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Abstract

This study presents prediction of crack propagation in polycrystalline materials under
cyclic loads using Peridynamic (PD) theory. The PD fatigue model utilizes the strain-
load cycle (e-N) data and introduces the “remaining life” of each bond calculated from
its cyclic strain, which changes over time. The model also captures the traditional Paris
law, which is widely used for computing the fatigue crack growth. Moreover, a new
crack tip detection algorithm is introduced to adaptively detect the crack tip which is
necessary for the PD fatigue model. Finally, several numerical cases are considered to
investigate the effect of the strength of grain boundaries and the size of grains on the
fatigue behaviour of polycrystalline materials.
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1. Introduction

Marine structures are subjected to harsh marine environment including cyclic loads and
corrosion. Fatigue, which occurs under cyclic loading, is one of the dangerous
phenomena causing catastrophic failures below the static endurance limit of marine
structures. Prediction of fatigue in engineering structures is usually challenging.
Moreover, metallic materials used in marine structures are polycrystalline materials and
their micro-structure at the crystal level can have a significant influence on the fatigue
behaviour. Engineers and researchers have developed several different methods to
overcome these challenges. During the late 20™ century, experimental methods were
mainly used by researchers to analyse fatigue crack propagation. Reece et al. (1989)
studied crack propagation in alumina under both static and cyclic loading conditions.
They used electron microscope to scan the fracture surface of static and cyclic cracks
and compared differences between them. Moreover, optical microscope was used in
some other experimental studies to monitor cyclic fatigue crack paths by Dauskart et al.
(1987,1990) and Von Euw et al. (1972). On the other hand, researchers put significant
effort to analyse the experimental results by using several different methods including
the stress intensity factor (SIF) proposed by Irwin (Irwin 1957) and Paris’ Law (Paris
1961) which was introduced to establish the fatigue crack propagation rate (Dauskart
etal. 1987, 1990, Von Euw et al. 1972, Hopper and Miller 1977, Zheng and Hirt 1983,
Pearson 1975). Another method which is also widely used is the stress-life (S-N)
method. For example, the S-N curve obtained from the bending fatigue test of a high
carbon-chromium specimen was used to understand the fracture modes (Shiozawa et al.
2001). Marines et al. (2003) used the S-N curve approach to modify the ultrasonic
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fatigue test results of the bearing steel AISI-SAE 52100. Moreover, Donahue et al.
(1972) used crack opening displacement (COD) method to calculate SIF in order to
estimate the fatigue crack growth rate. Crack closure approach was used by Wolf (1970),
Lindley and Richards (1974) and Newman (1981) to analyse the fatigue crack growth.
Rice (1967) summarised the mechanics of near crack deformation and fatigue crack
propagation.

The development of technology and computational methods also provides researchers
more options to deal with fatigue analysis problems. One of the most common methods,
Finite Element Method (FEM), was used by Dhont (1998) to solve the stress field
around the crack tip region and then use the S-N curve to predict the fatigue life of the
structure. Dong (2001) used both FEM and S-N curve to study the fatigue behaviour of
welded joints. Similarly, Paris’ Law was used by Newman (1976) after obtaining the
stress data around cracking area using FEM. Moreover, the Boundary Element Method
(BEM) was also used by Gerstle et al. (1987) to compute the SIF, which was then used
to calculate the fatigue crack growth rate based on Paris’ Law. Since there are
limitations for the FEM to deal with the crack growth problem, Cohesive Element
Method (CEM)/ Cohesive Zone Method (CZM) has been developed to overcome this
limitation. For instance, after generating displacement field using CEM, both Paris’
Law and COD method were considered by Nguyen et al. (2001) to compare the
propagation rate of both long and short cracks. Roe and Sigmund (2003) and Yang et
al. (2001) used CZM to predict fatigue crack growth. However, the former used strain
energy release rate to compute crack growth rate and the latter used Paris’ Law.
Extended Finite Element Method (XFEM) has also been widely used in fracture
mechanics and Sukumar et. al. (2003) utilised XFEM to study the three-dimensional
fatigue crack propagation. In addition to the stress related methods, strain energy related
methods can also be used for fatigue analysis. Sih and Barthelemy (1980) provided
expressions on calculation of crack growth rate based on strain energy density and
claimed that using strain energy density to predict mixed mode fatigue crack growth
rate is more convenient than SIFs. A strain energy density model was recently
developed by Huffman et al. (2017) to predict fatigue crack propagation of a pressure
vessel made of mild steel. Moreover, since J-integral method can be used to compute
strain energy release rate around crack tip region, Dowling and Begley (1976) used J-
integral to study the elastic-plastic fatigue cracking behaviour. Although the methods
described above are mainly focusing on macroscopic level, they could also be used for
fatigue analysis at meso-scale (crystal level). For instance, microscopy and X-ray can
be used to visualise and monitor the fatigue crack pattern at crystal level (Zhai et al.
2011, Chevalier et. al. 1999, Liu et. al. 2011). Moreover, in addition to CZM (Bouvard
et al. 2009) and FEM (Kirane and Ghosh 2008, Liu et. al. 2011, Proudhon et. al. 2016),
Molecular Dynamics (MD) (Potirniche et. al. 2005, Tang et. al. 2010) can also be used
to study fatigue crack growth for crystals.

