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ABSTRACT 

Computational modeling techniques are now widely employed in material science, 
mainly due to recent advances in computing power and simulation methodologies, since they 
can enable rapid testing of theoretical predictions or understanding of complex experimental 
data at relatively low costs. In multiscale modeling, the goal is to predict the performance and 
behavior of complex materials across all relevant lengths and time scales, starting from 
fundamental physical principles and experimental data. Such methods can simulate the 
polycrystalline aggregates of a few hundred or even thousand grains and are receiving 
increasing support from the non-destructive experimental techniques such as X-ray diffraction 
contrast tomography. 

Intergranular cracking of a polycrystalline material depends on the loading conditions, 
the microstructure and the mechanical behaviour of grains and grain boundaries. To simulate 
faithfully the behaviour of such polycrystals, especially the initiation and early propagation 
nature of the so-called microstructurally short cracks, polycrystalline aggregate models are 
being developed where proper discretization of grain interiors as well as grain boundaries is 
required. The core of the proposed paper presented here investigates a possible approach to 
model the progressive damage along the grain boundaries. Thus, explicit finite elements 
models are being developed, which represent the grain boundaries with a cohesive based 
surface approach where the microscopic information is summarized in the form of traction-
displacement relationship. Geometric models of the microstructure are generated using 
Voronoi tessellations. 

1 INTRODUCTION 

One of the most used material for present structural components of light water reactors 
(LWRs) and one of the candidates also for Generation IV reactors are the austenitic stainless 
steels. Under normal conditions these steels have excellent corrosion resistance; however, in 
certain environments sensitized austenitic steels are susceptible to corrosion cracking. The 
two predominant forms of stress corrosion cracking encountered are Intergranular Stress 
Corrosion Cracking (IGSCC) and Irradiation Assisted Stress Corrosion Cracking (IASCC). 

Sensitization results in a decrease in local resistance to corrosion and stress corrosion, to 
a degree that depends on the grain boundarie [1, 2]. The grain boundary behaviour of 
polycrystalline materials is known to be strongly dependent on the misorientation angle. 
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Experimental results [3] show that the random grain boundaries (i.e., those with no special 
crystallographic relationship between the grains adjacent to the grain boundary) are more 
susceptible to intergranular corrosion and stress corrosion than boundaries with high degree of 
lattice coincidence. Based on the high and low resistance character of the grain boundaries 
several models have been proposed for predicting the maximum likely extent of intergranular 
stress corrosion cracking. 

The latest development of powerful, massively parallel computers, coupled with 
advances in the theoretical framework that describes materials, has enabled the development 
of new concepts and algorithms for multiscale computational modelling of materials. In 
multiscale modelling and simulation, the longstanding goal is to predict the performance and 
behaviour of complex materials across all relevant length and time scales, starting from 
fundamental physical principles and experimental data. Due to the significant progress that 
has been made in the development of non-destructive three-dimensional imaging techniques 
such as X-ray diffraction contrast tomography (DCT), it is now possible to undertake 
microstructurally faithful materials modelling in which multiscale structural information can 
be used directly for property prediction [4, 5, 6, 7, 8].  This information can then be 
incorporated in models, such as the finite element method approach developed by Jivkov et al. 
[9] to mimic the real three-dimensional (3-D) behaviour of cracks and to predict crack growth 
rates. 

However, further development of increasingly realistic multiscale simulation methods 
requires resolution of some modelling issues. These include reliable, accurate and numerically 
efficient modelling of the progressive damage along the grain boundaries. In this paper two 
possible approaches to model the progressive damage along the grain boundaries are 
presented and compared: a) with cohesive elements and b) with cohesive surfaces. 

2 FINITE ELEMENT MODEL 

The finite element models used in our work are generated for spatial Voronoi 
tessellation [10] generated using Qhull algorithm [11] and are shown in Figure 1. For a 
systematic study of each Voronoi tessellation in particular we choose the best five generated 
models. The choosing criterion is based on the ratio between the shortest and the longest edge 
of the facet. In the chosen criteria the smaller the ratio the better the quality of the Voronoi 
tessellation. Furthermore, between adjacent grains zero thickness layers of cohesive elements 
are introduced [12]. 

