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fields. Though this model has been fairly successful in capturing the scatter 
in fracture toughness at and near the lower shelf, it requires the modeling of 
stable crack growth near the transition regime to provide accurate results. 
Stable crack growth primarily takes place through void nucleation, growth and 
coalescence. By incorporating ductile damage models proposed by Rousselier 
(Rousselier, 1987) or Gurson (Gurson, 1977) to simulate stable crack growth 
prior to unstable failure, improved predictions can be made. In (Tanguy, 2005), 
DBT using Charpy specimens have been performed using Rousselier model 
(Rousselier, 1987) in conjunction with Beremin model (Beremin, 1983) to predict 
onset of cleavage failure. Modifications have been made to the Beremin model by 
introducing the effect of plastic strain and history of maximum principal 
stress to evaluate the critical Weibull stress. Irradiation effects have also 
been considered in their work. DBT of German low alloy pressure vessel steel 
using CT-specimens have been analyzed in (Samal, 2008) by considering a non-
local Rousselier model (Samal, 2008) in conjunction with Beremin model (Beremin, 
1983). The non-local model eliminates the mesh-dependency typically observed in 
local strain-softening models. In addition to the Beremin model, a local stress 
based model in conjunction with Weibull distribution has also been proposed in 
(Margolin, 2006) as a cleavage initiation indicator. Though these approaches 
have been able to capture the fracture toughness variability at and near lower 
shelf, an improved model consisting of both ductile and cleavage mode of crack 
growth is necessary to predict the entire DBT region accurately. In addition, 
the model should have the provision to incorporate more physical lower length 
scale models as in (Vincent, 2010). 

In the present work, a cohesive zone based model has been proposed to analyze 
DBT in RPV steel. A unified model has been developed which incorporates both 
ductile damage and cleavage failure mechanisms through temperature and failure 
probability dependent parameters. The flow strength of the bulk material is 
varied to obtain the temperature dependent bulk material behavior. It is 
assumed that without cleavage, the cohesive law follows a traction-separation 
behavior of ductile-damage as described in (Scheider, 2003). From the known 
flow-stress evolution at different temperatures separate ductile-damage 
traction-separation parameters can thus be obtained from a unit cell analysis. 
However depending on the temperature and failure probability, unloading in the 
cohesive law due to cleavage can start earlier, and can reduce the fracture 
toughness of the material. With the use of such a cohesive law, scatter in the 
fracture toughness with temperature can be successfully obtained. The results 
from this methodology are compared with experiments and Master Curve reported 
in (Samal, 2008). 

The organization of the paper is as follows: The unified cohesive law to 
capture ductile damage is described first followed by the calibration process 
using unit cell analysis to obtain the cohesive law parameters of ductile 
damage without cleavage failure. The calibration procedure to obtain the 
cleavage dependent cohesive parameters is described next. Two different 
temperatures are considered and comparisons are made with experiments. The 
paper is concluded in the last section. 

Unified cohesive zone model 

For a material undergoing ductile damage, the underlying traction separation 
law consists of an initial steady state void growth and coalescence, followed 
by rapid coalescence and complete loss of strength once a critical void volume 
fraction is reached. The traction-separation law proposed in (Scheider, 2003) 
has been used in the present work to represent ductile damage where the 
traction  is related to the separation  by 













Figure 7: Unified cohesive zone model at T=-100oC: (a) Traction separation law 
(b) Load-CMOD. 

(a) (b) 
 
In (Tanguy, 2005) and (Samal, 2008) the Weibull parameters calibrated at -100oC 
are used at other temperatures to predict DBT. For the unified cohesive zone 
law, a similar assumption is made and the maximum stress max is held fixed for 
respective failure probabilities at all other temperatures. The critical 
separation distance c is evaluated from corresponding ductile damage traction 
separation law and separation distance at final failure from f = 3 c. As a test 
case, T=-20oC is considered in the present work. For the 5% probability case, 
cohesive law parameters max=1840 MPa, c=0.00018 mm and f = 3 c is used. The 
predicted fracture toughness is compared with the Master curve and is shown in 
Figure 8. As can be observed from the comparison, f=3 c grossly underestimates 
the fracture toughness. This is due to higher levels of plastic deformation at 
higher temperatures for the same maximum failure stress and hence larger value 
of f needs to be considered. A final separation distance f=0.001 mm provides 
reasonably good match as can be seen from Figure 8. For failure probability of 
95% at T=-20oC max =2069 MPa exceeds for 0 for ductile damage ( 0=2001 MPa). 
Under such situation Eq. 1 is used as the traction separation law. Values of 
c=0.001 mm and f=0.0016 mm provides reasonable match with the Master Curve and 
is shown Figure 8.  

Figure 8: Comparison of fracture toughness between unified cohesive law and 
master curve 

 
 
Work is in progress to obtain a correlation for c and f with flow parameters 
and cohesive zone parameters at T=-100oC. 



Conclusions and future work 

A unified cohesive zone model has been proposed in the present study to model 
DBT of RPV steel. In this method both the ductile and cleavage mode of crack 
growth is modeled as opposed to existing methodologies where stable crack 
growth through ductile damage is only modeled and initiation of unstable 
cleavage failure is predicted using a probabilistic model as post-processing 
after the simulations. The current unified approach avoids the post-processing 
after the simulations. In the model, it is assumed that the traction separation 
law follows ductile damage till the onset of unloading due to cleavage. The 
traction separation parameters for ductile damage for different temperatures 
were obtained from unit cell analysis. A viscosity term has been added to the 
traction separation law to improve its stability. The cohesive zone parameters 
for cleavage failure were calibrated from experiments at T=-100oC. The 
extensibility of these parameters for other temperatures have been shown by 
comparing the predictions with experiments at T=-20oC.  
An improved correlation between the critical separation distances and 
temperature needs to be further developed and is in progress. Presently the 
cohesive law parameters are calibrated from experimentally obtained fracture 
toughness data, however, more physical lower length scale models can be used to 
derive the cohesive law parameters. 
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