In this study, an alternative numerical approach called Peridynamic (PD) theory is used
to study the fatigue crack propagation in polycrystalline materials for the first time in
the literature. PD has several advantages with respect to some other existing approaches.
Fatigue has three phases including nucleation, fatigue crack growth and final rupture.
S-N curve approach can only provide fatigue life. Paris’ law can only represent fatigue



crack growth phase. On the other hand, PD can represent all three phases of fatigue
process. Therefore, it is a more comprehensive approach. For the fatigue model used in
this study, switching from nucleation to crack growth phase is done by automatically
updating the location of the crack tip during the simulation. Therefore, a novel crack
tip detection algorithm is developed.

PD theory was first introduced by Silling (2000) and being used by researchers to solve
various different problems (Ni et. al. 2019, Imachi et. al. 2020, Gu et. al. 2019,
Chowdhury et. al. 2019, Liu et. al. 2020, Zhang et. al. 2019, Fang et. al. 2019, Huang
et. al. 2019, Wang et. al. 2018, Diyaroglu et. al. 2019, Yang et. al., 2019, Alpay and
Madenci 2013, Oterkus et. al. 2012, Basoglu et. al. 2019). The first PD fatigue model
was developed by Oterkus et. al. (2010). Moreover, Silling and Askari (2014)
introduced another model which can reproduce the well-known Paris’ Law and was
used by Zhang et. al. (2016) to predict and compare the crack patterns with
experimental results. A different PD fatigue model was introduced by Hu and Madenci
(2017), which is based on the calculation of critical strain energy release rate to predict
the fatigue life of a composite lamina. Our study utilizes the PD fatigue model given in
Silling and Askari (2014) with a novel crack tip detection.

2. Peridynamic Theory

The equation of motion of a material point in PD theory can be expressed as (Madenci
and Oterkus 2014):

p(x)ii(x,t)=IHxf(u(x',t)—u(x,t),x'—x)de, +b(x,7) (1)

where p(x) represents the density of the material and ii(x,t) and u(x,t) denote the
acceleration and displacement of the material point X at time ¢, respectively.
f(u(x',t) —u(x,7),x'- x) is the PD bond force between material points X and x'. V.,
represents the volume of the material pointx' which is located within the Horizon, H_

of the material point X . The term “horizon” is a fundamental parameter in PD theory,
which represents a specific region for a material point X defining the range of
interactions between the material point X and its family members x' (as shown in
Figure 1) (Silling and Askari 2005). The size of the PD horizon, & , depends on whether
the PD model can represent the physical mechanisms correctly (Seleson and Parks

2011).
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Fig. 1 Peridynamic Horizon

The expression of the PD bond force between material points X and x' for an elastic
material can be written as (Madenci and Oterkus 2014):

y-y
f(u'-u,x'-x)=cs 2)
( ) |y|_y|

where ¢ represents the PD bond constant which includes material properties (Madenci
and Oterkus 2014). y'-y term in Eq. (2) represents the relative position of the material

point X' with respect to the material point X after deformation. The term s is the
stretch of the bond between material points X' and x which can be expressed as:

vyl
[x'=x

3)

Fig. 2 shows the relationship between PD bond force f (u'— u,x'— x) and stretch
s(u'—u,x'-x) for a linear elastic brittle material. The s, in Fig. 2 denotes the critical
stretch in PD theory, which means that a PD bond will be broken if s > s, i.e. bond

force equals to zero. The damage of a material point can be calculated as:

_ number of broken bonds

“4)

total number of bonds

Surface correction is one of the important considerations in PD theory since material
points close to the surfaces lack some family members which causes reduction in
stiffness for these material points and should be corrected. The details of the surface
correction procedure can be found in Madenci and Oterkus (2014).
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Fig. 2 Bond Constant and Critical Stretch for a Linear Elastic Brittle Material



3. Fatigue Model in Peridynamic Framework

The PD fatigue model was recently introduced by Silling and Askari (2014) for linear
isotropic materials which includes all three phases in fatigue failure; nucleation, fatigue
crack growth and final rupture.