However, it was shown that when using cohesive elements at the grain boundaries, a 
stress error appears [13, 14] at the point where three grain boundaries join. Difficulties appear 
also when modelling damage initiation and failure in cohesive layers due to numerical 
convergence issues. In a previous paper [15], the authors showed that the cohesive elements 
can be successfully replaced by a new technology named surface-based cohesive behaviour. 
This behaviour offers capabilities that are similar to those of cohesive elements which are 
defined using a traction-separation law. The surface-based cohesive behaviour is typically 
easier to define and allows simulations of a wider range of cohesive interactions. In this paper 
we extend our work to the point of damage modelling to simulate the degradation and 
eventual failure of the bonds between two cohesive surfaces. 
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Figure 1: Spatial Voronoi tessellations with different numbers of grains 

3 COHESIVE ZONE MODELS 

In the following section a short description of cohesive zone model that we used is 
presented. The cohesive zone model (CZM) approach dates back to the theoretical studies of 
early 1960’s, when on the original ideas of Dugdale and Barenblatt [16, 17] fracture was 
considered as a gradual phenomenon in which separation takes place between two adjacent 
virtual surfaces across an extended crack tip (cohesive zone) and is resisted by the presence of 
cohesive forces. Thus, CZM is a framework to model strength, stiffness and failure in an 
integrated manner.  

The mechanical response of the cohesive zone is described through a constitutive law 
(in terms of potential function) relating the traction field with displacement jump. Cohesive 
laws have been built into finite element analysis as mixed boundary conditions or have been 
embedded into cohesive finite elements. Cohesive elements bridge nascent surfaces and 
govern their separation in accordance with a cohesive law. The bilinear model, which is 
chosen in this work, is shown in Figure 2. The cohesive traction-separation law is defined 
primarily by two main parameters; maximum surface traction tn

0, known as the cohesive 
strength, and the corresponding displacement δn

0, known as the critical separation. 

The CZM can be implemented into finite element analysis as a mixed boundary 
condition, relating tractions to displacements at boundaries or interfaces. Powerful cohesive 
zone modelling capability has been included in the ABAQUS commercial finite element 
software, which was used for these investigations. In ABAQUS, one can specify cohesive 
zone behaviour using either cohesive elements or cohesive surfaces. 
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Figure 2: Traction-separation bilinear law 

The cohesive elements are inter-surface elements which can have zero thickness and 
prescribe stresses based on the relative displacement of the nodes of the element. In 
ABAQUS the available traction-separation model assumes initially linear elastic behaviour 
followed by the initiation and evolution of damage. The elastic behaviour can be written in 
terms of an elastic constitutive matrix that relates the nominal stresses to the nominal strains 
across the interface. Using the constitutive thickness T0 of the cohesive element (typically 
different from the geometric thickness which is close or equal to zero), the nominal strains 
can be defined as: 
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where δn, δs and δt are the corresponding separations in the normal and the two orthogonal 
shear directions of the cohesive element. The elastic behavior can be written as, 
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For the linear softening (Figure 2) the damage evolution variable D (which represents 
the overall damage in the material and captures the combined effects of all the active 
mechanisms) is defined by equation below: 
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(3) 

As mentioned before, another way of specifying cohesive behaviour in ABAQUS is by 
using cohesive surfaces. The laws that govern cohesive surface behaviour are in general 
similar to those used for cohesive elements with traction-separation constitutive behaviour. 
This paper explores the use of both types of cohesive zone behaviour to model the grain 
boundaries. 
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4 MATERIAL PROPERTIES 

For the bulk grains the Young’s modulus (E) and the Poisson’s ratio (ν) were assumed 
constant at 200000 MPa and 0.3 respectively. The elastic properties of the cohesive layer 
material are taken as: Knn= 200000 MPa, Kss= Ktt=E/[2(1+ν)]= 76900 MPa. The constitutive 
thickness of the cohesive elements is taken as T0=0.001 mm. The maximum nominal strain 
criterion is used for the damage initiation and a displacement based damage evolution 
criterion for the damage propagation. The relevant material data are as follows: εn

0 = δn
0/ T0 = 

0.001, εs
0 = εt

0 = 100, δn
f = 1e-6 mm. High values of εs

0 and εt
0 are used to exclude damage 

initiation in the two shear directions. In the case of the cohesive surfaces the maximum 
separation damage initiation criterion is adopted with the same damage evolution law as for 
the cohesive elements. However, in the absence of the cohesive elements, their thickness is 
accounted for by scaling the elastic properties of the cohesive layer by a factor of 0.001. 

5 RESULTS 

In this section we present a statistical study made on the Finite Element (FE) models 
presented in Figure 1. As mentioned, for each number of grains, 5 best generated Voronoi 
tessellation with the highest ratio between the shortest and the longest edge are taken for our 
studies. The grains are meshed using 4 nodes linear tetrahedral finite elements C3D4. The 
grain boundaries are modelled using 6 node three dimensional cohesive elements COH3D6 or 
surface based cohesives. For all the FE calculations, the back surfaces were constrained in all 
directions while on the front surfaces a tensile displacement of ε = 0.035 is applied in the axial 
Z direction (see Figure 3). 

