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Abstract

This manuscript describes a computational framework for modeling short crack propagation in polycrystalline mi-

crostructures. The proposed framework integrates the adaptive crack insertion scheme with crystal plasticity finite

element modeling to describe the mechanical state of the microstructure under cyclic loading. Crack propagation

directions and growth rates are computed a-posteriori, based on local measures of deformation and stress. Spurious

oscillations in the local measures are controlled by applying a distance-based smoothing technique to the local stress

and strain fields around the crack front. An adaptive local mesh smoothing technique is utilized during each growth

step to avoid unphysical localized kinks that tend to nucleate and accumulate under sustained cyclic loading. The

performance and sensitivity of the proposed approach to mesh density, cycle jump parameters, as well as crack model

parameters are assessed based on numerical simulations. The capabilities of the model are demonstrated by comparing

model outcomes with an experimentally observed microstructural fatigue crack morphology. The proposed approach

demonstrates sufficient computational efficiency that facilitates simulation of crack growth in large microstructures

subjected to fatigue loading.
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1. Introduction1

Modeling and predicting the propagation of microstructurally short cracks (MSC) in a polycrystalline material2

continues to present significant challenges. However, understanding early-stage cracking is often critical as it can3

constitute a substantial part of the overall lifespan of a structural component (Castelluccio et al., 2014). A crack4
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is identified as microstructurally small when its size is at the scale of microstructural features such as the size of5

the grains (Miller and Akid, 1996; Christ et al., 2009; Sadananda et al., 2019) (spanning from several micrometers6

to hundreds of micrometers depending on the specific microstructure (Hussain, 1997)). The propagation pattern of7

MSCs is significantly affected by the features of the local texture such as grain orientation, subgrain structure, and8

grain boundaries. These features can lead MSCs to follow a highly irregular and complex trajectory as they propagate9

through the microstructure (Zhai et al., 2000, 2005; Herbig et al., 2011; Pilchak, 2013; Proudhon et al., 2017; Rovinelli10

et al., 2018). Furthermore, the propagation of MSC is a naturally 3D process. To understand the growth behavior of11

MSC, both in-situ experiments and detailed 3D modeling approaches are needed. Even with recent advances in12

experimental characterization methods such as 3-D X-ray tomography, which allows for in-situ observation of short13

crack propagation (Buffiere et al., 2006; Withers and Preuss, 2012; Yoshinaka et al., 2016), detailed experimental data14

are still very limited. Numerical models based on phenomenological (Aslan and Forest, 2009; Sabnis et al., 2016) and15

two-dimensional approaches (Farukh et al., 2016; Karamitros et al., 2022a) offer valuable, but limited insight into the16

three-dimensional propagation of short cracks through a microstructure.17

A promising modeling approach for MSCs is to couple crack propagation methodologies with the crystal plas-18

ticity finite element (CPFE) method. CPFE captures the constitutive behavior of individual grains, and by explicitly19

discretizing the polycrystalline microstructure, it connects the responses of individual grains to the overall mechan-20

ical behavior of the microstructure (e.g., (Knezevic et al., 2014; Zhang and Oskay, 2016, 2019; Phan et al., 2017)).21

Incorporating short cracks in a polycrystalline microstructure allows for examination of crack tip plasticity, the evo-22

lution of the stress state, and the crack path. CPFE has been successfully combined with a variety of crack growth23

strategies, such as adaptive crack insertion (Jezernik et al., 2010; Lin et al., 2011; Mikkola et al., 2012; Li et al., 2014;24

Proudhon et al., 2016, 2017; Phung and Spear, 2019; Briffod et al., 2020; Zhu et al., 2022), phase field method of25

fracture (PFM) (Cheng et al., 2016; Diehl et al., 2017; Nguyen et al., 2017; Sadeghirad et al., 2019; Tu et al., 2020;26

Cheng et al., 2020; Feather et al., 2021; Emdadi and Zaeem, 2021), extended finite element method (XFEM) (Baietto27

et al., 2013; Wan et al., 2016; Farukh et al., 2016; Wilson et al., 2018; Wilson and Dunne, 2019; Wilson et al., 2019;28