The failure algorithm described in previous section can only be used for the final
rupture phase. For the nucleation and fatigue crack growth phases, a new failure
algorithm called “remaining life” was introduced by Silling and Askari (2014). A new

damage parameter l(x,&, N ) is utilised to monitor the remaining life of a bond §

which is associated with a material point X, and its evolution with number of cycles N
can be expressed as (Silling and Askari 2014):

A
Z—N(N) ——de” 5)

where 4 and m are material constants which can be determined based on
experimental data. & denotes the cyclic bond strain of the bond &, which can be

computed as:

(6)

X n

where s™ and s™ are the stretch of the bond & under the maximum and minimum

loads in one cycle. It is assumed that the initial life of the bond & at N =0 is 1, i.e.
A(0)=1, and the bond breaks irreversibly when A(N)<0. Since the material is

assumed to be linear elastic material, the cyclic bond strain can also be expressed by

ax min / max
S

using only s™ and the load ratio R == . Hence, Eq. (6) can be rewritten as:

£=|1-R)s™ (7)

which means that only the maximum loading condition needs to be considered in
simulations.

The initial phase of the PD fatigue model is Phase I: Nucleation. In this phase, the
material constants 4 and m are calibrated with the experimental results (i.e. the S-N
curve in strains) of the material as shown in Fig. 3.
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Fig. 3 Calibration of Material Constant for Phase I: Nucleation (Silling and Askari
2014).

Assuming that the first bond in the horizon H_breaks at N, cycle, the corresponding
cyclic strain range is ¢, . Since the initial remaining life of this bond is A, (0)=1 ,

integrating Eq. (5) leads to:
Ae™N, =1 (8)

where 4, and m, denotes the material constants for Phase I analysis. To obtain 4, and
m, , a straight line is fitted to the experimental data in an S-N curve in terms of strains.

Then, the constants can be obtained from the function of the fitted straight line. Hence,
the first bond breaks when:

N2 !
A"

©)

If there is a bond broken at &, in Phase I, a new static analysis needs to be carried out

for the same cycle. Since the strains of nearby bonds will increase, if the strain of a
nearby bond is larger than ¢, then that bond should also be broken and another static

solution should be obtained until there are no more bonds broken.

The second phase of the PD fatigue model is Phase II: fatigue crack growth. Unlike
Phase I, in which Eq. (5) is used to evaluate the fatigue life of a bond, the remaining

life ﬂ,l;v associated with the material points x; and X, for a particular cycle N can be

evaluated using backward finite difference approach. Therefore, Eq. (5) can be
rewritten as (Zhang et. al. 2016):

TG (10)

with



;=1 (11)

where gl.;v represents the cyclic strain of bond ¢, at a particular cycle N, and 4, and

m, are material constants for Phase II analysis. In order to determine these two material

constants, the PD remaining life evolution law needs to be calibrated with the well-
known Paris’ Law (Silling and Askari 2014), whose data can be obtained from
experiments. It is assumed that the evolution law for the remaining life is only suitable
to use for the bonds within the horizon of material points that are in Phase II or crack-
tip. The details of how to obtain 4, and m, constants can be found in Silling and

Askari (2014) and Zhang et al. (2016).

The transformation of PD fatigue analysis from Phase I (Nucleation) to Phase II
(Fatigue crack growth) happens if there is a material point within the horizon (including
itself) with a damage value of d >0.5. Note that 4 > 0.5 indicates existence of a crack
in the structure. Therefore, if there is a pre-existing crack in the model, the material
points located within the horizon of the crack tip will directly switch to Phase II since
there are material points whose damage values already reach to 0.5.

