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Abstract. An existing hybrid modelling strategy based on a combination of cellular automata and 
finite element analysis (CAFE model) was extended to incorporate the distribution of different 
cleavage fracture nucleation sites found in a Grade A ship plate steel.  The CAFE model combines 
the state variables of cellular automata within the framework of a finite element solver to dissociate 
microstructural properties from the solution of forces and displacements.  In the present CAFE 
model four different cleavage fracture nucleating micromechanisms found from fractographic 
analyses were implemented.  The model was able to simulate the Charpy fracture behaviour over 
the full range of the ductile-brittle transition.

Introduction
In the modelling of the ductile-brittle fracture transition in ferritic steels it is important to correctly 
identify the relevant fracture nucleation micromechanisms. It is well known that MnS inclusions are 
the important features controlling ductile fracture nucleation in structural steels.  Cleavage fracture 
is usually regarded as being initiated by dislocation pile-ups or by grain boundary carbides.  
However, some evidence has been found for other micromechanisms of cleavage nucleation, both 
within grains and in grain boundaries [1-4]. These include the fracture of iron based carbides or 
carbides colonies; debonding of inclusions such as TiC and manganese sulphide; and the fracture of 
pearlite colonies.

The implementation of cleavage models in the simulation of the fracture of ferritic steels has 
usually been confined to a single micromechanism [5].  A more realistic approach would be to 
incorporate all the potential fracture mechanisms and allow free competition between them. Each 
micromechanism will have a different spatial distribution throughout the structure, a different 
temperature dependence and a different distribution of critical fracture stress, depending on the size 
of the initiating particles and the local grain size. 

In this paper, we present work on identifying four cleavage  micromechanisms in a Grade A ship 
plate steel and the incorporation of this information into a hybrid cellular automata finite element 
scheme to predict the Charpy fracture energy through the ductile-brittle transition temperature 
range.

Experimental work 
The identification of cleavage nucleation micromechanisms was done using blunt four point 
double-notch bend specimens, as shown in figure 1. The specimens were tested at –196ºC, –60ºC, 
0ºC and 25ºC in an Instron servo-hydraulic test frame.  In these tests both notches were subjected to 
the same state of stresses and strains.  When fracture initiates in one notch, the crack propagates 
from that notch but the surviving notch will have experienced the same critical state of stress and 
strain condition developed in the failed notch. 
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 Fig. 1.  Four point double-notch bend specimens.   

The surviving notches were sectioned, polished and etched with mixture of 5% nital with a small 
amount of picral.  Four micro micromechanisms were found at all test temperatures, as shown in 
figure 2.  These are: debonding of inclusions in the ferrite grain boundaries; debonding of 
inclusions in the ferrite-pearlite boundary; fracture of the lamellar pearlite colonies; and cracked 
carbides in ferrite grain boundaries. The proportions of each micromechanism changed with 
temperature. 

Fig. 2.  Four cleavage fracture nucleation micromechanisms. 

The CAFE model

The implementation of the different micro features for cleavage nucleation was done with the 
CAFE model[5]. In this model, the Rousselier continuous damage model [6] was used to account 
for the ductile fracture process and the Beremin model [7] for the brittle part. Each set of cellular 
automata is linked to a different fracture mechanism and describes the whether a local region of the 
structure has failed or not. The size of each cell in each CA array defines the size scale appropriate 
to each failure mechanism.  Therefore material failure information is moved from the finite 
elements and distributed across the CA arrays in a multiscale manner.  

Two independent CA arrays with different size were created for ductile and brittle fracture. Cell 
sizes were chosen based on the key length scales of fracture mechanism: the distance between large 
microvoids for ductile fracture and cleavage facet size for brittle fracture. It was found that the 
appropriate brittle fracture scale corresponded to the size of the largest grains or to the size of 
groups of grains with small misorientation angle that behaved as a single facet.  

A randomly generated critical value of the damage variable �F, within a normal distribution 
taken from [5], is assigned to each ductile CA. A ductile cell dies when its damage variable exceeds 
the critical value. The load bearing capacity of that cell will be zero. This information is transferred 
to the finite element stiffness matrix, re-distributing the forces in the structure.  After the ductile CA 
cells have been processed, the state of the ductile CA array, �m(D), is mapped over the brittle CA 
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array, �m(B).  Since both CA arrays occupy the same physical space, any change in one array is 
reflected in the other array.

