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Abstract: In this paper we propose several 2D numerical models in order to simulate the behavior of a microcrack expanding in 
martenzit structure.  By using already known facts, observations and data gained through various experiments we observe the models and 
their approximation. The models represent a small rectangular plate with the same onset input data but differently generated grains by using 
the Voronoi tessellation process. The analysis is focused on the impact of the density, shape and orientation of the grains in the process of 
conjunction and propagation of micro cracks in theory and numerically. The results obtained are compared with various experiments and 
conclusions by different authors and are presented in order to get a good overview of the problem and to propose a different approach in 
representing the cracks numerically.   
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1. Introduction 

The interactions between the complex microstructure of 
technical materials and mechanisms of crack initiation and early 
propagation are not fully understood. In order to investigate this 
many experiments and analysis are required. The cost of these 
experiments and analysis are very high so the development of 
numerically based models that can be used for service-life 
prediction of technical structures is still extremely challenging. The 
damage-tolerant design approaches postulate that generally each 
component contains imperfections in form of micro-cracks that are 
able to propagate only when a certain critical length is exceeded. 
Correlation between the physical mechanisms of deformation and 
the material’s microstructure, being substantial for sound 
understanding of crack initiation and propagation behavior, requires 
the introduction of direction-dependent material laws, accounting 
for the anisotropy of elastic deformation and dislocation motion 
along slip planes. Elastic-plastic deformations in polycristals 
strongly depend on the efficiency of grain boundaries that represent 
barriers for slip transmissions. 

 Grains and phase boundaries are one of the most prominent 
microstructural features that can cause local stress-strain 
concentration, because of the elastic and plastic anisotropy of the 
microstructure of polycristal materials [1]. The crystals on each side 
of the grain boundary are polyhedral in shape and similar in every 
respect excepting orientation. The difference in crystallographic 
orientation of the grains cause stress peaks at the grain boundaries 
and triple lines that may exceed locally the yield strength and this 
will cause local plastic deformation and crack initiation [1].The 
relationship between orientation, stress distribution and deformation 
in grains can be analyzed through 2D models containing all of the 
aspects and known facts about the behavior of a real polycristal 
microstructure. 

 In this paper, the 2D models are constructed with Voronoi 
algorithm that generates grain structure with random orientation in 
each grain. The two dimensional polygons fill the plane by sharing 
edges and vertices. The elastic anisotropy is seen to be a key factor 
determining local deviations from the remote stress [1], therefore 
this is introduced to the models through the stiffness matrix Dijkl, 
considering the general material law, the relationship between strain 
and stress vector. All of the details concerning the process of 
constructing the representative volume element, assignment of the 
material properties and the formation of the slip systems causing 
stress concentration near grain boundaries are described in the paper 
and the results obtained from the models are graphically displayed 
and analyzed. 

2. Constructing 2D numerical models  

The Voronoi tessellation is a commonly known algorithm used 
for graphical and numerical representation of polycristal 
microstructure. It divides space randomly into regions that are 
convex polygons with various numbers of edges on a two-
dimensional plane completely filling up the space without 
overlapping. The polygons established represent the austenite grains 
with different orientation and this coincides to the crystallographic 
lattice of each grain. The local coordinate system of each polygon is 
the axes of the crystallographic lattice. This is shown in Figure 1.  

The behavior of the martensit material is elastic orthotropic and 
is defined in the property module through the stiffness matrix. 
Martensitic laths share the {110} slip planes, which lie along the 
axis of laths [2]. The martensitic laths are 45 degrees inclined to the 
grain orientation and the potential micro-crack will initiate along 
persistent slip bands [3], which in this case that would be the 
martensit lath.  The nodes that lie on the slip band are constrained 

with the equation ( )u i u lV V tg U U   [4] and this ensures 

the sliding effect.  

 
Fig. 1. Grains with random oriented crystallographic axes 

The influence of the density and size of the grains can be 
analyzed through three different models, with a certain variation in 
the average value of the area, size and orientation of the grains. 
According to paper [5], each grain should be defined with 4-node 
linear elements so most of the elements used in the models are 4-
node linear (CPS4R). There are also a few 3-node elements (CPS3) 
because of the random shape that was initially established with the 
algorithm.  
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Nodes that are located on the left side of the plate, except for 
the one that is on the lower left corner of the plate, are free to move 
in y direction, but  not in  x direction. The node located at the lower 
left corner is constrained in both directions. In each model the 
loading conditions are the same, uniaxial tension in x - axe direction 
according to the global coordinate systems on each model, and it is 
applied through seven displacement steps (Table 1). Stress values 
are calculated in each of the grains local coordinate systems. The 
planes that will reach the maximum shear stress are the ones that are 
inclined 45 degrees to the direction of the loading and the ones that 
will slip. The angle  +450  defines the potential crack in the models 
where  is the angle between the loading axe (x-axe of the global 
coordinate system) and the x- axe from the local coordinate system 
(the orientation of the grain) [6]. In cubic lattice, the slip plane 

(110) is perpendicular to 
_

(110)  that is why the shear stress in this 

plane is the same as in (110) plane.  