4. Crack Tip Detection Algorithm

As described in the previous section, the material points which are located within
horizon of the crack tip will directly switch from Phase I to Phase II if a pre-existing
crack exists in the model. Hence, it is essential to automatically update the location of
the crack tip during the simulation. “bwmorph” function with “endpoints” option was
used by Zhang et. al. (2016) after converting the PD damage map to black and white
images by using the Matlab software. There are different crack tip detection (or tracking)
algorithms developed in CZM and FEM (Saloustros et. al. 2015, Sancho et. al. 2007,
Wang and Xu 2015, Cervera and Chiumenti 2006). However, there are very few crack
tip detection algorithms available in PD theory since it is usually not necessary to
determine the crack tip in PD theory. The crack tip detection algorithm developed in
this study is similar to the one introduced by Cervera et. al. (2010). There are three main
steps when using crack tip detection algorithm in PD framework. Firstly, a mesh is
generated using PD bond to connect a material point with its neighbouring material
points only. In other words, there are no bonds exceeding length of Ax in this mesh.
Therefore, the model is discretised into unit blocks which contain four material points
and four bonds with a length of Ax in each block. Secondly, the four bonds in the block
are checked in every PD integration step to see if any of them is broken. If at least one
bond is broken, the status of this block is marked as “damaged” (shown as “T” in Figure
4). A “damaged” block means the crack tip has already either reached or passed this
block. Thirdly, for each “damaged” block, its neighbouring blocks need to be checked
to see how many of these blocks are “damaged”. Hence, the crack tip is located at the
damaged block which has only one damaged neighbouring block.



Fig. 4 PD mesh used in the crack tip detection algorithm. The blue line represents the
pre-existing crack and “T”” means damaged block.

5. Fatigue Analysis Procedure for a Polycrystalline Material

The PD fatigue analysis procedure is summarised in the flowchart given in Fig. 8.
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Fig. 8 Flowchart for PD fatigue analysis with critical damage factors.

In Fig. 8, D_,, and D, represent the critical damage factors which were introduced

by Zhang et. al. (2016). The purpose of introducing these two parameters is not only to
determine the correct crack path with minimum number of static solutions, but also to
prevent from breaking too many bonds within one static solution step which can make
the solution unstable. In each static solution step, the two critical damage factors and
the maximum damage difference ( Ad ) of a material point, which is located within a
certain area from the crack tip, are compared between the previous static solution step
and the current one to determine the next action in the flowchart. The location of the
crack tip is also updated for each static solution step in order to determine the material
points that are transferred to the fatigue crack growth stage.



6. Numerical Results
6.1. Analysis of a Plate with a Central Crack Using Crack Tip Detection Algorithm

Before starting to use PD fatigue model to analyse a polycrystalline material, the new
crack tip detection algorithm is tested by simulating the same problem presented in
Madenci and Oterkus (2014). A square plate is considered having dimensions of 0.05
m width and 0.0001 m thickness with a 0.01 m long pre-existing central crack. The
plate is discretised with 500x500 material points. Moreover, three additional layers of
material points are included at the top and bottom edges (as shown in Figure 5) in order
to apply 20.0 m/s velocity boundary condition to these edges. The horizon & is set as
3.015 times the spacing between material points, and the critical stretch is s, =0.04472.

There are 1250 time steps in the simulation and the time step size is At =1.3367x10°s .
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Fig. 5 Plate with a pre-existing central crack

In Madenci and Oterkus (2014), local damage value was used to determine the location
of the crack tip, which was based on any material point’s damage value exceeding
d =0.38 along the x-axis. Note that this approach is limited to self-similar crack growth
and the crack path should be known in advance. The crack growth with respect to time
is shown in Fig. 6 and the crack growth speed can be obtained as 1650 m/s.
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Fig. 6 Crack growth vs. Time
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Fig. 7 Crack growth vs. time using the new crack tip detection algorithm

The crack growth data for the same problem can also be obtained by using the new
crack tip detection algorithm as shown in Fig. 7. The crack growth speed can be
calculated from the slope of the straight line as 1641 m/s. By comparing the results with
those in Madenci and Oterkus (2014), it can be concluded that the results are in good
agreement.

6.2. PD Fatigue Analysis

The geometry of the model used in PD fatigue analysis is given in Fig. 9. The material
used in the analysis is the cold rolled SAE 1020 steel with Young’s modulus of E = 205
GPa and Poisson’s ratio of 0.29. According to Zhang et. al. (2016), since there is a pre-
existing crack in the model, the whole simulation will automatically switch to the crack

growth phase. Hence, the key parameters used in the analysis are 4,=9.53x10° and
m, =2.1. The horizon size is =12 mm and 6/Ax=4. After studying the crack

pattern with various of horizon sizes and grid sizes, and comparing the analysis results
with experimental results, these horizon and discretisation size values are decided as
they can produce reasonably accurate results with relatively less time. The applied force
is P=6000N . The bond constant is specified as ¢=1.1329x10* N/m°. The static

