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Abstract: Fatigue fracture simulation based on phase field methods is a promising numerical ap-
proach. As a typical continuum approach, phase field methods can naturally simulate complex fatigue
fracture behavior. Moreover, the cracking is a natural result of the simulation without additional
fracture criterion. This study first introduced the phase field fracture principle, then reviewed some
recent advances in phase field methods for fatigue fracture modeling, and gave representative exam-
ples in macroscale, microscale, and multiscale structural simulations. In addition, some strategies
to improve the performance of phase field models were summarized from different perspectives.
The applications of phase field methods to fatigue failure demonstrate the ability to handle complex
fracture behaviors under multiple loading forms and their interactions, and the methods have great
potential for development. Finally, an outlook was made in four aspects: loading form, fatigue
degradation criterion, coupled crystal plasticity, and performance improvement.

Keywords: phase field methods; fatigue fracture; performance improvement strategies

1. Introduction

Material failure prediction is of great importance in engineering and materials science,
and fatigue fracture as a typical form of failure has been of concern to scholars [1]. The
process of generating cracks in components under fatigue loading can be decomposed
into stages such as crack nucleation, steady-state propagation, and transient fracture. The
fundamental challenge in simulating fatigue fracture is accurately tracing the crack surface
under complex load conditions and material constitutive models [2,3]. Therefore, to handle
the problem, numerous numerical techniques have been created, which can be classified
into discontinuous and continuous methods [4,5]. However, discontinuous approaches
frequently call for a way to represent the fracture topology and the related crack-tracking
algorithm, which makes numerical integration and convergence challenging [6,7]. As a
typical continuous method, the phase field method has recently received a wide range of
attention [8,9]. The method can naturally model complex fracture processes including crack
nucleation, propagation, coalescence, and branching [10,11]. Furthermore, the crack is a
natural result of the simulation, obtained by solving differential equations related to the
phase field, without additional fracture criteria. The crack evolution can be modeled on the
fixed mesh, which avoids the tedious task of constructing the crack surface [12,13].

In the past few years, researchers have made many efforts to develop phase field
methods for fatigue crack growth, and considerable progress has been made [14-17]. Phase
field methods are widely applied to reproduce fatigue fracture behaviors, such as brittle [18],
ductile [19], hyperelastic [20], and corrosion [21] fracture. Complex loading conditions,
such as mechanical [22], thermal [23], and chemical [24] loads, as well as their interactions,
are commonly the root cause of these fatigue failure issues. Related phase field modeling
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has been applied in macroscale [25], microscale [26], and multiscale [27] models, as shown
in Figure 1. Most of the phase field models proposed in these studies accurately built the
crack morphology and reasonably predicted the fatigue life. Meanwhile, some strategies for
improving the performance of phase field models are proposed from various perspectives
to further improve efficiency, accuracy, and convergence. The performance of phase field
models has been satisfactorily improved due to the application of these techniques. This
paper aims to review the advances in these directions.
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Figure 1. Fatigue fracture behaviors simulated with phase field methods.

The paper is organized as follows: the phase field fracture principle is introduced
in Section 2. Brittle, ductile, hyperelastic, and corrosion fracture behaviors in phase field
fatigue modeling are given in Section 3, including the macroscale, microscale, and multi-
scale models. Strategies for improving the performance of phase field models are given
in Section 4, including accelerated solution technologies, element processing technologies,
and discretization methods. Finally, the concluding remarks and future directions are given
in Section 5.

2. Phase Field Fracture Principle

In this section, a linear elastic phase field model based on Griffith’s fracture theory is
introduced to illustrate the phase field fracture principle.
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For a one-dimensional case, the topology of a sharp crack (Figure 2a) can be described
by an auxiliary field variable ¢ € [0, 1] with:

_ 1 ifx=0
$(x) = {0 x40 @

which is called the crack phase field order parameter, with ¢ = 0 and ¢ = 1 denoting the
intact and fully broken states of the solid, respectively. The non-smooth crack phase field
can be approximated by the exponential function, given by [13]:

_
p(x) =e" T, 2
¢ is phase field variable, representing a diffusive or regularized crack topology (Figure 2b).