Zhang et al., 2020; Mao et al., 2022; Karamitros et al., 2022a; Zhang and Dunne, 2022; Karamitros et al., 2022b;29

Cheng et al., 2022), cohesive zone modeling (CZM) (Luther and Könke, 2009; Lu et al., 2020), and the node release30
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technique (Weinzapfel and Sadeghi, 2013). Among these, CZM and the node release method typically require a pre-31

defined crack path, presenting challenges in polycrystalline microstructures where the crack path is highly uncertain32

due to crack-texture interactions. XFEM circumvents the need for the mesh to conform to the crack geometry through33

the use of enrichment functions. While offering certain benefits, XFEM applications for modeling MSC growth in34

polycrystalline materials have largely been limited to two-dimensional analyses, with only a few efforts on 3D mi-35

crostructural cracks (Zhang and Dunne, 2022). PFM stands out for its ability to handle complex crack growth patterns36

without being constrained by the finite element discretization. While 3D short crack propagation can be addressed37

using PFM (Cheng et al., 2020; Tu et al., 2020; Lucarini et al., 2023), substantial computational resources are required38

due to mesh refinement needed to resolve the length scale parameter (Cheng et al., 2020). Nguyen et al. (2017) intro-39

duced a multi-phase-field method that considers inter and transgranular cracking, as well as the effects of anisotropic40

elasticity and preferential cleavage directions within individual grains. Using their framework, modeling the crack41

growth in a full 3D microstructure with 150 grains and of size 10 � 10 � 10 �m3 took approximately a week. Recent42

initiatives have been undertaken to address this challenge. For instance, Tu et al. (2020) combined phase field method43

with adaptive wavelet-enriched hierarchical finite element augmentation, which provides a high resolution mesh only44

in the vicinity of the crack, without a priori knowledge of the crack path. Despite those efforts, the necessity for a fine45

mesh around the crack fronts continues to impose a substantial computational cost for executing the CPFE simulation.46

Adaptive crack insertion employs remeshing to conform the crack morphology within the underlying volume47

mesh, and it is a classical method to explicitly consider the influence of cracks. This approach has been used to48

incorporate complex and tortuous crack morphologies in 3D microstructures. For instance, Proudhon et al. (2017)49

proposed a framework for propagating short cracks via remeshing. They used a damage indicator to determine both50

the distance and direction of crack growth (Proudhon et al., 2016), and studied the propagation of a crack within a51

3D microstructure that consisted of several hundred grains. Phung and Spear (2019); Phung et al. (2024) introduced52

a voxel-based remeshing framework, which creates a conformal surface mesh out of a voxel representation. This53

approach is capable of simulating arbitrary three-dimensional crack growth in polycrystalline materials. Their pro-54

posed framework is evaluated using several crack growth criteria. While the adaptive crack insertion method is robust55

and flexible, it could also be computationally expensive due to the demand for high-resolution mesh near the crack56
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front and the requirement of repeated remeshing. For instance, in Proudhon et al. (2017), only a limited number of57

loading cycles are applied because each stage of crack propagation requires approximately 3 to 5 days to compute.58

Reduced-order models have been proposed to address this issue (Xia and Oskay, 2023, 2024; Oskay et al., 2020; Su59

and Oskay, 2021), which could be integrated with crack growth methods in the future.60

This manuscript presents a simulation framework for microstructurally short crack propagation under cyclic load-61

ing. The framework employs adaptive crack insertion and possesses the following key features: (i) it enables the mod-62

eling of short-crack growth in three-dimensional microstructures; and (ii) it adopts a modular architecture, allowing63

individual components to be readily replaced or extended to incorporate material-specific models and criteria. In the64

present study, a crystal plasticity finite element model with latent hardening is selected as the constitutive law, while65

a Fatemi–Socie-type fatigue indicator parameter (FIP) and the crack tip opening displacement are used to determine66

the crack growth direction and increment. It is emphasized that these selections are not intrinsic to the framework,67

alternative constitutive models and fatigue criteria can be easily integrated owing to the modular design. The pa-68

rameters governing crack propagation are evaluated. The proposed framework is verified for simulations involving69

up to several thousand equivalent loading cycles, and the model predictions have been compared with experimental70

observations.71

The remainder of the manuscript is structured as follows: Section 2 introduces and discusses the short crack prop-72

agation framework. Section 3 provides numerical examples and verification of each component within the framework.73