solution is obtained by directly assigning the inertia term being zero and solving a
matrix equation.
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Fig. 9 Geometry of the model used in PD fatigue analysis (Unit: mm) (Zhang et. al.
2016).
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Three different polycrystalline models are considered in this study with 25, 100 and
400 grains (crystals) randomly distributed within the model, respectively. The
polycrystalline models are generated using Voronoi diagram as shown in Fig. 10. To
investigate various fracture modes of polycrystalline materials, the “interface strength
coefficient ( £ )” was first introduced by Askari et. al. (2008) and then discussed by De

Meo et. al. (2016) and Zhu et. al. (2016). Similarly, the interface strength coefficient is
also considered in this study to investigate the effect of interface strength on the crack
patterns. However, unlike £ coefficient described in Askari et. al. (2008), the /3

coefficient used in this study is defined as:

GI
p=Ta (12
where 4, and A4;" denote the material constants used in the Phase II PD fatigue

analysis for the bonds that cross the grain boundaries and the bonds that are located
within the grains, respectively. Here, GB and GI represent the grain boundary and the
grain interior, respectively. Therefore, when B <1.0, 47" is larger than 4;", which
means the remaining life of the cross-grain bonds will decrease faster than the in-grain
bonds, assuming that the bonds have the same cyclic strain value. In other words,
B <1.0 means the grain boundary is weaker than the grain interior. On the other hand,

B >1.0 represents that the grain boundary is stronger. This study considers five
different interface strength coefficient, £, values (0.1, 0.5, 1.0, 2.0, 10.0) in addition
to three different total numbers of grains (25, 100 and 400).

0 0 . 0 J
0 0005 001 0015 002 0025 0.03 0035 004 o 0005 001 0015 002 0025 003 0035 004 0 0005 001 0015 002 0025 003 0035 004

(a) () ()

Fig. 10 Polycrystalline models for PD fatigue analysis. (a): 25 grains, (b): 100 grains
and (c): 400 grains.

6.3. Effect of interface strength coefficient on crack patterns

The first analysis aims to investigate the crack patterns of intergranular and
transgranular fracture modes by changing the interface strength coefficient value.
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Fig. 11 Crack patterns of polycrystal with 25 grains. (a) S =0.1, N =246k cycles, (b)
P =0.5,N =331k cycles, (c) f=1.0, N =345k cycles, (d)
B =2.0,N =431k cycles, and (¢) B =10.0, N =429k cycles

By comparing the results in Figs. 11(a,b) with (c), it can be seen that there is a sharp
turn of the crack pattern (red arrow) in both Figs. 11(a,b). This is because the crack
firstly propagates within the grain until it reaches close to the grain boundary, and since
the grain boundary in Figs. 11(a,b) is weaker, for the crack pattern it is much easier to
follow the grain boundary (intergranular fracture mode) compared to Fig. 11(c).
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Fig. 12 Crack pattern of polycrystal with 100 grains. (a) f =0.1, N =48k cycles, (b)
P =0.5, N =174k cycles, (¢c) f=1.0, N =345k cycles, (d)
P =2.0, N =453k cycles, and (¢) f=10.0, N =784k cycles
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Fig. 13 Crack pattern of polycrystal with 400 grains. (a) S =0.1, N =51k cycles, (b)
P =0.5 N=214k cycles, (¢c) f=1.0, N =345k cycles, (d)
P =2.0, N =512k cycles, and (¢) f=10.0, N =846k cycles

The influence of interface strength coefficient on the crack pattern can be seen more
clearly in Figs. 12 and 13 then Fig. 11. When S <1.0 (Figure 12(a), 12(b), 13(a) and
13(b)), which means the bonds across the grain boundaries are much weaker than those
located within the grain and the crack will more likely to propagate along grain
boundaries compared to the crack patterns when £ >1.0 (Figs. 12(d), 12(e), 13(d) and
13(e)). When S =1.0(Figure 11(c), Figure 12(c) and Figure 13(c)) the grain boundary
and grain interior properties are same and the crack propagates smoothly with respect

to other cases. Note that microstructural characteristics are not important for this
condition.

