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Abstract 

Brittle materials are widely used and their fracture behaviour can be significantly influenced by their microstructures and 
microstructural defects including pores, microcracks, grains and grain boundaries. In this study, the effect of porosity on 
intergranular fracture behaviour of polycrystalline materials is investigated by using peridynamics. Different number of cases are 
considered for different number of grains, different porosity ratios, different locations of pores and different grain boundary 
strengths. It is concluded that the severity of the cracks, especially the newly created cracks, are influenced by the number of grains 
and porosity. Moreover, with the increase of grain boundary strength, the effect of porosity dramatically decreases and the fracture 
pattern in microscale becomes identical to the macroscale crack pattern. 
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peridynamics. Peridynamics (PD) is a non-local continuum mechanics formulation introduced by Silling (2000). PD 
is very suitable for failure prediction in materials and structures. It can be applicable at all scales ranging from macro-
scale to micro-scale. There has been a rapid progress on peridynamics especially during the recent years. Application 
of PD theory is not limited to metals (Oterkus et. al. 2010b), but can be used for other materials such as composites 
(Oterkus et. al., 2010a; Oterkus and Madenci, 2012a,b), concrete (Oterkus et. al., 2012) and graphene (Liu et. al., 
2018). There are several PD formulations available for simplified structures including Euler beam (Diyaroglu et. al., 
2019), Kirchhoff plate (Yang et. al., 2020), Timoshenko beam (Diyaroglu et. al., 2015) and Mindlin plate (Vazic et. 
al., 2020). It is possible to implement peridynamic beam and plate formulations in commercial finite element packages 
(Yang et. al., 2019). PD theory was utilized for topology optimization of cracked structures by Kefal et. al. (2019). 
Vazic et. al. (2017) and Basoglu et. al. (2019) used PD theory to study the effect of microcracks on the propagation of 
a macrocrack. Imachi et. al. (2019) developed a new transition bond approach for failure definition which was applied 
for dynamic fracture analysis including crack arrest (Imachi et. al., 2020). PD theory has been extended to other 
physical fields including thermal diffusion (Oterkus et. al., 2014), moisture diffusion (Diyaroglu et. al., 2017a,b), 
lithiation (Wang et. al., 2018) and pitting corrosion (De Meo et. al., 2017). An extensive review on peridynamics can 
be found in Madenci and Oterkus (2014) and Javili et. al. (2019). 

There are currently available peridynamic formulations to model polycrystalline materials (De Meo et. al., 2016; 
De Meo et. al., 2017; Zhu et. al., 2016; Li et. al., 2020; Lu et. al., 2020) and different properties can be specified to 
both individual grains and grain boundaries. Therefore, it is possible to capture both intergranular and transgranular 
fracture modes. In this study, the porosity at the grain boundaries will be explicitly modelled by using peridynamics 
to determine the effect of porosity on the intergranular fracture of polycrystalline materials for the first time in the 
literature. 

2. Peridynamic model for polycrystalline materials 

  PD theory is a non-local continuum mechanics formulation and its equation of motion can be expressed as 
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Eq. (1) can be written in discrete form for the material point ix as 
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where N is the number of material points inside the horizon and jV  is the volume of the material point j. The 
peridynamic bond force between two interacting material points ix and jx is defined as 
 

 

j i

j i

cs





y y
f

y y
  (3)  

 
where c  is the bond constant, s is the stretch, and y is the position of the material point in the deformed configuration. 
The stretch can be defined as 
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where c  is the bond constant, s is the stretch, and y is the position of the material point in the deformed configuration. 
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If the stretch exceeds a critical stretch value, 0s , then the bond is broken.  
 

 
 

Fig. 1. PD model for a polycrystalline material when the orientation of the crystal is 0° (Li et. al., 2020). 

As shown in Fig. 1, there are two different bond constants that are used to represent cubic crystals, which are 
considered in this study. Bonds represented by dashed lines, dc , are in all directions whereas bonds represented by 

solid lines, sc , are in particular directions with an angle of  2 1 , (  1,  2,  3,  4)
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Fig. 2. Randomly generated polycrystals (Li et. al., 2020). 
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In order to generate the polycrystalline material model, Voronoi tessellation method is used (see Fig. 2). Grain sizes 
and orientations are randomly generated. The bond constants of the bonds crossing the grain boundaries are specified 
as the average of the bond constants of the interacting material points. Grain boundary coefficient (GBC) is defined 
as the ratio of the critical stretch of the grain boundary bonds and grain interior bonds.  