In Section 4, the proposed short crack growth is compared to experimental 3D crack growth data. Section 5 concludes74

the manuscript and outlines future work.75

2. Short crack propagation framework76

Figure 1 schematically illustrates the four steps of the proposed crack propagation framework. In the first step, the77

crack is embedded in the microstructure using remeshing. In the second step, the CPFE simulation is performed on the78

microstructure containing the crack, subject to a cycle of loading. In the third step, the rate and direction of growth are79

determined along the crack front by post-processing the CPFE simulation results. The final step involves obtaining the80

new crack surface from the growth rates and directions computed in the previous step in a node-wise fashion. These81
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Figure 1: The primary steps of the proposed crack propagation framework.

steps are repeated until a predefined number of load cycles is reached or until the microstructure undergoes complete82

fracture.83

2.1. Crack insertion through remeshing84

The microstructure without cracks can be derived either from experimental data or synthetic generation. In the85

current work, we use the Neper software (Quey and Kasemer, 2022) to create and mesh the initial uncracked poly-86

crystalline microstructure. The initial crack surface mesh is generated using Abaqus CAE as a starting point. For87

incorporating the crack surface mesh into the polycrystalline microstructure, we employed Z-CRACKS, a commercial88

software that implements a conformal crack insertion and adaptive remeshing strategy. In this framework (Chiaruttini89

et al., 2013), the crack is represented explicitly as a triangulated surface, and the crack front is maintained as a contin-90
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uous boundary during remeshing through robust edge–surface and face–front intersection operations. Crack growth91

is performed incrementally by extending the existing crack surface, which preserves geometric consistency and crack92

surface area, while subsequent adaptive remeshing improves mesh quality without altering the crack geometry. These93

capabilities allow Z-CRACKS to reliably insert and propagate arbitrary three-dimensional crack morphologies in94

polycrystalline microstructures.95

2.2. Crystal plasticity model96

The microstructure with an embedded crack is subjected to a cycle of loading. In what follows, a brief overview97

of the crystal plasticity constitutive law employed in this study is provided. A more comprehensive description of the98

model implementation is available in Marin (2006).99

Consider the multiplicative decomposition of the deformation gradient F = @x=@X into elastic Fe and plastic Fp
100

parts at a material point within the domain:101

Fi j = Fe
imF p

m j (1)

The velocity gradient L = @v=@x (where, v is velocity) is expressed in terms of the elastic and plastic deformation102

gradients as:103

Li j = Ḟim

�
Fm j

��1
= Ḟe

imFe
jm + Lp

i j (2)

where Lp is the plastic velocity gradient104

Lp
i j = Fe

imḞ p
mk

�
F p

kl

��1
Fe

jl (3)

Considering that the plastic deformation is only induced by crystallographic slip along the lattice-dependent slip105

planes, the plastic velocity gradient Lp is written as:106

Lp
i j =

nslipX
s=1

Z s
i j 
̇

s (4)

where nslip denotes the total number of slip systems, 
̇s the slip rate for the sth slip system, and Z s is the Schmid tensor107

(Z s = ns 
 ms, where ns and ms are respectively the slip direction and the normal to the slip plane). The slip rate 
̇s
108
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is described by the flow rule as a function of resolved shear stress �s and the slip system strength gs. In the current109

work, we adopt the flow rule suggested by Rice and Peirce (Rice, 1971; Peirce et al., 1982):110


̇s = 
̇0

 
j�sj

gs

!1=m

sgn(�s) (5)

in which, m denotes the rate sensitivity parameter, and 
̇0 is the reference slip rate. The resolved shear stress is111

determined by projecting the Cauchy stress � onto a slip system through the Schmid tensor.112

�s (x; t) = �i j (x; t) Z s
i j (x; t) (6)