The regularization parameter I specifies the width of the smearing function, approaching
the discrete crack topology as [ — 0.
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Figure 2. Sharp (a) and diffusive (b) crack topologies.

Consider a discrete internal discontinuity I' in a solid body Q) (Figure 3a), a regularized
crack function I'; can be defined (Figure 3b):

r = [ Y(¢,9¢)av, 3)

where Y is the crack surface density function.
(a) (b)

p=1

I $=0

Figure 3. Schematic representation of a solid body. (a) Internal discontinuity boundaries, and (b) a
phase field approximation of the discrete discontinuities.

Phase field variable ¢ is smooth and continuous, and discrete cracks are represented in
a diffuse form. Thus, the robust modeling of crack interactions and branches with arbitrary
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topological complexity is possible. The objective of the diffuse representation is to introduce
the following fracture energy approximation over a discrete internal discontinuity I':

®— /r G dS ~ /Q G Y (¢, V)dV, @)

¢ =G Y (¢, Vo), (5)

where ® and ¢ are the fracture energy and its density, respectively. G, is fracture tough-
ness. The rate-independent fracture description is extended to include time and history
dependent concerns [25]:

o= [ [ [ Gef @) ¥(9,Vg)av |at, ©)

¢ = Gef(B(1))Y(¢, V), @)

where 8 is the cumulative history variable, which fulfils ¢ > 0, and f(d(t)) is a fatigue
degradation function. This form achieves fatigue degradation of materials by degrading
fracture toughness.

The total potential energy of the solid is defined as the sum of the strain energy and
fracture energy, which is expressed as:

T1= [ (wole.g(@) + 9(0, Vo))V, ®
W =1(e,8(¢)) + 9(¢, Vo), )

where [T and W are total potential energy and its density, respectively. 1y is the undamaged
elastic strain energy density. g(¢) is a phase field degradation function, and one of its
general expressions is described as:

g(@)=(1-9¢) (10)

In order to explain the inconsistency in the contribution of tensile and compressive
behavior to material degradation, the elastic strain energy density must be additively
divided into active ¢, and inactive 1, components [13,28]:

Yo = (1— )7 (2) + g (e). (11)

Damage is an irreversible process: ¢ > 0. To enforce irreversibility, a history field
variable H is introduced, which must satisfy the Karush-Kuhn-Tucker conditions:

Yy —H <0, H >0, H(py —H)=0. (12)
For a current time ¢, over a total time 7, the history field # is understood as:

H = maxye [y (1) (13)

The fracture energy density is further defined as:

0 = F@CN(0,V9) = F@ o, (wie) + 2]V ). 19
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where w(¢) is the geometric crack function, and ¢, is a scaling constant. The dissipation
function rules the energy dissipation due to the formation of a new crack. There are two
widely used models [18]:

AT2 model: w(¢) = ¢* and ¢, = (15)

1
2/
2

AT1 model: w(¢) = ¢ and ¢y = (16)

3
The AT2 model has a vanishing threshold for the onset of damage, resulting in a
material behavior without an initial linear elastic branch, while the AT1 model has the
ability to reproduce the initial linear elastic constitutive behavior.
The total potential energy and its density of the solid are reformulated as:

H:/O((l—qaz)?-i +f(z9)4(i;(w(l¢)+l|v¢|z)>dv, (17)
W= (1 — ¢2)H +£(9) fc (w(¢) + l|V¢|2). (18)
Cw l

Based on the above equation, the weak form of the equilibrium equations for the
displacement and phase fields can be derived using the variational principle and applied
to the subsequent solutions.