3. Numerical results 

  In order to study the effect of porosity on the fracture of polycrystals, the polycrystalline material model considered 
in De Meo et. al. (2016) was utilized. The plate has a size of 5 mm  5 mm and the thickness of the plate is 0.5 mm. 
The plate is made of AISI 4340 steel with material properties of 11 208.9 GPac  and 12 126.4 GPac  (Rimoli, 2009). 
There are two initial cracks defined at the top and bottom edges of the plate with a length of 0.4 mm and are located 
along the vertical central-line of the plate. For the basic PD parameters, there are 150 150  PD points and the grid 
distance is decided as 0.0333dx   mm. Based on the suggestion provided in Madenci and Oterkus (2014), the horizon 
size of the analysis is fixed as 3dx  . The critical stretch is specified as 0 0.0328s  . A velocity boundary condition 
of 25 m/s was applied at the right and left boundaries of the plate by defining additional three layers of PD points (Fig. 
3). The total number of the times steps is 2000 with a time step size of 1 ns. The variables of the analysis are the 
number of grains (crystals) and their distribution, the number of the pores and their distribution, and grain boundary 
strength. It should be mentioned that the grain boundary strength is represented by grain boundary coefficient (GBC). 
The GBC value is kept as 0.5 except the final case. 
 

 
  

Fig. 3. The polcrystalline material model subjected to velocity boundary conditions. 

In the first case, the results are provided for the plate with 150 grains without porosity as shown in Fig. 4. From the 
plots, it can be seen that the crack propagates through the grain boundaries from the pre-existing cracks to form the 
major crack. The majority of the cracks concentrate around the central region of the plate. 

 

                                                                        (a)                                                                       (b) 

Fig. 4. Results of crack propagation without porosity at 2 μs; (a) crack distribution with grains, (b) damage. 
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Fig. 4. Results of crack propagation without porosity at 2 μs; (a) crack distribution with grains, (b) damage. 
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Then, the porosity was introduced by creating randomly distributed small circles around the grain boundaries 
(Chakraborty et. al., 2016). The total number of the pores is 16 and each has a diameter of 0.2 mm. Eventually, the 
porosity ratio reaches approximately 2%. The distribution of the pores and the propagation of the crack with grains 
are shown in Fig. 5. The plots of the damage at 4 different time steps are also provided to give a more clear illustration 
of the fracture behaviour as the time progresses. 
 

 

                                                                (a)                                                                                                   (b) 

 
             (c)                                                           (d)                                                         (e)                                                           (f) 

Fig. 5. The case with 150 grains and 2% porosity; (a) the distribution of pores, (b) crack distribution with 150 grains, (c) damage at 0.5 μs, (d) 
damage at 1 μs, (e) damage at 1.5 μs, (f) damage at 2 μs. 

  Compared to the without porosity case, for the main crack, it still propagates towards the opposite edge. However, 
there is a tendency for the main crack to propagate towards the pores, i.e. the propagation of the main crack has been 
appealed by the pores, especially those pores around the central region. Moreover, the branches of the main crack are 
slightly reduced at the same time. Additionally, there are small cracks that initiate from the pores and the direction of 
the propagation of these cracks is perpendicular to the loading direction. These small cracks propagate along the grain 
boundary to form newly generated branches of crack. Last but not least, the more intensive the pores, the more serious 
the new initiated cracks.  
  Another numerical case includes same grain distribution, but different locations of the pores to further support the 
former observations (Fig. 6). All of the previously mentioned features can still be captured as expected. Furthermore, 
an extra case with both different distributions of grains and pores is given to explore their effects. As shown in Fig. 7, 
crack behaviours are not significantly influenced by the distribution of grains or pores. From what has been shown, it 
can be concluded that porosity causes initiation of small cracks which propagate perpendicular to the loading direction 
to form new branches of crack. If the pores are intensive, this phenomenon becomes more obvious. These observations 
agree with the conclusions drawn by Chakraborty et al. (2016). The propagation of the major crack has also been 
changed. It prefers to propagate towards the pores and the branches have also been reduced. More importantly, grain 
distribution or pore distribution does not have a big impact on these observations. 
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             (c)                                                           (d)                                                         (e)                                                           (f) 

Fig. 6. The case with 150 grains but different 2% porosity distribution; (a) the distribution of pores, (b) crack distribution with 150 grains, (c) 
damage at 0.5 μs, (d) damage at 1 μs, (e) damage at 1.5 μs, (f) damage at 2 μs. 

