is the property of Rolls-Royce plc). The test data
and set-up are similar to that described in Pan et al 2021, the specimen surfaces were shot peened and the majority of
failures originated sub-surface from facet nucleation. The model results are plotted as facet nucleation life (green
diamonds) and total life to initiation (red diamonds), which is the sum of nucleation life and SCG life. It is recognised
that the ‘actual’ proportion of nucleation or SCG lives are not known as the mechanical tests in question were not subject
to crack nucleation and growth monitoring. The simulated SCG rates however agree qualitatively with published data
for similar materials as described in the previous sections and the nucleation lives are derived from these SCG rates. The
same critical nucleation energy and SCG rate parameters are used in the simulations in (a) and (b) in figure 18 and the
only difference is the effect of GB hardening. For the chosen values of the growth rate parameters the effect of the
hardening is to increase the SCG life such that the total initiation prediction correlates well with the test data. The
simulated lives agree very well with the mechanical test data predicting both the mean fatigue life and the S-N curve
slope. Whilst ideally more simulations should be run the scatter determined by running multiple RVE simulations is

qualitatively similar to the scatter in the mechanical data.
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Figure 18. Comparison of RVE simulated crack initiation lives with mechanical test data for CG RR1000
at 300°C, and R=0.1 plotted against max total strain. (a.) no GB hardening, (b.) with GB hardening.

3 Conclusions

One of the key challenges of predicting fatigue life of materials and components is that it is made up of several sequential
processes and mechanisms. Amongst these the primary mechanisms are facet nucleation followed by repeated SCG
through grains and across grain boundaries. A microstructurally explicit approach to modelling crack nucleation and

SCG has been developed. A CPFE framework is combined with XFEM to model nucleation of a fatigue facet within a




local hotspot of a polycrystalline microstructure. The nucleation event occurs when the critical local stored energy is
exhausted. Using XFEM allows the nucleation event to be modelled explicitly and spontaneously at the location of the
peak cyclic stored energy and on the plane of the most intense slip deformation. SCG of the nucleated facet is then
modelled with continued crack growth also occurring on the most active slip system. A new microstructural crack growth
law is developed where the growth rate is a function of the local crack tip stored energy. This model automatically
combines effects of crack tip plasticity, the crack tip stress field and the orientation of local grains including the effects
of elastic anisotropy and crystal plasticity. The model compares reasonably favourably with published data in large single
crystal components tested in different orientations though further work is required to fully understand the orientation
effect. For idealised loading under large scale conditions the model predicts very similar behaviour to crack growth rates
calculated using LEFM and Paris’s Law. This is remarkable as the two approaches are very different, one based purely
on local stored energy and plasticity occurring at the crack tip and the other purely on geometry and remote stress state
assuming pre-dominantly elastic behaviour. A key component of SCG that contributes to fatigue lifetime is the nature of
temporary crack arrest at GBs caused by grain boundary hardening. This phenomenon has been modelled by including a
grain boundary hardening term within the CPFE framework. Based on mechanisms and data from Zhai et al 2000 and
Wen et al 2016 this hardening is correlated with grain boundary twist, and the resultant reduction in crack growth rate
across a grain boundary compares very well with published data. The results of several CPFXFEM simulations combining
nucleation and SCG correlate well with mechanical fatigue data for Coarse Grain RR1000, and the distribution of actual
and simulated behaviour is similar though not enough data has been generated to perform a full statistical comparison.

The simulated SCG rates also compare qualitatively favourably with published data.

4  Acknowledgements

This work has been fully funded by a Royal Society Industry Fellowship RSIF17004 for which D.W. MacLachlan is very
grateful. D.W. MacLachlan is also very grateful to Imperial College and F.P.E. Dunne for hosting this Fellowship and to
Rolls-Royce plc for supporting the Fellowship and for the provision of test data. The author is also grateful to many
colleagues in both Industry and Academia for insightful discussions on the mechanisms of crack initiation. The authors
would also like to thank the researchers that generated published test data that was used throughout this paper for

comparison with model results and simulations.