The hardening rule proposed in Kothari and Anand (1998) is used to describe the evolution of the slip system113

strength:114

ġs = h0

 
gs

sa � gs

gs
sa � gs

0

! nslipX
s=1

j
̇sj (7)

where h0 is the reference hardening rate, and gs
sa and gs

0 are respectively the saturation stress and the initial strength of115

sth slip system. The saturation stress is computed as:116

gs
sa = gs

sa;0

0BBBBB@nslipX
s=1

j
̇sj


̇s0

1CCCCCAm0

(8)

in which gs
sa;0, 
̇s0 and m0 are material parameters. It is noted that while kinematic hardening rules are more commonly117

employed for cyclic loading (Chaboche, 1989; Ohno and Wang, 1993; Farooq et al., 2020; Ren et al., 2020), the present118

framework utilizes an isotropic hardening law for simplicity; however, due to its modular design, this can be readily119

replaced. Neglecting kinematic hardening suppresses the Bauschinger effect and crack-tip ratcheting, and prior studies120

have shown that purely isotropic hardening can underpredict crack-tip plastic dissipation by on the order of 60–90%121

under non-proportional or cyclic loading (Martı́nez-Pañeda and Fleck, 2018). As a result, crack-driving forces are122

underestimated and fatigue crack-growth rates may be underpredicted, implying an overestimation of fatigue life123

when isotropic hardening is used.124
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2.3. Computation of crack growth direction and rate125

In a 3D crack propagation scenario, it is necessary to track the crack front and compute the direction and rate of the126

crack propagation along the crack front. In this study, we adopt the Fatemi-Socie type fatigue indicator parameter (So-127

cie, 1987; Castelluccio and McDowell, 2012; Liu et al., 2023) in determining the direction of crack propagation:128

FIP(s) =
�
s

2

"
1 + k

�s
n

�y

#
(9)

where, k and �y are material parameters, FIP(s) denotes the FIP value for the sth slip system, and �
s = 2ms � �� p � ns
129

is the plastic slip range. The term �� p is the plastic strain range, defined as the difference in plastic strain at maximum130

and minimum points of the load cycle. �s
n is defined as the maximum normal stress observed on the sth slip system131

throughout the load cycle. It is calculated by �(�)
n = max(n(�) � �0 � n(�)), where �0 denotes the deviatoric component132

of the Cauchy stress. The community continues to use FIPs in such applications because, realistically, no alternative133

method with superior performance has been proposed. Several studies have attempted to evaluate the performance of134

FIPs, such as the one in (Rovinelli et al., 2017), and they have reported limited success. Nevertheless, FIPs remain135

the most practical and systematically applicable tool for guiding crack growth direction and assessing fatigue damage136

in multiaxial loading scenarios.137

Local stress fields computed around a crack tip can exhibit significant oscillations. These stress oscillations138

translate to the local FIP calculations (and therefore to crack growth directions), and lead to spurious oscillations in139

crack growth. Figure 2(a) demonstrates the stress oscillations along the crack front of a penny-shaped crack loaded140

in the direction (i.e., 3) perpendicular to the crack plane. The stress oscillations occur regardless of the mesh size.141

Approaches have been previously proposed to alleviate stress oscillations (Svenning, 2016; Ghosh et al., 2019). In the142

current work, we employ a distance-based weighted smoothing operation:143

�̂i j(xI) =

P
J �i j(xJ)N(x = dJI j �; std)P

J N(x = dJI j �; std)
(10)

where �̂(xI) is the smoothed Cauchy stress at node I, and dJI denotes the arc length between nodes I and J along144

the crack front. N(x = dJI j; �; std) refers to the normal distribution function with � the mean and std the standard145
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Figure 2: Stress oscillation and smoothing. The X axis is constructed by selecting a reference node on the crack front and then
calculating the cumulative arc length from each node to this reference node in a clockwise order. The stress component is plotted
against the arc length computed at each node. (a) Full stress oscillation �; (b) Smoothed full stress �̂; (c) Deviatoric stress
oscillation �0; and (d) Smoothed deviatoric stress �̂0

deviation. Equation (10) therefore indicates arc-length distance-based weighting of the stress tensor with the weights146

calculated from a normal distribution. By appropriately choosing the standard deviation, short-range oscillations are147

removed while keeping longer-range evolution of the stress along the crack front. The resulting smoothed stresses are148

shown in Fig. 2(b) for different mesh sizes. It is evident that while the oscillations have been mitigated, stresses do not149

converge as a function of mesh size. This lack of stress convergence is due to the presence of stress singularity along150

the crack front. We note that while the singularity effect and mesh sensitivity are moderated by crack tip plasticity,151

they are not eliminated (Xu et al., 2021). To further mitigate mesh sensitivity, we use smoothed deviatoric stress �0152

in the computation of FIP:153

�̂i j(xI) =

P
J �
0
i j(x

J)N(x = dJI j �; std)P
J N(x = dJI j �; std)