To sum up, phase field models at the mechanical level can be considered an extension
of the Griffith fracture theory. The potential energy used for variational analysis includes
the fracture energy, which is regularized with the aim to build up a diffuse form of the crack.
As a result, phase field methods offer the enormous possibility for handling challenging
fracture problems.

3. Typical Fracture Behavior in Phase Field Fatigue Modeling

In this section, four typical fracture behaviors in phase field fatigue modeling will be
reviewed, including brittle, ductile, hyperelastic, and corrosion fracture. The scales of the
model involve macroscale, microscale, and multiscale. Note that the characteristic length
to differentiate between macroscale and microscale is 0.1 mm in this paper.

3.1. Brittle Fracture
3.1.1. Macroscale Brittle Fracture

In the field of research on macroscale brittle fracture, Alessi [29] proposed a new
variational fatigue phase field model using a phenomenological approach for the study of
the one-dimensional case. The model is capable to describe a typical Wohler curve and
to recover the known trends in the description of the mean-stress effects. Mesgarnejad
et al. [30] developed a class of phase field models to describe fatigue fracture phenomeno-
logically through local fracture toughness degradation. The model is the ability to detail
the growth of a collection of interacting cracks in complex geometries. A similar approach
is also reflected in the work of Grossman-Ponemon et al. [31] and Hasan et al. [14]. Carrara
et al. [18] modified the standard regularized free energy function by introducing a sui
fatigue history variable and a fatigue degradation function, which effectively reduces the
fracture toughness. Numerical results demonstrate that the crack propagation rate curve
and the Paris law are naturally recovered, and subsequently demonstrate that the frame-
work is available to handle complex geometries and loading conditions in 2D (Figure 4a)
and 3D (Figure 4b).
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Figure 4. Macroscale brittle fracture. (a) A 2D plate with holes model and (b) a 3D steering arm
model [18].

Lo et al. [32] introduced a crack expansion viscosity parameter into the standard
phase field model for the brittle fracture to account for the rate- or period-dependent crack
propagation phenomenon. An elastic energy decomposition method is employed to ensure
that the compressive stresses do not contribute to the phase field evolution, and a modified
J-integral is proposed to reproduce the Paris law using the phase field approach. Finally, the
ability of the model to reproduce a 3D crack is illustrated. To effectively simulate fatigue
crack growth in thin-walled structures, Liu et al. [33] presented a global-local phase field
method for large deformation shells to provide an efficient modeling framework. The
global model can be coarsely meshed, while the local model can be meshed more finely to
handle the displacement-phase field problem. The capability of the global-local model is
proved by simulating crack propagation in a cylindrical thin-walled structure under fatigue
cyclic loading.

3.1.2. Microscale Brittle Fracture

The failure mechanism of materials generally depends on their microstructures, such
as grain size and orientation, grain boundary characteristics, impurities, and voids. Emdadi
and Zaeem [34] proposed a modified phase field model based on Griffith’s theory for the
study of intergranular and transgranular crack growth in polycrystalline brittle materials.
The simulation results demonstrate that the specific combination of grain boundary strength
and crack surface energy can promote along-crystal crack growth in, thus affecting the
fracture performance of polycrystalline materials.
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The micro crack in some components has a significant impact on their performance,
such as heat transfer, mass transfer, and energy storage. Relevant failure problems can be
handled using the phase field method. For the failure of thermal barrier coatings (TBCs),
Xiao et al. [35] presented a growth chemical model for the Thermal growth oxide (TGO)
and thermal mechanical interaction phase field model and discussed the delamination
mechanism of TBCs under thermal cycling from a microscopic perspective. The result
proves that the phase field model is a good reproduction of the complex failure behavior in
TBCs. The electrode particles in Lithium-ion batteries are small in size and their cracking
drive battery capacity degradation. Ai et al. [36] developed a multi-physics phase field
fatigue model to investigate the crack growth in battery electrode particles undergoing
hundreds of cycles. In addition, the electro-chemo-mechanical formulation is combined
with CT imaging to simulate the fatigue fracture of real particle microstructure. Using the
method, the nonlinear crack growth behavior can be accurately predicted, and the crack
length is observed to increase exponentially with the number of cycles.

