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Abstract 

This paper presents research on the development of a simulation method for the 
study of the mechanisms of intergranular crack nucleation and propagation in 
polycrystal metals on the mesoscale.  Microstructural geometry models were 
built randomly using Voronoi techniques. Based on these grain structure 
geometry models, two-dimensional grain structure finite element models were 
created using a Patran Command Language (PCL) program. Techniques for the 
implementation of the cohesive elements between grain boundaries were 
developed in PCL for the generation of two-dimensional cohesive models. 
Simulations on intergranular crack nucleation and evolution along grain 
boundaries using two-dimensional finite element cohesive models were carried 
out on the mesoscale level. Several aspects that affect the crack nucleation and 
propagation were studied, which included random grain geometries, grain 
boundary misorientations, grain boundary peak strength, grain boundary fracture 
energy, grain properties, and grain plasticity. The simulations demonstrated that 
the cohesive model is a useful and efficient modeling tool for the study of the 
intergranular crack nucleation and evolution on the mesoscale level. The 
simulation results showed that the factors studied have large impacts on 
intergranular crack nucleation and evolution based on the current model 
capabilities and conditions.   
Keywords:  intergranular crack nucleation and evolution, cohesive zone model, 
polycrystal metals, mesoscale. 
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1 Introduction 

A major challenge in life cycle prediction and management of aircraft structural 
components is the lack of information on the crack nucleation and short crack 
propagation stages. However, for many airframe materials, the life of an aircraft 
component could be almost completely exhausted within these two phases. 
Therefore, studies on smaller-scale levels, such as the microscopic scale or the 
mesoscale, are strongly needed to better understand the physical nature of the 
crack nucleation and propagation.  
     A fundamental research project was launched at Institute for Aerospace 
Research in National Research Council Canada aimed at developing a coupled 
atomic-meso-macroscopic modeling strategy for the simulation of crack 
nucleation and propagation in aircraft components.  To this end, the development 
of modelling capabilities at each length scale was essential. Research work on 
the mesoscale level is presented in this paper. The simulation methods, 
developed capabilities, and the studied mechanisms of intergranular crack along 
grain boundaries (GB) are discussed.  

2 Grain geometry model and finite element model 

To study the fracture mechanism on the mesoscale, grain geometry models need 
to be properly built in order to further simulate the crack nucleation and 
propagation at this scale level.  In this study, the microstructural geometry 
models were statistically created by using Voronoi techniques [1]. A general-
purpose two-dimensional microstructure model simulation software, MicroSimu, 
was used to accomplish the geometry generation with a clean database ready for 
further finite element mesh generation. 
     Based on the grain structure geometry model, a Patran Command Language 
(PCL) program was developed to automatically generate two-dimensional grain 
structure finite element (FE) models.  Using the developed PCL program, the 
material properties and orientation angle in each grain were statistically assigned 
to represent the heterogeneity of the grain structure.   

3 Cohesive zone model (CZM) 

Cohesive zone modeling has gained considerable attention over the past decade, 
as it represents a powerful and efficient technique for fracture studies [2–11]. 
Initially, cohesive zone models were developed to study the perfectly brittle 
materials [2], and later, models were extended to describe the damage that occurs 
in the plastic zone ahead of a crack [3]. In recent years, cohesive models were 
widely used in different areas for different applications, such as simulations of 
delamination formation and propagation in composite materials and structures 
[4], debonding interface separation simulations in multimedia systems [5], 
simulations for bonded structures [6], dynamic fracture of homogeneous 
materials [7], and simulations of grain boundary separation between grains on 
the mesoscale [8–10]. 
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     The major advantage of the cohesive zone models is that they can predict the 
formation of damage without the need to pre-define any initial damage in the 
model. Moreover, cohesive zone formulations can be easily implemented in 
finite element codes using cohesive elements [4]. 

3.1 Traction-separation based CZMs 

There are two types of cohesive zone models, the continuum-based constitutive 
model and the traction-separation based constitutive model. If the interface 
thickness is negligibly small (or zero), the constitutive response of the cohesive 
layer can be defined directly in terms of traction versus separation. If the 
cohesive layer has finite thickness and if macroscopic properties of the adhesive 
material are available, the response can be modeled using conventional material 
models. For the simulation of grain boundary characteristics, the traction-
separation based cohesive models can be used to define the grain boundary 
behavior.   
One of the existing traction-separation models assumes an initial linear elastic 
behavior, followed by the formation and evolution of damage, as shown in 
Figure 1. The nominal traction stress vector, SሬԦ, consists of two components in 
two-dimensional problems, Sn and St, which represent the normal and shear 
traction, respectively. The corresponding separation vector is denoted by ߜԦ(δn, 
δt).  
 