(11)

where �0 is the deviatoric stress. The underlying rationale is that the hydrostatic stress is closely associated with154

elastic component of deformation that remains singular, whereas the deviatoric stress is predominantly related to155

plasticity (Kozaczek et al., 1995; Jha et al., 2022). Figure 2(c) shows the deviatoric stresses for varying mesh sizes,156
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demonstrating improved convergence in stress magnitude. A similar trend is observed for the smoothed stresses as157

shown in Fig. 2(d). The smoothing procedure is also applied to the range of plastic strains �� p.158

To compute the rate of crack growth, we adopt the approach proposed in Castelluccio and McDowell (2014). At159

an arbitrary material point on the crack front, the crack growth rate is expressed as:160

da
dN

= � h�CTD � �CTDthi (12)

where, da=dN denotes the change in crack length a within the applied load cycle (N denotes the load cycle count),161

and h�i are Macaulay brackets. �CTD is the range of crack tip opening displacements observed during the load cycle.162

Material parameters � is a proportionality constant, and �CTDth is the threshold range, below which the crack does163

not grow.164

In the context of elastic-plastic fracture mechanics (EPFM), �CTD is often defined as the separation distance165

between the opposing faces of the crack. The specific point behind the crack tip used to measure the separation166

distance is the intersection point of two 45� lines drawn from the crack tip towards the crack faces (Shih, 1981). In167

the short crack literature, the selection of the point for computing �CTD has been largely empirical, spanning a range168

from 0.1 to 20 �m (Simonovski et al., 2007; Potirniche and Daniewicz, 2003a; Blochwitz et al., 2003; Potirniche169

and Daniewicz, 2003a,b; Lubich et al., 2022; Phung and Spear, 2019; Castelluccio and McDowell, 2014; McDowell170

et al., 2003; Simonovski and Cizelj, 2009). Generally, this point is chosen to be in close proximity to the crack tip171

nodes for the calculation and the distance is therefore dictated by the mesh size. The specific procedure used in this172

study for locating this point is demonstrated in Fig. 3: First, the tangent vector at each crack-front node is determined173

(indicated by the red arrow in Fig. 3). Next, a plane perpendicular to this tangent and passing through the crack-front174

node is constructed (a plane is uniquely defined by a point and a normal vector; shown as the red plane in Fig. 3).175

This plane is subsequently intersected with the crack surface mesh to obtain the intersection line (represented by the176

dashed red line in Fig. 3). Finally, a point located at a predefined distance d from the crack-front node, along the177

direction toward the crack surface and lying on the intersection line, is identified as the crack-surface location xCTD
178

used for the computation of �CTD (marked as the red point in Fig. 3). The crack opening displacement range at this179
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point is then computed as:180

�CTD =



�max(xCTD) � �min(xCTD)




 (13)

where �max=min(xCTD) represent the maximum/minimum separation at the identified point, xCTD, on the surface of the181

crack. Because the offset distance d is prescribed in physical space rather than defined by element size or nodal182

location, the �CTD measurement is not tied to mesh refinement, with refinement only improving the resolution of the183

local crack-tip deformation field. In the verification examples discussed below, d = 1 �m is used.184

Crack surface mesh

Tangent

Intersection line

d	𝜇𝑚

Figure 3: Procedure to identify the point behind each crack tip node

Particularly in high cycle fatigue conditions, crack propagation could be approximated to remain self similar for a185

number of load cycles, and the cycle jump technique, or more advanced multiple time scaling techniques (Oskay and186

Fish, 2004a,b; Crouch et al., 2013; Crouch and Oskay, 2015) are used to estimate fatigue life by directly resolving a187

small fraction of the load cycles. In this study, we employ the cycle jump technique for this purpose:188