3.2. Ductile Fracture
3.2.1. Macroscale Ductile Fracture

Ulloa et al. [37] offered a coupled gradient-enhanced plastic damage model that
uniformly captures the features of both low and high circumferential fatigue. The suggested
variational model can explain cyclic failure under both force and displacement loading
by combining cyclic plasticity and the phase field description of the fatigue fracture. The
simulation result of an asymmetric notched plate model is shown in Figure 5. To ensure
that the compressive plastic energy does not contribute to crack formation in elastoplastic
materials, Shi et al. [19] established a plastic history field and presented an alternate elastic
energy decomposition technique. The model can eliminate the fictitious propagation
of compression cracks and predict the results closer to the experimental observations.
Haveroth et al. [38] proposed a general thermodynamically consistent non-isothermal
phase field model for fatigue evolutions in elastoplastic materials under the hypothesis of
small strains. The ductile fracture and fatigue processes can be qualitatively and statistically
reproduced using the model. Song et al. [39] developed a phase field viscoplasticity
coupling method to model the crack growth in a nickel-based superalloy under fatigue.
The result shows that the method is very effective in predicting the fatigue crack growth
under varied dwell times at peak load, and it is further used to simulate the growth
path of the 3D corner crack model. Cyclic plasticity in fatigue behavior often leads to
large computational costs. Therefore, Khalil et al. [25] proposed a generalized phase field
model for fatigue crack growth in elastoplastic solids with an efficient solver. Both non-
linear kinematic and isotropic hardening are investigated, as well as the combination of
the two models. By testing typical numerical examples, the framework is found to be
efficient in predicting fatigue crack propagation in arbitrary geometries as well as cyclic
hardening in elastoplastic materials. Some advanced materials tend to have anisotropic
elastoplastic fracture behavior, and phase field methods have been applied to related fields.
Li et al. [40] presented a phase field model for anisotropic elastoplastic fracture behavior.
The model contains three innovations: an extension to a phase field model of anisotropic
elastoplasticity, a transformation from quasi-brittle to elastoplastic fracture behavior, and a
novel method to identify the macroscale strain density as a function of microscale interface
damage variables. The application of the model for 3D printed polymer materials has been
approved through an experimental comparison.

3.2.2. Microscale Ductile Fracture

It is challenging to simulate ductile fracture in microscale models. Seles$ et al. [41]
simulated complex fracture and fatigue failure processes in the microstructure of nodu-
lar cast irons to investigate the transition between brittle and ductile fracture material
behavior. It is concluded that under cyclic loading conditions, the transition between
low and high cycle fatigue regimes is captured by analyzing the fracture patterns and
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Wohler curve of the specimens. As the load amplitude decreases, the model shows less
plasticity and thus transitions to high cyclic regimes. The phase field modeling of microc-
racks in polycrystalline materials is equally of concern. Tu et al. [42] developed a coupled
crystal plasticity-phase field (CP-PF) model for simulating image-based crack growth in
polyphase-polycrystalline microstructures of aluminum alloy. The problem is character-
ized by elastoplasticity anisotropy and cracking features such as nucleation, propagation,
coalescence, and branching. Simulations of structural deformation, crack nucleation, and
propagation in polycrystalline microstructures were carried out under monotonic and
cyclic loading conditions, and the robustness and effectiveness of the model in modeling
microcracks was demonstrated.
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Figure 5. Macroscale ductile fracture. (a) Equivalent plastic strain field and (b) phase field [37].

3.2.3. Multiscale Ductile Fracture

In terms of multiscale methodological studies, Sadeghirad et al. [27] proposed a
method for predicting crack initiation in the microstructure, which uses a phase field model
combined with an extended finite element method (XFEM) to achieve an accurate modeling
of macroscale crack growth. The macroscopic model assumes linear elastic material behav-
ior while coupling the phase field model and the crystal plasticity model at the microscopic
scale to capture the plastic behavior of non-uniform polycrystals. Compared with experi-
mental results, it is found that the proposed multiscale approach utilizes the advantages of
each method to provide an accurate prediction with minimal computational cost.