 
 
 
 
 
 

Figure 1: Linear damage evolution. 

     In Figure 1, S0 denotes the maximum traction (cohesive strength), δ0 is the 
separation corresponding to the maximum traction, at which the crack nucleates, 
and δf is the separation at which the final failure occurs.  

3.2 Damage nucleation criteria [12] 

3.2.1 Maximum nominal stress criterion 
Damage is assumed to nucleate when the maximum nominal traction stress ratio 
reaches the value of one. This can be written as below for a two-dimensional 
problem. 

 max ൜
ழSவ

S
బ ,

S౪
S౪
బൠ ൌ 1.0  (1) 

  ߜ  ߜ
δ
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S0

Computational Methods and Experimental Measurements XV  591

 
 www.witpress.com, ISSN 1743-355X (on-line) 
WIT Transactions on Modelling and Simulation, Vol 51, © 2011 WIT Press



where  S୬ and S୲
 represent the peak values of the nominal stress when the 

deformation is either purely normal to the interface or purely in the shear 
direction. The symbol < > used in equation (1) represents the Macaulay bracket, 
which means: 

 ൏ S୬   ൌ ൜
S୬,       S୬  0
0,         S୬  0  (2) 

     The use of the Macaulay bracket is to signify that a pure compressive 
deformation or stress state does not start damage. 

3.2.2 Quadratic nominal stress criterion 
Damage is assumed to nucleate when a quadratic interaction function involving 
the nominal stress ratios reaches the value of one.  

 ቄ
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S౪
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ଶ

ൌ 1.0  (3) 

3.3 Damage evolution laws [12] 

3.3.1 Evolution based on effective displacements 
The damage evolution law describes the rate at which the material stiffness is 
degraded once the damage nucleation criterion is reached. If based on 
displacements, the damage evolution law can be written as 

 S୬  ൌ   ൜
ሺ1 െ DሻS୬തതത                     S୬തതത  0                 

S୬തതത                      otherwise 
  (4) 

  S୲  ൌ ሺ1 െ DሻS୲ഥ   (5) 

where S୬തതത and S୲ഥ  are the stress components predicted by the elastic traction-
separation behavior for the current strain damage. D is a damage variable 
representing the overall damage in the material. 
For the linear softening, the evolution of the damage variable D reduces based on 

the effective displacement:  δ   ൌ  ඥ൏ δ୬ ଶ δ୲
ଶ , 

 D ൌ 
ஔሺஔౣ౮ିஔబሻ

ஔౣ౮ሺஔିஔబሻ
   (6) 

where δ୫ୟ୶ refers to the maximum value of the effective displacement attained 
during the loading history, δ and δ represent the displacements at damage 
nucleation and final failure, respectively.  

3.3.2 Evolution based on fracture energy  
The damage evolution can also be defined based on the fracture energy that is 
dissipated as a result of the damage process. 
     The energy-based damage evolution law can be expressed by a power law 
fracture criterion, which states that failure under mixed-mode conditions is 
governed by a power law of the energies required to cause failure in the 
individual (normal or shear) mode. For the two-dimensional problem, it is given 
by 
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where G୬ and G୲ refer to the work done by the tractions and its conjugate relative 
displacement in normal and shear directions, respectively. G୬ୡ  and G୲

ୡ are the 
critical fracture energies required to cause failure in the normal and shear 
directions, respectively.  