5 References

Blochwitz, C., and Richter, R., 1999. Plastic strain amplitude dependent surface path of microstructurally short fatigue
cracks in face-centred cubic metals. Matls. Sci. and Engng., A267, 120-129.

Boyd-Lee, A.D., 1999. Fatigue crack growth resistant microstructures in polycrystalline Ni-base superalloys for
aeroengines. Int. J. Fatigue, 21, 393-405.

Chen, L., and Liu, HW., 1993. Grain boundary resistance to fatigue crack growth. Scripta Met. et Mat., 28, 849-852.

Chen, B, Janssens, K.G.F. and Dunne, F.P.E. Role of geometrically necessary dislocation density in multiaxial and non-

proportional fatigue crack nucleation. Int. J. Fatigue, 135, 2020, 105517.

Chen, B, Jiang, J and Dunne, F.P.E. Is stored energy density the primary meso-scale mechanistic driver for fatigue crack

nucleation? Int. J. Plasticity, 101, 2018, 213-229.

Chen, B, Jiang, J and Dunne, F.P.E. Microstructurally-sensitive fatigue crack nucleation in Ni-based single and oligo

crystals. J. Mech. and Phys. solids, 106, 2017, 15-33.



Corran, R.S.J. and Williams, S.J., 2007. Lifing methods and safety criteria in acro gas turbines. Engng. Failure Analysis,
14, 518-528.

Dunne, F.P.E., Kiwanuka, R.,Wilkinson, A.J. , Sep. 2012. Crystal plasticity analysis of micro-deformation, lattice rotation
and geometrically necessary dislocation density. Proc. R. Soc. A Math. Phys. Eng. Sci. 468 (2145),2509-2531 .

Dunne, F.P.E., Walker, A. and Rugg, D., 2007. A systematic study of HCP crystal orientation and morphology effects in
polycrystals deformation and fatigue. Proc. R. Soc. A, 463, 1467-1489.

Dunne, F.P.E., Rugg, D. and Walker, A. 2007. Lengthscale-dependent, elastically anisotropic, physically-based hcp
crystal plasticity: Application to cold-dwell fatigue in Ti alloys. Int. J. Plasticity, 23, 2007, 1061-1083.

El Haddad, M.H., Topper, T.H., and Smith, K.N., 1979, Prediction of non-propagating cracks. Engng. Fract. Mech., (11),
573-584.

Farukh, F., Zhao, L.G., Jiang, R., Reed, P., Proprentner, D. and Shollock, B., 2016, Realistic microstructure-based
modelling of cyclic deformation and crack growth using crystal plasticity. Computation Materials Science, 111, 395-

405.

Gruenewald, P., Rauber, J., Marx, M., Motz, C., and Schaefer, F., 2019. Acquiring in situ fatigue crack growth curves
by a compliance method for micro bending beams to reveal the interaction of fatigue cracks with grain boundaries.

Procedia Structural Integrity, 17, 13-20.

Gao, Y., Stolken, J.S., Kumar, M., and Ritchie, R.O., 2007. High cycle fatigue of nickel-base superalloy Rene 104 (ME3):

Interaction of microstructurally small cracks with grain boundaries of known character. Acta Materialia, 55, 3155-3167.

Groeber, M.A., and Jackson, M.A., DREAM3D: A digital representation environment for the analysis of microstructures

in 3D. Integrating materials and manufacturing innovation. 2014.

Guan, Y., Chen, B., Zou, J., Britton, T.B., Jiang. J. and Dunne, F.P.E., 2017, Crystal plasticity modelling and HR-DIC
measurement of slip activation and strain localization in single and oligo-crystal Ni alloys under fatigue. Int. J. Plasticity,

88, 70-88.
Hussain, K. 1997. Short fatigue crack behaviour and analytical models: a review. Engng. Fract. Mech., 58, 4, 327-354.