 

 

 

 

 

 

                                               (a)                                                                                                           (b) 

 

 

 

             (c)                                                           (d)                                                         (e)                                                           (f) 

Fig. 7. The case with both different grain distribution and 2% porosity, (a) the distribution of pores, (b) crack distribution with 150 grains, (c) 
damage at 0.5 μs, (d) damage at 1 μs, (e) damage at 1.5 μs, (f) damage at 2 μs. 

Additional three cases are considered to explore the effects of number of grains, porosity distribution, and the grain 
boundary strength. First of all, the number of grains is reduced from 150 to 100 and then to 50. The plots of the results 
are presented as Fig. 8. When the grain number is 100, although the severity of the fracture is decreased, the change 
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the new initiated cracks.  
  Another numerical case includes same grain distribution, but different locations of the pores to further support the 
former observations (Fig. 6). All of the previously mentioned features can still be captured as expected. Furthermore, 
an extra case with both different distributions of grains and pores is given to explore their effects. As shown in Fig. 7, 
crack behaviours are not significantly influenced by the distribution of grains or pores. From what has been shown, it 
can be concluded that porosity causes initiation of small cracks which propagate perpendicular to the loading direction 
to form new branches of crack. If the pores are intensive, this phenomenon becomes more obvious. These observations 
agree with the conclusions drawn by Chakraborty et al. (2016). The propagation of the major crack has also been 
changed. It prefers to propagate towards the pores and the branches have also been reduced. More importantly, grain 
distribution or pore distribution does not have a big impact on these observations. 
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Fig. 6. The case with 150 grains but different 2% porosity distribution; (a) the distribution of pores, (b) crack distribution with 150 grains, (c) 
damage at 0.5 μs, (d) damage at 1 μs, (e) damage at 1.5 μs, (f) damage at 2 μs. 
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Fig. 7. The case with both different grain distribution and 2% porosity, (a) the distribution of pores, (b) crack distribution with 150 grains, (c) 
damage at 0.5 μs, (d) damage at 1 μs, (e) damage at 1.5 μs, (f) damage at 2 μs. 

Additional three cases are considered to explore the effects of number of grains, porosity distribution, and the grain 
boundary strength. First of all, the number of grains is reduced from 150 to 100 and then to 50. The plots of the results 
are presented as Fig. 8. When the grain number is 100, although the severity of the fracture is decreased, the change 
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is not obvious. However, when it comes to 50 grains, only the characteristics of the major crack is dominant. Next, 
the grain number is constrained as 150, but the porosity ratio is increased from 2% to 5%, by rising 1% for each case 
(Fig. 9). Although the change is not obvious initially, with the rise of the porosity ratio, the severity of the fracture 
especially the main crack becomes increasingly significant.   
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Fig. 8. Porosity distribution (left), crack distribution with grains (middle) and damage at 2 μs (right), (a) 150 grains, (b) 100 grains, (c) 50 grains 

Finally, the GBC value is increased from 0.5 to 1. The remaining variables are kept the same. By doing so, the 
behaviour at the microscale becomes more identical to the macroscopic material. It is obvious that the behaviour of 
the main cracks is converted from intergranular pattern to transgranular pattern (Fig. 10).  

  In conclusion, the severity of the crack especially the newly created cracks are influenced by the number of grains 
and porosity. Concerning the influence of grain boundary strength, with the increase of GBC, the effect of porosity 
dramatically decreases and the fracture pattern in microscale becomes identical to the macroscale crack pattern. 
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Fig. 9. Porosity distribution (left), crack distribution with grains (middle) and damage at 2 μs (right), (a) 3% porosity, (b) 4% porosity, (c) 5% 
porosity 

 

4. Conclusions 

  In this study, the effect of porosity on intergranular brittle fracture was investigated by using peridynamics. Different 
number of cases were considered for different number of grains, different porosity ratios, different locations of pores 
and different grain boundary strengths. It was concluded that the severity of the crack especially the newly created 
cracks are influenced by the number of grains and porosity. Concerning the influence of grain boundary strength, with 
the increase of GBC, the effect of porosity dramatically decreases and the fracture pattern in microscale becomes 
identical to the macroscale crack pattern. 
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Fig. 10. Crack distribution with grains (left) and damage at 2 μs (right), (a) GBC = 0.5, (b) GBC = 1.0 
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Fig. 10. Crack distribution with grains (left) and damage at 2 μs (right), (a) GBC = 0.5, (b) GBC = 1.0 
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