4 An example of CZM applications  

The application of cohesive zone models was implemented for the simulation of 
crack nucleation and propagation under monotonic loading on the mesoscale.  
Several samples of grain geometry were statistically created using the Voronoi 
tessellation method.  The sample size was 500x500µm filled by 100 grains. The 
grain geometry models were imported into the MSC/Patran preprocessor and the 
finite element models were created with fine meshes in each grain. The grain 
orientation and material properties for each grain were randomly assigned to 
capture the heterogeneity using the developed PCL program. Cohesive elements 
between grain boundaries were automatically inserted for the generation of two-
dimensional cohesive models using the developed PCL program, which included 
the automatic insertion of cohesive elements between grain boundaries, 
calculation of grain boundary misorientations based on random angles in each 
grain, properties of the cohesive model, and criteria for crack nucleation, and 
evolution. The cohesive zone model used in the study was composed of a bi-
linear traction-separation relationship, a stress threshold for crack nucleation and 
an energy based damage evolution law. The general-purpose commercial finite 
element software ABAQUS was employed to conduct the simulations in this 
study [12]. The grain properties and grain boundary (GB) properties used in this 
study are listed in Table 1 [8]. 

Table 1:  Grain and grain boundary (GB) properties. 

Grain properties (orthotropic, elastic-plastic) GB properties 
E11 = 72,000 MPa σ y1   = 505 MPa ܩ = 0.25 N/mm 

E22 = 42,000 MPa σ y2   = 450 MPa ܵ= 500 MPa 

E12 = 26,900 MPa σ y12 = 400 MPa kn = 2.5 e7 MPa 

µ = 0.33   
 
     In the orthotropic models, the GB parameters, such as G and S, were varied 
with the misorientation angles across the boundaries [8], [9]. 

 Gሺθሻ ൌ Gୟ୴ୣ  ∆G כ Cosሺ4θሻ  (8) 

  Sሺθሻ ൌ Sୟ୴ୣ  ∆S כ Cosሺ4θሻ  (9) 

where                           θ ൌ βଵ െ βଶ             0  β  180 
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Figure 2: Demonstration of grain orientation. 

     The boundary conditions and load applied onto the samples are illustrated in 
Figure 3. Three sides were pinned and one side was loaded by a displacement, 
0.005mm (5 µm), which was equivalent to 1% strain. 

 

Figure 3: Boundary and load conditions on the sample. 

5 Parametric studies 

Using the mesoscale models, simulations were carried out to study the effects of 
several sets of parameters on the crack nucleation and evolution in the 
polycrystalline samples. The studied parameters and results are described in the 
next sections. 

5.1 Variations of random grain geometry 

In this section, the effects of random grain geometry on the crack nucleation and 
evolution are examined. The grain geometry was randomly created using 
Voronoi tessellation method. By fixing the overall size of the sample and the 
grain number (100), samples with different grain geometries (grain size, grain 
shape, aspect ratio) were generated.  Figure 4 demonstrates the crack paths and 
the stress distributions in the three samples with different grain geometries. From 
this figure, it can be seen that the crack patterns and stress distributions are quite 
different. Figure 5 shows the damage dissipation energy versus applied strain for 
the three samples shown in Figure 4. The figure indicates that the crack 
evolution patterns, i.e. the energies dissipated by the damage, are quite different.  

E1
E2 E2 E1β2 

β1 
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                          (i)                                  (ii)                                   (iii) 

Figure 4: Crack path and stress with three different grain geometries. 

 

 

Figure 5: Variation of damage dissipation energy with different grain 
geometries. 

5.2 Effects of random GB misorientations 

Since the grain orientation angles were randomly assigned to each grain, the 
grain boundary misorientations between the conjunct grains were obtained 
randomly. By keeping the grain geometry the same, three cases with different 
grain orientation angles and GB misorientations were created to examine their 
effects on the crack nucleation and evolution behavior. Figure 6 shows the stress 
distributions and crack paths for the three cases. It can be seen that the crack 
locations and their evolution paths are totally different when the grain boundary 
misorientations are differently distributed. Figure 7 shows the variation of 
damage dissipation energy with the randomly distributed grain boundary 
misorientations. This figure demonstrates that the grain boundary misorientation 
has significant effects on the crack nucleation and evolution. In the figure, it is 
seen from the dissipated damage energy that crack nucleates earlier in case 2 
than in case 1 and 3. Relate to Fig. 6(i), (ii), (iii). 
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(i)                                      (ii)                                       (iii) 

Figure 6: Stress distribution and crack path with different GB misorientation 
(same geometry). 

 

 

Figure 7: Variation of damage dissipation energy with different GB 
misorientations. 

5.3 Effects of grain boundary cohesive parameters  

In this section, the grain boundary properties, GB strength, and GB fracture 
energy, were studied for the investigation of their effects on the intergranular 
crack nucleation and evolution.  