Jiang, R., Song, S.D., Reed, P.A., 2020. Fatigue crack growth mechanisms in powder metallurgy Ni-based superalloys —

A review. International Journal of Fatigue, vol. 141

Joyce, M.R., Wu, X. and Reed, P.A.S.,2003. The effect of environment and orientation on fatigue crack growth behaviour
of CMSX-4 nickel base single crystal at 650°C. Materials Letters, 58, 99-103.

Karamitros, V., MacLachlan, D.W., Dunne, F.P.E., 2022. Mechanistic fatigue in Ni-based superalloy single crystals: A
study of crack paths and growth rates. J. Mech. and Phys. Solids, 158, 104663.

Khanna, A., and Kotousov, A., The potential for structural simulation to augment full scale fatigue testing: A review.

Progress in Aerospace Sciences, 121, 2020, 100641.

Laham, S.A. Stress Intensity Factor and Limit Load Handbook, British Energy Generation Ltd, EPD/GEN/REP/0316/98-
2, 1998.

Liang, H. and Dunne, F.P.E., 2009. GND accumulation in bi-crystal deformation: Crystal Plasticity analysis and
comparison with experiments. Int. J. Mech. Sci., 51, 326-333.



Marx, M., Schaf, W., Vehoff, H. and Holzapfel, C., 2006. Interaction of microcracks with selected interfaces: Focused
ion beam for a systematic crack initiation. Matls. Sci. and Engng., A435, 595-601.

Marx, M., Schaef, W., and Vehoff, H., 2010. Interaction of short crack with the local microstructure. Fatigue 2010,
Procedia Engineering 2, 163-171.

McDowell, D.L. and Dunne, F.P.E. 2010. Microstructure-sensitive computational modelling of fatigue crack formation.

Int. J. Fatigue, 32, 1521-1542.

Navarro, A. and De Los Rios, E.R., 1987, Short and long fatigue crack growth: A unified model. Phil. Mag. A. 57, 1, 15-
36.

Ozturk, D. Pilchak, A.L. and Ghosh S., 2017, Experimentally validated dwell and cyclic fatigue crack nucleation model
for a-titanium alloys. Scripta Materialia, 127, 15-18.

Pan, Y.B., Dunne, F.P.E. and MacLachlan, D.W. 2021. A mechanistic and stochastic approach to fatigue crack nucleation
in coarse grain RR1000 using local stored energy. Fat. Fract. Engng. Mat. Struct., 44, 505-520.

Pang, H.T., and Reed, P.A.S, Microstructure effects on high temperature fatigue crack initiation and short crack growth
in turbined disc nickel-base superalloy Udiment 720Li. Mater. Sci. Eng., A, 2007, 448, 67-79.

Pang, H.T., and Reed, P.A.S, Effects of microstructure on room temperature fatigue crack initiation and short crack

propagation in Udiment 720Li Ni-base superalloy. Int. J. Fatigue, 2008, 30, 2009-20.

Panwar, S., Adams, J.F., Allison, J.E., Jones, J.W. and Sundararaghavan, V., 2018. A grain boundary interaction model
for microstructurally short fatigue cracks. Int. J. Fatigue 113, 401-406.

Roters, F., Eisenlohr, P., Bieler, T.R., and Raabe, D., Crystal Plasticity Finite Element Methods in Materials Science and
Engineering, Wiley-VCH, 2010, ISBN 978-3-527-32447-7.

Sadananda, K., Nani Babu, M., Vasudevan, A.K., 2019. A review of fatigue crack growth resistance in the short crack

growth regime. Materials Science & Engineering A, vol. 754, 674-701.

Sakaguchi, M., Komamura, R., Chen, X., Higaki, M. and Inoue, H., 2019. Crystal plasticity assessment of crystallographic
Stage I crack propagation in a Ni-based single crystal superalloy. Int. J. Fatigue, 123, 10-21.

Sangid, R.S., The physics of fatigue crack initiation, Int. J. Fatigue, 57, 2013, 58-72.