�a =
da
dN

�N (14)

where, �N denotes the number of load cycles within which the crack propagation is taken to be self similar, and �a189

is the total accumulated crack growth length after �N cycles of loading. By this approach, the framework shown190

in Fig. 1 is executed N f =�N times, where N f denotes number of cycles to microstructure failure. After each cycle191

jumping, the crystal plasticity state variables in the vicinity of the crack were reformulated following the occurrence192

of the crack event. While field transfer techniques, such as that proposed by Proudhon et al. (2016), can be employed193

to map state variables onto newly generated mesh elements using standard finite element interpolation schemes, the194
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release of energy associated with crack propagation induces complex and highly localized changes in these variables195

that are challenging to predict accurately. To avoid introducing additional uncertainties, the state variables from the196

pre-remeshing configuration were not transferred to the newly generated mesh.197

In the current work, the crack grows in a node-wise fashion i.e., in each step, the growth direction and distance for198

each node along the crack front are computed. The direction is determined by weighting the FIP computed on each199

slip system:200

n =
1vtnslipX

s=1

�
FIP(s)

�2n

nslipX
s=1

����FIP(s)
����n

ns (15)

where the exponent n serves as a tunable factor to modulate the influence of each slip system, the effects of which is201

discussed further in Section 3. The crack growth direction n is normalized. Combining with the crack growth rate202

determined by Eq. (14), the crack growth vector at each crack front node is calculated as a = �an.203

Applying the aforementioned crack growth methodology results in sharp directional changes, particularly at grain204

boundaries, where the dominant slip system direction may shift rapidly. Figure 4 illustrates the formation of sharp205

directional changes in the context of a polycrystalline microstructure with an initially penny-shaped crack subjected206

to uniaxial loading. The crack in Fig. 4(a) has already propagated and crossed multiple grains (solid lines indicate207

grain boundaries). Local wrinkles at several locations along the crack front are evident and highlighted as red boxes.208

These local wrinkles, which are non-physical, tend to grow with each load cycle and may ultimately lead to failure209

in the remeshing process. To resolve this issue, a smoothing procedure for the crack growth vectors s based on the210

distance-based weighted method similar to Eq. (10) is proposed as shown in Algorithm 1. The algorithm identifies211

sharp turns for each node I along the crack front by computing the angle between adjacent growth segments, which212

is defined by xI � xI�1 and xI+1 � xI . When the angle exceeds a threshold (e.g., �/4), the sharp directional change213

is deemed to occur, a Gaussian-weighted smoothing is then applied to the corresponding vector using neighboring214

nodes, with weights based on arc-length distances and a narrow standard deviation (e.g., std=0.04). This process is215

repeated iteratively to further reduce residual sharpness. If abrupt directional changes persist, a final smoothing pass216

is applied using a broader kernel (e.g., std = 0.08), ensuring continuity and physical plausibility of the crack path. The217

above procedure ensures that smoothing is applied in a localized manner, thereby preserving the global characteristics218
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Algorithm 1 Smoothing Procedure for Crack Growth Vector

1: Input: Set of crack growth vectors s
2: Output: Smoothed crack growth vectors s
3: for each node I on the crack front do
4: Compute angle � = arccos ((xI � xI�1) � (xI+1 � xI))
5: if � � �=4 then
6: Smooth: s(xI) =

P
J s(xJ)N(x = dJI j � = 0; std = 0:04)=

P
J N(x = dJI j � = 0; std = 0:04)

7: end if
8: end for
9: for each node I on the crack front do

10: if sharp directional change is still present then
11: Smooth: s(xI) =

P
J s(xJ)N(x = dJI j � = 0; std = 0:04)=

P
J N(x = dJI j � = 0; std = 0:04)

12: end if
13: end for
14: for each node I on the crack front do
15: if sharp directional change persists then
16: Apply final smoothing: s(xI) =

P
J s(xJ)N(x = dJI j � = 0; std = 0:08)==

P
J N(x = dJI j � = 0; std = 0:08)

17: end if
18: end for

of crack growth, such as propagation along the preferred slip plane, which can further result in abrupt changes in219

crack trajectory, as will be demonstrated in Section 3.5. In practice, this smoothing process usually concludes after220

the second step. An example of the results yielded by this smoothing procedure is demonstrated in Fig. 4.221