The brittle CA array was apportioned randomly according to the fractographic analysis so that 
76% of the cells were ferrite grains and 24% were pearlite. Each microstructural phase has two of 
the four cleavage nucleation micromechanisms shown in figure 2.  The fracture stress, F� , for each 
mechanism was calculated from equation 1 for carbide particle induced cleavage [8, 9] or equation 
2 for fracture at grain boundaries [10]: 
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Furthermore,  is the fracture stress of a ferrite-ferrite interface, ff
F� ff�  is the effective surface 

energy of a ferrite-ferrite interface, and  is the ferrite grain size.   gd
The size of the initiating carbides was determined from fractographic analysis and the Weibull 

distribution shape and scale parameters were determined for  in equation (1). Similarly, grain 
sizes and grain orientation angles were determined and the shape and scale parameters of the 
Weibull distributions were used to create random values of  and 

cd

gd �  in equation (2). Hence, all the 
cells in the brittle CA array have different fracture strengths depending on the micromechanism 
attributed to the cells. 

A finite element solver is used to determine the maximum principal stress in the brittle CA cells. 
Fracture will propagate from a dead brittle cell m to a neighbouring cell l if the maximum principal 
stress at cell l exceeds its fracture stress and the misorientation angle between these two cells, 

lm �� �   is smaller than the misorientation threshold, F� . The finite element stiffness matrix is 
modified by a change in the state of either the ductile or brittle cells, and this creates local strain 
concentrations in the regions of crack nucleation and growth. 

Simulation of cleavage nucleation sites
The validity of the new approach was tested by modelling the fracture of the four point double-
notch bend specimens over a range of temperatures and examining the distribution of cleavage 
initiation sites. These were compared with the distribution of sites found from the fractographic 
examination.  Figure 4 shows the Abaqus® 3D finite element model and a close-up view of the 
notch root where the CAFE model was applied.  
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Fig. 4.  Finite element model of four point double-notch bend tests and the array of cells in the 
notch root. 

The damage zone consisted of 637 C3D8R 8-node finite elements.  The size of the finite elements 
of the damage zone was around 0.5mm3. 5	5	5 ductile and 10	10	10 brittle CA arrays were 
created in each finite element in the damage zone. The ductile damage cell size is 

 and the brittle damage cell size ismmLD 1.05/5.0 �
 mmLB 05.010/5.0 �
 .  The model will 
therefore have  ductile and  brittle CA cells. Due to symmetry, only a quarter of the 
specimen was modelled.   

79625 637000

The distributions of microcracks from the CAFE model and the experiments are shown in figure 
5 for all test temperatures. Most of cleavage initiation points nucleated within 1mm of the notch 
root. The results showed that the distribution of cleavage fracture initiation points agrees well with 
those found experimentally.  

Calibration of the ductile damage model was done by comparison of CAFE models with plain 
and notched tensile tests following Batisse et al. [11] and also by comparison with upper shelf 
Charpy data.  For this a 3D finite element model of the Charpy test was created, as shown in figure 
6. The damage zone consisted of 2100 C3D8R 8-node reduced integration finite elements. All the 
finite elements in the damage zone were about 0.5mm3, 125 and 1000 ductile and brittle cells were 
created in each FE. The CAFE model has 262500  ductile and 2100000  brittle CA cells.

(25ºC)                                                                      (0ºC) 

(-60ºC)                                                              (-196ºC) 
Fig. 5.  Experimental and CAFE correlation of initiation points at –60ºC. 
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Fig. 6.  Charpy test and the CA arrays created in the damage region. 

Fig. 7.  Numerical against experimental correlation of a Charpy tests.   

Figure 7 shows good correlation between numerical against experimental data in the upper shelf 
after fitting the ductile damage parameters.  

The new cleavage modelling strategy was tested by simulating the Charpy fracture energy 
through the ductile-brittle transition of the ship plate steel, as shown in Figure 8.

Fig. 8.  CAFE simulation of the ductile-brittle transition. 

Discussion
The new cleavage modelling approach was able to simulate both the rise in Charpy impact energy 
with increasing temperature and the typical scatter in the transition region.  This arises from 
introducing the distribution of the physically based parameters using random number generators in 
both CA arrays.  In each simulation run, the CAFE model assigns different values of the damage 
model parameters, resulting in scatter in a unique Charpy energy value.  
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At -60�C, with 100% cleavage fracture, the simulated results were higher than the experimental 
values.  This difference may be caused by the fact that fracture cannot cross the finite element 
boundary due to the limitations of the Abaqus® code. 

Conclusions
The multiscale nature of the CAFE model, and its intrinsic feature of separating the modelling of 
the fracture events from the calculation of the deformation of the structure, makes it ideally suited 
to the task of simulating failure arising from a range of competing mechanisms. 
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