5.3.1 GB strength (peak tractions) 
By fixing the GB fracture energy, the GB peak tractions were varied by ±20%, 
±10% and 0%. The mean value of the GB strength was assumed to be 500MPa. 
Simulations were carried out until the crack nucleation and evolution process 
were observed in the damage energy dissipated during the load increments. 
Figure 8 is a plot of the variation of damage dissipation energy with GB peak 
tractions. It can be seen that the GB strength had significant effects on the crack 
nucleation and evolution process. The lower the GB strength, the earlier the 
crack nucleates and the larger the damage dissipation energy can be generated 
under the same applied load.  
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Figure 8: Variation of damage dissipation energy with GB strength. 

 

 

Figure 9: Variation of damage dissipation energy with GB fracture energy. 

5.3.2 GB fracture energy 
Fixing GB strength at its mean value, the GB fracture energy was varied by 
±20%, ±10% and 0% of its mean value, which was assumed to be 0.25 N/mm. 
Figure 9 shows the variation of damage dissipation energy with GB fracture 
energy. From this figure, it is noted that the cracks nucleate at the same applied 
load level for all GB fracture energy cases because of the constant GB strength. 
However, the damage evolution processes under different GB fracture energies 
are quite different. The lower the GB fracture energy the earlier and faster the 
crack propagates after the crack nucleation occurred. Higher GB fracture energy 
leads to larger damage dissipation energy.  
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5.4 Effects of grain material properties 

The effects of grain material properties on the intergranular crack nucleation and 
evolution along the grain boundary was evaluated by keeping the grain boundary 
properties, such as the GB stiffness, the GB strength, the GB fracture energy and 
the GB misorientation,  constant, while the grain properties were varied to 
isotropic elastic, isotropic elastic-plastic, orthotropic elastic, orthotropic elastic-
plastic. Figure 10 shows the variation of damage dissipation energy with the 
grain material properties. From this figure, it can be seen that for the orthotropic 
case, cracks along the grain boundary nucleated at the same level for both elastic 
and elastic-plastic materials, but much more damage dissipation energy was 
generated in elastic material than in plastic material. This is because part of the 
external work was transformed into plastic dissipation energy. The similarity can 
be seen for the isotropic cases in the figure. It can also be seen that, by 
comparing the isotropic and orthotropic cases, cracks nucleated much earlier and 
the damage dissipation energy was much larger in the isotropic cases than in the 
orthotropic cases.  
 

 

Figure 10: Variation of damage dissipation energy with grain properties. 

5.5 Effects of the competition between grain plasticity and GB strength 

Although the current study focuses on the intergranular crack along grain 
boundaries, the grain plasticity is still a factor that affects the crack 
characteristics on grain boundary. This can be shown by keeping the GB peak 
strength constant at 500MPa, while varying the reference yield stresses in grains 
with orthotropic elastic-plastic properties. Figure 11 shows the variation of 
damage dissipation energy with grain plasticity. From the figure, it can be seen 
that when the reference yield stress became higher, the damage dissipation 
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energies were larger. This may be because less external work was converted 
plasticity dissipation energy, and more was used to generate the crack surface 
along grain boundaries. When the reference yield stress became much lower than 
the GB peak strength, the damage energy dissipated along grain boundaries was 
much lower, and most of the external work was converted into plasticity 
deformation in the grains. 

 

 

Figure 11: Variation of damage dissipation energy with grain plasticity (the 
units for reference yield stresses are MPa). 

6 Summary 

In the present work, capabilities for the construction of grain structure finite 
element cohesive zone models were developed. Modeling and simulation of 
intergranular crack nucleation and propagation in polycrystal metals on the 
mesoscale were conducted. The intergranular fracture characteristics were 
investigated through parametric studies. The simulation results showed that grain 
boundary cohesive properties, such as the grain boundary peak strength and the 
grain boundary fracture energy, directly affected the intergranular crack 
nucleation and evolution. The lower the grain boundary strength, the earlier the 
cracks nucleated. The lower the grain boundary fracture energy, the earlier and 
faster the cracks propagated after nucleation occurred.  Different grain 
geometries and grain boundary misorientations resulted in different crack 
nucleation and evolution patterns. Moreover, the grain material properties, and 
the competition between grain plasticity and GB strength also have influences on 
the crack nucleation and evolution along grain boundaries. 
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