3.3. Hyperelastic Fracture

To describe rubber damage caused by cyclic loading, Loew et al. [43-45] extended the
previous method to establish a phase field model for rate-dependent rubber fracture in a
finite strain condition. A rate-dependent fatigue model is developed based on a load-history
dependent fatigue damage source. The Wohler curve and the rate of the crack growth
curve are given by the simulation, and the failure behavior of the single notch under cyclic
tensile load is also predicted, which is in good agreement with the experimental findings.
The simulation results of two kinds of fatigue tests are shown in Figure 6a,b. Although this
model accurately describes fatigue failure, its calculation speed is slow. Therefore, Loew
et al. [44] provided an acceleration scheme for the cyclic loading of the phase field damage
model, and the simulation speed is improved by using the cyclic skipping technique.



Metals 2023, 13,714 9of 16

(@)

—~
O
~—"

4
4

] | 4 ‘.= E
B Ei y T .
c T W BEE sl Sammmmaas
B ey - O v
B = =
PR, | N A —
B N S ===
Tomm N=27 N=66 = ) = )
N=298 N=313

Figure 6. Hyperelastic fracture. (a) A single edge notched plate model and (b) a bending beam
model [44].

Fatigue failure simulation of Shape Memory Alloys (SMAs) has been a difficult prob-
lem owing to nonlinear constitutive behavior. Simoes et al. [46,47] developed the first phase
field fracture formulation for SMAs. The hyperelasticity and shape memory effects are
caught by the constitutive behavior, which includes phase transitions induced by stress
and temperature. An implicit time integration scheme with both monolithic and staggered
solution strategies is applied for the numerical implementation of the theoretical formula-
tion. Based on this framework, fatigue failure studies are carried out for complex SMAs
structures. The result shows that the phase field approach can simulate several typical
2D and 3D problems involving subcritical crack propagation, unstable cracking, crack
coalescence, and fatigue crack growth, which demonstrates the potential and robustness of
the model. The design of SMAs components can also be optimized using the framework.

3.4. Corrosion Fracture

Predicting the failure of engineering parts in aggressive environments is a long-
standing scientific challenge. The interaction of mechanical loading and the corrosive
environment promotes the nucleation and propagation of cracks, a process known as stress
corrosion cracking (SCC). It occurs in a wide variety of metallic materials and settings and
is frequently facilitated by pre-existing flaws [24]. Martinez-Pafieda et al. [48] presented a
phase field formulation for the long-term problem of hydrogen assisted cracking. A coupled
mechanical-diffusion-phase field finite element framework is used to analyze hydrogen
transport to the fracture area and subsequent cracking, and the plate with preexisting
defects is considered. The model has the ability to capture complex crack growth caused by
inherent defects in the corrosive environment. The strategy has quickly gained in popularity
as an approach for combining different hydrogen embrittlement models [49-51], however,
the majority of analyses are restricted to 2D boundary value problems. The deformation-
diffusion-damage coupling framework developed by Kristensen et al. [52] considers the
AT1 and AT2 models, inertial effects, and 3D model implementation for the first time,
which can predict the defect evolution under operating conditions until the ultimate failure.
Cui et al. [21,24] presented a new framework for modeling mechanically-assisted corrosion
in elastoplastic solids and proposed a formulation based on the film fracture-dissolution-
repassivation mechanism. The model takes into account the electrochemical driving force of
mechanical straining, which speeds up the kinetics of corrosion. The simulated crack of the
C-ring reveals a good agreement with the experimental observation, as shown in Figure 7.
Golahmar et al. [53] proposed a multi-physics phase field model for hydrogen-assisted
fatigue by combining hydrogen assisted failures and mechanical fatigue. To capture how
newly formed fracture surfaces are quickly exposed to the environment, a penalty tech-
nique was used to implicitly enforce moving chemical boundary requirements. The study
shows that the model sufficiently captures the sensitivity of fatigue crack growth rates to
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hydrogen content, and recovers the Paris law naturally, which can quantify the influence of
hydrogen on the Paris law parameters.