6.4. Effect of crystal size on propagation speed

The aim of the comparisons discussed in this section is to determine how the crystal
size can affect the crack propagation speed. Total number of cycles when crack
propagates to a similar location ( x =12.5 mm ) are compared between different number
of grains.
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Fig. 14 Crack pattern of the polycrystal when £ =0.1. (a) 25 grains,
N =246k cycles, (b) 100 grains, N =48k cycles, and (c) 400 grains,
N =51k cycles .

Figure 14 compares the crack patterns and total number of cycles with £ =0.1 for 25,

100 and 400 grains, respectively. It can be seen from the results that the 25 grain model
requires more cycles for the crack to propagate to the same location with respect to
other grain models (where x =12.5 mm ). As shown in Fig. 10(a), the pre-existing
crack tip is located inside a grain. Since, the size of the crystal is much larger in 25
grain case, the crack needs to propagate much longer to reach the boundary. Hence, the
crack tip in Fig. 14(a) requires significantly more cycles (246k cycles) to reach the

target location than Fig. 14(b) (48k cycles ). By increasing of the total number of

crystals, the number of bonds which cross the grain boundaries increases. For the
P <1.0 case, which means the grain boundaries are weaker, the model with more

crystals have more weaker bonds than the model with less crystals, i.e. the crack is
much easier to propagate. Hence, it is expected that the number of cycles required for
the crack tip to reach the target location in the model with more crystals will be less
than the model with less crystals. However, according to the results given in Figs. 14(b)
and 14(c), the 400 crystal model requires more cycles than the 100 crystal model, which
is the opposite to what it was expected. This is because with the increase in total number
of crystals within the model, there will be more points that are located at the boundary
of multiple grains (as shown in red arrows in Fig. 10(a)). When the crack tip reaches
these key points, a certain number of cycles is required for the crack tip to “decide”
which direction to propagate. With the increase in number of key points, the more
cycles are required for the crack tip to “decide” the propagation direction. Therefore,
the number of cycles required for the crack in 400 crystal model to reach the target
location is larger than that the 100 crystal model. When the interface strength
coefficient /S is changed from 0.1 to 0.5, the results remain similar as shown in Fig. 15.
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Fig. 15 Crack pattern of polycrystal when S =0.5. (a) 25 grains, N =331k cycles,
(b) 100 grains, N =174k cycles, and (c) 400 grains, N =214k cycles.

For f# > 1.0 case, since the bonds that cross the grain boundaries become stronger than
those are located within the grains, the crack will more likely to propagate through
grains and trans-granular fracture occurs. Hence, with the increase in total number of
crystals more bonds cross grain boundaries and more cycles are required to reach the
target location as shown in Figs. 16 and 17.
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Fig. 16 Crack pattern of polycrystal for f# =2.0. (a) 25 grains, N =431k cycles, (b)
100 grains, N =453k cycles, and (c) 400 grains, N =512k cycles.
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Fig. 17 Crack pattern of polycrystal when £ =10.0. (a) 25 grains, N =429k cycles,
(b) 100 grains, N =784k cycles, and (c) 400 grains, N =846k cycles.
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6.5. Crack Branching in Fatigue Analysis

(b)

Fig. 18 Crack pattern of polycrystal when f# =0.1, 100 crystals, (a) N = 7.6k cycles,
(b) N =22.5k cycles, (c) N =31.2k cycles, and (d) N =47.8k cycles.

It is clearly seen in Fig. 18 that when £ =0.1 the fracture in the polycrystal model is

mainly inter-granular fracture and the crack propagates following the grain boundaries.
However, when the crack tip reaches a certain key point as shown by red arrow in Fig.
10(b), the crack branches. This crack branching was also observed in the experimental
results by Vasudevan et. al. (1984), Gilbert et. al. (1999) and Rios et. al. (1984).

7. Conclusions

In this study, fatigue analysis of polycrystalline materials was performed by using
Peridynamic Theory with a novel crack tip detection algorithm. The effect of the
interface strength coefficient on crack pattern and the effect of crystal size on crack
propagation speed and crack branching are investigated. The new crack tip detection
algorithm was validated by comparing against another study in the literature. The
observations based on evaluated numerical results can be summarised as:

1. The change in the interface strength coefficient yields different fracture modes
in the form of inter-granular and trans-granular fracture.

2. The size of crystals has a larger effect on the crack propagation speed for inter-
granular fractures than trans-granular fractures.

3. The crack branching in fatigue analysis can be automatically captured by the
PD fatigue model for weaker grain boundary cases.

As a future study, the crack detection algorithm can be extended for a 3D model along
with the PD fatigue model since the numerical studies in this paper mainly focused on
2D simulations.
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