 
Figure 3: Loading and boundary condition representation 

Evolution of damage variable SDEG (Scalar stiffness DEGradation), which illustrates 
the stiffness degradation of the cohesive elements is presented in Figure 4. It can be seen that 
with the increasing number of grains in the model also the spreading of the damage variable 
SDEG increases. For the Voronoi with 3 grains the values are switching between 0 (no 
damaged elements) and 1 (fully damaged elements) while for the Voronoi with 150 grains we 
have a wider spreading of the values. This is due to the variety of angles that exists between 
the cohesive zones resulting in a higher number of cohesive elements being more susceptible 
to damage degradation. However, a common problem of all models was and remains the 
prematurely finished simulations. This was due to numerical convergence issues.  
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Figure 4: Number of cohesive elements that suffer damage for the 5 Voronoi models: 3, 

20, 50, 100 and 150 grains Voronoi tessellation 

For material models exhibiting softening behaviour and stiffness degradation the 
literature suggests that they often lead to severe convergence difficulties. For overcoming 
these issues a viscous damping factor is applied to the damage function [12]. Viscous 
regularization damping causes the tangent stiffness matrix that defines the contact stresses, to 
be positive for sufficiently small time increment. This technique is applicable to cohesive 
elements as well as to cohesive surfaces. For the 3 grains Voronoi tessellation, by introducing 
a viscous damping factor of 0.1, it was seen that the simulation finished successfully. When 
introducing the viscous damping factor to the other Voronoi models the expected convergence 
difficulties appeared again. 

However, the situation significantly improves if the cohesive elements are replaced by 
the cohesive surfaces. As in the case of cohesive elements, for overcoming the convergence 
difficulties, the same viscous regularization can be applied. Figure 5 shows the variation of 
the viscous damping factor as a function of number of grains in the Voronoi tessellation. With 
increasing the number of the grains in the model the convergence is reached with decreasing 
the value of the viscous damping factor. Also with the increasing number of grains in the 
model the computational time is prolonged. At this point we have to stress that in the case of 
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cohesive surfaces all simulations with higher grain numbers finished successfully and didn’t 
break down as in the case of cohesive elements.  

 
Figure 5: Viscous regularization as function of the number of grains in the Voronoi 

tessellation 

Figure 6 presents the stress state in bulk grains for the case of 100 grains Voronoi 
tessellation. Figure 6a and Figure 6b display the results at the time increment when the model 
with cohesive elements at the grain boundaries finished prematurely (early time increment). 
The left part of Figure 6a presents the model with cohesive elements at the grain boundaries 
while the Figure 6b presents the model with surface based cohesive interaction. No significant 
difference can be observed between the two cases.  

 
Figure 6: Stress state in 100 grain Voronoi tessellation: a) cohesive elements at grain 

boundaries at early time increment (simulation finished prematurely); b) surface based 
cohesive at grain boundaries at the point when cohesive elements simulation break down and 

c) stress state at the end of the simulation for surface based cohesive behaviour 

This is to be expected since the laws that govern the cohesive surface behaviour are in 
general similar to those used for cohesive elements thus resulting in similar responses. Figure 
6c displays the results of the model with surface based cohesive interaction at grain 
boundaries at the final time increment. It can be clearly seen the totally obtained cracking. In 
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the models containing cohesive elements the full separation is not reached because at the end 
of the simulation the convergence is not obtained. The full separation for cohesive surfaces 
indicates that the convergence issues have been managed successfully. 

6 CONCLUSIONS 

Even though the commonly used cohesive elements in solid mechanics exhibit good 
results, in random networks of grains their reliability breaks down. The core of the problem 
seem to be the joints of multiple cohesive elements in single nodes,as reported in the 
literature, where the simulation breaks down or give great discrepancies even at simple 
models (Y conformation of three cohesive elements). An alternative to this approach is the 
use of cohesive surfaces that omit the utilization of individual elements and are implemented 
through an interaction.  

A systematic study has been performed on a number of Voronoi tessellations with 
different number of grains. It has been observed that for low number of grains in the Voronoi 
we have no damage or total separation. However increasing the number of grains in the 
model, we have a spreading of the values of the damage parameter SDEG from 0 (no damage) 
to 1 (total separation). This affects seriously the simulations which end up prematurely. Even 
though a viscous damping factor is introduced no improvement in the convergence was 
noticed. 

In the case when surface based cohesive behaviour was used instead of cohesive 
elements, a significant improvement has been observed. That results in successful finished 
simulations, but still with the introduction of the viscous damping factor. By increasing grain 
numbers in the model the viscous damping factor must be decreased in order to ensure 
convergence of the simulations. 

Due to practically identical results for cohesive elements and cohesive surfaces 
approach until the point of breakdown for the first case, we have shown that the computation 
beyond this point can be reliable performed with the latter case. Now the path is set for 
performing similar analyses on more complex models. 
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