(@)

(b)

Cracks

Figure 7. Corrosion fracture. (a) Experimental observation and (b) simulated crack of the C-ring [21].

Corrosion fracture in the microstructures is equally of attention. To achieve the
simulation of the SCC initiated from surface pits, Mai et al. [54,55] implemented the film
rupture-dissolution-repassivation model, which relates the interface kinetics parameter
to the stress distribution near the crack tip. The evolution of the cracking interface is
approximated by coupling the governing equations of electrochemical corrosion with
the elastoplastic deformation of metals. It is demonstrated that the model can reliably
replicate experimental results after proper calibration and show applications for the material
microstructure on SCC.

4. Performance Improvement Strategies for Phase Field Models

The phase field method has advantages for addressing complicated fracture problems,
but it has a high computational cost and modeling difficulty. It is necessary to develop
studies on the performance improvement of phase field models. In this section, some
typical performance improvement strategies for phase field models are reviewed from
three aspects, including accelerated solution technologies, element processing technologies,
and discretization methods.

4.1. Accelerated Solution Technology
4.1.1. Cycle Skipping Technique

Improving the computational efficiency of phase field models is also a concern for
researchers. The computational cost of cyclic loading is quite large, especially for high cycle
fatigue. To keep the solution time within acceptable limits, Schreiber et al. [56] collected a
similar number of cycles into blocks, and additional fatigue damage processed within one
simulation step referred to these blocks. The block size was adaptively selected to control
the damage rate. Yan et al. [57] developed an adaptive cyclic incremental adjustment
algorithm, which can reduce the computational cost of the simulation without sacrificing
accuracy. The whole simulation is divided into three stages: elastic stages, transition
phase, and fatigue stages. The damage increment is controlled to obtain a moderate fatigue
energy growth, where the number of cycle increments is chosen adaptively according to
the damage increment.

When nonlinear material constitutive is involved, Sele$ et al. [58] presented a full
range phenomenological fatigue fracture model able to reproduce the main features of
low and high cycle fatigue which consider cyclic plasticity. A two-part cycle skipping
technique is implemented in this work. The technique precisely solves the highly nonlinear
time-evolutionary behavior by automatically calculating the lower number of cycles to be
skipped or by not skipping cycles at all. Loew et al. [44] presented explicit and implicit
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cycle skipping schemes to simulate the fatigue crack growth of rubber. It is found that both
schemes reduce the calculation time significantly, while the accuracy remains substantially
unaffected. The adaptive cycle skipping method for the implicit acceleration framework is
dependent on the number of iterations since the size of the cycle step controls how quickly
simulations accelerate, but may give rise to incorrect results. The method proposed by
Loew can reduce the calculated costs by 99.5%.

4.1.2. Quasi-Newton Monolithic Scheme

One of the main reasons for the high computational cost of phase field models is that
the robust but inefficient alternating minimization (AM) or staggered scheme is widely
used. Aiming to tackle the difficulty, Wu et al. [59,60] proposed, for the first time, to use
the Broyden-Fletcher—Goldfarb—Shanno (BFGS) algorithm to solve the coupled governing
equations in a monolithic manner rather than the standard Newton iterative scheme in
a staggered manner. Representative example shows that the quasi-Newton monolithic
scheme is about 3-7 times faster than the staggered solver, and the larger the model scale is,
the more costs can be saved. On this basis, Kristensen and Khalil et al. [25,61] proposed a
generalized phase field model for fatigue crack growth in elastic and elastoplastic solids
by combining the phase field framework with the quasi-Newton monolithic scheme. In
addition, a new adaptive time increment scheme is introduced to further reduce the
cost while allowing sudden changes in fracture behavior to be accurately resolved. Liu
et al. [33] presented a phase field model for large deformation shells based on the quasi-
Newton monolithic scheme, and the excellent convergence performance of the form was
proved. To further save computational costs, a specific global-local method using solid
shell elements was proposed, and its capability is verified by simulating crack growth in
cylindrical structures.