Stephens, R.R., Grabowski, L., and Hoeppner, D.W., 1993. The effect of temperature on the behaviour of short fatigue
cracks in Waspaloy using as in situ SEM fatigue apparatus. Int. J. Fatigue, 15, 4, 273-282.

Tada, H., Paris, P.C. and Irwin, G.R., 1998. The Stress Analysis of Cracks Handbook, 3" ed, ASME.

Wan, V.V.C,, Jiang, J., MacLachlan, D.W., Dunne, F.P.E., 2014A. Microstructure-sensitive fatigue crack nucleation in a
polycrystalline Ni superalloy. Int. J. Fatigue, 90, 2016, 181-190.

Wan, V.V.C., MacLachlan, D.W., Dunne, F.P.E., 2014B. A stored energy criterion for fatigue crack nucleation in
polycrystals. Int. J. Fatigue vol. 68, 90-102.

Wan, V.V.C., MacLachlan, D.W., Dunne, F.P.E., 2016. Integrated experiment and modelling of microstructurally
sensitive crack growth. Int. J. Fatigue vol. 91, 110-123.

Wen, W., Cai, P., Ngan, A.H.W. and Zhai, T, 2016, An experimental methodology to quantify the resistance of grain
boundaries to fatigue crack growth in an AA2024 T351 Al-Cu alloy. Matl. Sci. and Engng. A666, 288-296.



Whittaker, M.T., Harrison, W.J., Lancaster, R.J. and Williams, S., 2013. An analysis of modern creep lifing
methodologies in the titanium alloy Ti6-4. Matls. Sci, Eng. A, 577, 114-119.

Williams, S.J. , Bache M.R. and Wilshire, B., 2010. 25 Year Perspective Recent developments in analysis of high
temperature creep and creep fracture behaviour. Matls. Sci. and Tech., 26:11, 1332-1337, DOI:
10.1179/026708310X12712410311730.

Wilson, D., Zheng, Z. , Dunne, F.P.E., 2018. A microstructure-sensitive driving force for crack growth. J. Mech. Phys.
Solids vol. 121, 147-174.

Wilson, D., Wan, W. and Dunne, F.P.E., 2019. Microstructure sensitive fatigue crack growth in HCP, BCC and FCC
polycrystals. J. Mech. Phys. Solids, 126, 204-225.

Xiaohui, T., Ray, A. and Ghosh, S., 2020, A coupled crystal plasticity FEM and phase-field model for crack evolution in

microstructures of 7000 series aluminium alloys.

Xu, Y., Wan, W. and Dunne, F.P.E., 2021. Microstructural fracture mechanics: Stored energy density at fatigue cracks.
J. Mech. Phys. Solids, 146, 104209.

Zhai, T., Wilkinson, A.J., and Martin, J.W., 2000. A crystallographic mechanism for fatigue crack propagation through
grain boundaries. Acta. Mater., 48, 4917-4927.

Zhang, Y.H. and Edwards, L. 1994. On the blocking effect of grain boundaries on small crystallographic fatigue crack
growth. Matls. Sci. and Engng., A188, 121-132.

Zheng, Z., Balint, D.S., and Dunne, F.P.E., 2016. Rate sensitivity in discrete dislocation plasticity in hexagonal close-
packed crystals. Acta Mater, 107, 17-26.



	Abstract
	1. Introduction
	2. Modelling
	2.1 Material Model
	Crystal Plasticity Model
	Stored Energy Density
	Geometrically Necessary Dislocations (GNDs)

	2.2 Modelling Crack Growth
	Microstructural short crack growth law
	Comparison with long crack growth

	2.3 Crack Growth in Single Crystals
	2.4 Crack Growth across Grain Boundaries
	2.5 Crack Nucleation and SCG in Polycrystals
	Model Framework
	Grain Boundaries
	Comparison with MSCG rate data
	Total Life Prediction


	3 Conclusions
	4 Acknowledgements
	5 References