Table 1. Displacement steps  
Simulation: 2D-RDV-50-80-100-SS12.cae 
Model: Model-50,Model-80, Model-100 
Displacement: X1=1mm, X2=1.1mm, X3=1.2mm, X4=1.3mm, 

X5=1.4mm, X6=1.5mm, X7=1.6mm 

3. Results and discussion 

The anisotropic models have different morphology and 
orientation. Each of the models has the same boundary conditions 
and it is analyzed in linear elastic domain in terms of static loading 
conditions. At the beginning, before loading each of the models 
contain one initial crack. After each loading displacement the values 
of the stress components vary in each grain and the maximum value 
of shear stress occurs in the near surrounding of the grain with 
crack.  The results are given graphically on figure 2, 3 and 4. Micro-
cracks are initiated when the grains reach the maximum shear stress 
according to the local coordinate system of the grains. The 
summary results are also presented in figure 5.  In the first model, 
figure 2, the plate contains 50 grains each of them randomly 
oriented with initial crack in grain 21. When the plate is loaded in 
the first four displacement steps (X1, X2, X3, X4) none of the grains 
on the plate are reaching the maximum value of the critical shear 
stress which will indicate appearance of a new microcrack. The 
displacement X5 causes high stress concentration in the near 
surrounding of the first microcrack that is the grain labeled with 
number 30. When the plate is further loaded (X6 and X7 
displacement) there is a drastic change of stress distribution 
compared to the first 5 steps. There are several grains which reach 
the maximum value of stress and they are mainly located on the 
lower part of the plane. This might cause further coalescence and 
formation of a macro crack that propagates towards the lower right 
corner of the plate. A similar case is observed in the third model 
with the maximum grain density (100 grains on a plate), concerning 
direction and location of cracks.  The model with 80 grains shows 
different distribution of stress in each displacement step. The first 
crack is labeled with number 46 and it’s located approximately in 
the same region in comparison with the other two models. When 
displacement X1 is applied there is one grain that reaches the 
maximum shear stress, grain 45.  In the next 3 displacement steps 
the situation does not change much but when X4 and X5 
displacement are applied several new grains will crack. The location 
of the most of the cracks is in the upper left corner, so there is a 
high possibility that this is the location and direction where 
coalescence of cracks will happen. The overall differences observed 
in all three simulation models indicate the high influence of the 
shape, orientation and density of the grains in structures. The 
location and number of grains that reach maximum values of shear 
stress is different in each model, which is close to what has been 
observed in real materials. The models show that stress value and 
distribution within grains is related to the orientation of the grain 
and the misorientation of its neighboring grains. 

 

 

 

Fig. 2 Model-50,  simulation  2D-RDV-50-80-100-SS12 

Fig.3 Model-80,  simulation  2D-RDV-50-80-100-SS12 
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Fig.4 Model-100,  simulation  2D-RDV-50-80-100-SS12 
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Fig.5 Number of initiated cracks at each displacement step 

 

4. Conclusion 

The results encourage further investigation of the possibilities to 
predict two-dimensional crack propagation numerically accounting 
for real microstructure data. Loaded materials exhibiting elastic 
anisotropy lead to stress concentrations along grain boundaries with 
unfavorable crystallographic orientation relationships. Such stress 
concentrations, which certainly can also arise from second phase 
precipitates or pores, cause local plastic deformation to an extent 
that depends on the local slip geometry with the respect to the local 
direction of maximum shear stresses.  

 

There is no doubt that it is impossible to describe the complex 
interactions between microstructure, load and crack propagation 
rate by simple mathematical equations and numerical 
interpretations. This model allows the prediction of two-
dimensional crack propagation accounting for real microstructure 
data and the development of crack closure effects. Crack advance is 
considered as a function of the range  of crack- tip slide 
displacement and a slip band or on a combination of alternating 
operated slip systems (multiple slip)[8]. The present work arouses 
the existence of unifying aspects and facts that the integrity of a 
structure is strongly dependent from the microstructure and the 
interactions between the crack tip and the crystallographic 
orientation and shape of the adjacent grains. There are also 
important quantitative information that can be extracted from the 
models about the direction of the crack propagation and the possible 
coalescence.  

The models are very close to introduce the phenomenon  of 
stress concentration in triple points and along neighboring grain 
boundaries and can certainly be used as a tool that will assist in 
further understanding and investigating the materials microstructure 
and crack propagation.   
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