3. Numerical results222

In this section, the capabilities of the proposed framework is assessed in simulating short crack propagation in a223

polycrystal domain. Figure 5a shows the microstructure used in this study. The microstructure is a three-dimensional224

cube with an edge length of 5 mm, and is composed of equiaxed, face-centered cubic (FCC) crystals. It contains 75225

grains, incorporating a penny-shaped crack at its center. Figures 5(b)-(d) show a representative mesh, mesh refinement226

near the crack front illustrated on the intersection plane in Fig. 5(a), and the crack surface mesh, respectively. The227

microstructure domain is discretized using linear tetrahedral elements with a hybrid formulation (to avoid volumetric228

locking), conforming to the grain boundaries. The parameters of the constitutive model are selected to represent the229

material properties of A356 aluminum alloy, as presented in Tables 1 and 2 (Yang et al., 2022). Parameters for crack230

growth are detailed in Table 3 (McDowell et al., 2003; Gates and Fatemi, 2017; Yang et al., 2022).231
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Figure 4: Smoothing outcomes for crack growth vector (the lines denote the grain boundaries): (a) No smoothing. (b) One step of
local smoothing. (c) Two steps of local smoothing. (d) Three steps of local smoothing
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Figure 5: Polycrystalline microstructure containing a penny-shaped crack: (a) Microstructure geometry with the initial crack
surface; the red plane denotes a reference cutting plane used to visualize the crack–microstructure intersection. (b) Finite element
mesh of the full three-dimensional microstructure. (c) Mesh at the reference plane, highlighting local mesh refinement in the
vicinity of the crack tip. (d) Discretized crack surface mesh, with a crack-tip element size of 1.5�m:
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3.1. Mesh convergence232

Consistent prediction of crack growth in the proposed framework requires that the deviatoric stress and plastic233

strain are accurately computed near the crack front. It is necessary to have sufficient mesh refinement near the crack234

front, and that convergence is observed as the mesh is refined. However, in view of the general complexity of poly-235

crystalline microstructures, high levels of refinement could lead to prohibitive computational cost. The microstructure236

shown in Fig. 5 is loaded cyclically (with an R ratio = 0) to 1% strain uniaxially under the boundary conditions shown237

in Fig. 6(a) for 350 equivalent cycles. The definition of the equivalent cycles is N = �N � nstep, where nstep is the238

number of executions of the proposed crack propagation framework. �N is taken to be 50 in the current example. The239

crack front is discretized using four different element sizes: 5 �m, 2:5 �m, 1:5 �m, and 1 �m. The morphologies of the240

simulated cracks are illustrated in Fig. 7. A smaller mesh size results in a smoother crack surface, and at 1:5 �m, the241

morphology of the crack surface converges to that of 1 �m mesh. A pronounced waviness in the crack morphology242

is observed in the coarsest mesh. This is because abrupt angle changes typically occur over only one or two elements243

such as those located at grain boundaries. In coarser meshes, these changes span larger spatial regions, making the244

angular discontinuities more pronounced compared to finer meshes. As a result, the subsequent smoothing process245

tends to introduce more noticeable waviness in the crack path. Therefore, when undergoing the same distance-based246

weighted smoothing process, abrupt changes are more likely preserved in coarser meshes, while in finer meshes, they247

tend to be smoothed out. In subsequent simulations, we choose a refinement size of 1:5�m for the elements at the248

crack front as it demonstrates convergence relative to the 1:0�m mesh while offering improved computational effi-249

ciency. This discretization results in a total of 250,578 elements for the microstructure with the initial penny-shaped250

crack.251

3.2. Effect of cycle jumps252

Even for relatively simple microstructures such as that shown in Fig. 5, direct resolution of every load cycle and253

performing crack growth at each cycle is computationally costly. The cycle-jump approach (Eq. 14) is therefore254

employed. To evaluate its impact on the accuracy of the proposed framework, three additional simulations were per-255

formed on the same polycrystalline microstructure under the boundary conditions shown in Fig. 6(a), using different256

numbers of crack growth steps: nstep = 25, 10, and 5, corresponding to crack propagation increments at �N = 10,257
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