4.2. Element Processing Technology
4.2.1. Adaptive Mesh Refinement Technology

The adaptive mesh refinement technology is an effective means to solving the contra-
diction between the computational efficiency and accuracy of the phase field model. Freddi
etal. [62] investigated the global and global/local refinement strategies. Compared with the
global technique, the global/local strategy can reduce the calculation cost by about 20-30%,
but it is more sensitive to parameter selection. Xu et al. [63] proposed a multi-level adaptive
mesh refinement technique suitable for the phase field model. In addition, an improved
backtracking algorithm enables the adaptive mesh to handle complex crack propagation.
The calculation efficiency of this method can be increased by around 30 times over global
mesh refinement. Aiming at the problem that the existing adaptive mesh refinement tech-
nology cannot accurately simulate crack initiation without a prior local refinement, Gupta
et al. [64] developed an adaptive mesh refinement algorithm for phase field models using a
multi-level mark—unmark strategy. The algorithm utilizes a threshold to mark elements
based on effective crack driving energy and reduces the calculation time by 5-50 times as
compared to simulations that adopt a priori non-adaptively strategy. Eldahshan et al. [65]
combined the framework of ductile fracture phase field modeling with adaptive refinement
technology to effectively simulate ductile fracture without the need to predefine the crack
initiation site.

4.2.2. Combined Extended Finite Element Method (XFEM)

XFEM is one of the most popular methods to simulate crack propagation. As a
discontinuous method, it has the following advantages: (a) Explicit representation is helpful
to the modeling of crack morphology; (b) Any wrong interaction between crack surfaces
can be avoided; and (c) The rear area of the crack tip may be roughly discretized. Therefore,
if the phase field model can be combined with XFEM, the efficiency and performance of
the model can be effectively improved. Existing studies have confirmed this conjecture.
Giovanardi et al. [66] established a hybrid XFEM-Phase field (Xfield) method. A global
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solution for the displacement field is calculated with XFEM. Then, using a finer mesh and
Dirichlet boundary conditions that are derived from the overall solution, a phase field
model in overlapping subdomains including the crack points is solved to determine the
growth. Patil et al. [67] proposed a similar strategy called the local moving extended phase
field method (LMXPEM). The crack is described by XFEM, and the phase field model is
employed in small circular subdomains around the crack tips. These works are limited to
2D problems. Muixi et al. [68] developed a combined XFEM phase field model (PF-XFEM)
without remeshing. The same background mesh is used throughout the simulation. The
discretization is automatically updated as the crack grows, avoiding remeshing to improve
efficiency. The robustness of the model is proved in 2D and 3D instances.

4.3. Discretization Method
4.3.1. Fast Fourier Transform (FFT) Method

The application of phase field methods to simulate fractures in heterogeneous mate-
rials usually requires fine meshing and hence a large number of elements in the model,
weakening the efficiency of standard finite element solvers. Motivated by this limitation,
Chen et al. [69] proposed an FFT solver of a variational phase-field model for brittle fracture.
Relying on the staggered scheme, the phase field and elastic problem are resolved by the
FFT technique. As an alternative, FFT methods use matrix-free iterative algorithms to solve
partial differential equations with periodic boundary conditions. Moreover, segmented
digital images can be used as input for the simulation without the meshing step. To further
improve the performance of a fixed-point algorithm, an improved convergence acceleration
approach is presented. Sadeghirad and Ma et al. [27,70] simulated the crack growth inside
the polycrystalline microstructure with the help of the FFT-solver, and the accuracy and
efficiency of this method are proved.

4.3.2. Machine Learning: Physics Informed Neural Network (PINN) Algorithm

Goswami et al. [71] proposed a new physics informed neural network (PINN) algo-
rithm for predicting the crack propagation based on the phase field method. The suggested
approach offers two key advantages over the conventional residual-based PINN. Firstly,
the imposition of the boundary conditions is simpler and more robust. Moreover, training
the network is quicker because the derivatives in the functional form of the variational
energy are of a lower order than those in the residual form employed in standard PINN.
The proposed machine learning method has less code and is easy to implement. After
the network is trained, compared with the finite element method, the method can have
good calculation savings, but the discrete elements required are significantly smaller. The
potential application of this approach is to be a low-fidelity surrogate for the high-fidelity
numerical solvers, which is very useful in reliability analysis and design optimization.

4.3.3. Meshfree Method

Amiri et al. [72] developed a fourth order phase field model based on the meshless
local maximum entropy (LME) approximants. This meshless method allows the model
to directly solve the fourth order phase field equation without splitting the fourth order
differential equation into two second order differential equations. Representative examples,
such as the mode-I tension specimen and the single edge notched beam, show that both
second-order and fourth-order phase field models are capturing complex crack behavior,
and the fourth-order model can capture crack surfaces more accurately. In addition, the
fourth order model requires fewer nodes. The simulation results are in good agreement
with the analytical solutions and experimental data.

4.4. Summary

The seven performance enhancement strategies reviewed above all have achieved
effective performance enhancement for phase field models, providing a basis for subsequent



Metals 2023, 13,714

13 of 16

related studies. However, these strategies still have certain disadvantages, which are
summarized in Table 1.

Table 1. Summary of the main performance improvement strategies.

Strategies Specific Methods Disadvantages
The strategy improves computational efficiency
Cycle skipping technique by appropriately increasing the size of
Accelerated solution technology increment step, but larger increment steps may
Quasi-Newton monolithic scheme ignore abrupt load changes, which can lead to

incorrect results.

Element processing technology

For slightly complex 3D models, the strategy is
Adaptive mesh refinement technology  gifficult to generate structured mesh, and only
Combined XFEM unstructured mesh with low computational
efficiency and accuracy can be used.

Discretization method

Compared with the finite element method, the
FFT method strategy has a greater difficulty of the model
. development, while there are few related
PINN algorithm studies, and more samples are urgently needed
Meshfree method to verify the accuracy and effectiveness of
the method.

5. Conclusions

Phase field methods is a promising tool for numerical simulation. This work first
introduces the principle of phase field approximation of cracks and then reviews some
recent advances in phase field methods for simulating fatigue fracture. Representative
examples from macroscale, microscale, and multiscale structural simulations are given, and
some strategies for improving the performance are summarized. The application of phase
field methods to fatigue failure fully demonstrates its ability to reproduce complex fracture
behaviors under multiple loading forms and their interactions, and the methods have great
potential for development. For future work, four aspects are proposed:

1.  Phase field models need to be further applied to fatigue failure simulation of advanced
materials under complex loading forms, such as thermal fatigue, thermo-mechanical
fatigue, and high temperature vibration fatigue.

2. Most of the fatigue degradation criteria in existing phase field models are phenomeno-
logical. The establishment of fatigue degradation criteria that correspond to the real
physical mechanism can contribute to the improvement of the prediction accuracy of
phase field models.

3. The combination of phase field methods and crystal plasticity finite element has great
potential to simulate fatigue crack growth in microscale, which can clearly understand
the damage mechanism of metal microstructure. More advanced algorithms need to
be built to accomplish this coupling process.

4. Some effective strategies for improving the performance of phase field models are
proposed. However, these methods have certain disadvantages and continue to have
their own limitations when faced with some complex simulations. It is still essential
to further improve the performance of phase field models.
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