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Abstract - Refrence temperature (T0) of 20MnMoNi55steel is calculated, in accordance with ASTM E-1921 for different 
thickness of Three Point Bending Specimen.Difference in thickness causes variation in constraint label which deviates from 
Small Scale Yielding (SSY) condition causing a non-conservative prediction of T0.In this study Finite Element Analysis is 
used to calculate Weibull Stress verses J-Integral plot with increase in loading label, for each thickness of the specimen and 
its respective SSY model.Experimental KJC value,for different thickness is corrected with its equivalent SSY model from the 
Weibull Stress verses J-Integral plot.The Corrected T0 values reflects too much over prediction of Refrence temperature T0 
from E-1921due to deviation of SSY condition. 
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I. NOMENCLATURE 
 

a physical crack size(mm) 
B  gross thickness of specimens, (mm) 
B1T thickness of 1T (one inch thick) specimen  
B0 thickness of tested specimen (mm) 
DBT Ductile-to-Brittle Transition 
RPV Reactor Pressure Vessel 
T0 Refrence Temperature(°C) 
TPB Three Point Bending 
m Weibull Modulus 
W specimen width(mm) 
a/W crack length to width ratio of the specimen 
Greek Symbols 
σW Weibull stress(MPa) 

 
II. INTRODUCTION 
 
Fracture toughness of  20MnMoNi55 steel shows a 
probabilistic nature,in the DBT region like other 
ferritic steels[1].Therefore widely accepted ASTM 
Standard E-1921which couples weakest link statistics 
and a non-dimensional ‘‘Master Curve’’[2,3] to 
describe the (macroscopic) toughness variation over 
the DBT region and the statistical scatter at each 
temperature using tests performed on a limited 
number of relatively small fracture specimens is used 
to capture the behaviour of Fracture toughness in this 
region.Though Master Curve and ASTM E-1921 is 
widely accepted due to the advantage of prediction of 
refrence temperature (T0) by performing a limited 
number of experiment still it has got some 
limitations. Master Curve requires that high 
constraint and small scale yielding conditions exist at 
fracture in each tested specimen.In actual senario the  
small Scale yielding condition is hardly achieved by 
the specimens during experiment.Though the size  

 
adjustment prescribed in ASTM E1921[4] ,to an 
equivalent 1T SSY condition but still it does not 
completely transform the original experimental value 
to the equivalent SSY value of KJC at 1T, as the 
existing thickness correction of ASTM E1921 does 
not take care of non-SSY condition of stresses in 
specimens with thickness other than 1T. The problem 
in the size adjustment equation lies in the concept of 
volume responsible for cleavage trigger. The 
methodology assumes that the volume responsible for 
cleavage in 3 dimension (3D) can be obtained by 
extruding the 2 dimensional (2D) area along the 
thickness which is only realistic when the stress 
distribution is self-similar along the crack front. This 
assumption is valid for SSY condition but 
questionable in the case of non-small scale yielding 
condition. 
 
Previously this constraint correction was done by 
various researchers like Petti and Dodds [5], Mueller 
et al. [6] and X.Gao et al. [7] .A.Tiwari and et al.[8] 
also try to solve the problem of constraint correction 
by the help of WST approach approach for their 
material Indian Reduced Activation Ferritic 
Martensitic Steel. 
 
In this study the transformation of non-Small scale 
yielding condition to small scale yielding condition is 
studied by performing finite element analysis of  
different  thickness TPB specimen,of 20MnMoNi55 
steel.  Weibull Stress a parameter of Beremin 
model[9]is applied, which associate a macroscopic 
fracture behaviour with micro scale deformation, to 
capture the constraint effect on cleavage fracture due 
to crack geometry and loading. Refrence 
Temperature(T0) is calculated experimentally in 
accordance with ASTM E-1921 for TPB specimens 
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of thickness 10,12,15,20,30 mm at temperature of -
110°C. Finite Element Analysis of 3D TPB specimen 
of the above thickness is done and Weibull stress 
verses KJ , obtained from J-Integral is plotted. 
Weibull stress verses KJ is also plotted from the 2D 
specimen in the plain strain condition,resembling 
SSY model.The experimental KJC for different 
thickness is corrected in accordance with the SSY-
model from the above discussed Weibull stress verses 
KJ plot for the two configuration. 

 
III. MATERIAL 
 
The material used in the present study is 
20MnMoNi55 low carbon steel which is a RPV 
application steel.20MnMoNi55 is basically a German 
designated material. A  test  block  of  this  material  
is  received  from  Bhaba  Atomic  Research Centre 
(BARC),  India.  The chemical composition of the 
material is furnished in Table 1. 

 
Table 1: The different chemical compositions of the material 

Name of Element 
Percentage 

Composition (in 
weight) 

C 0.2 
Si 0.24 

Mn 1.38 
P 0.011 
S 0.005 
Al 0.068 
Ni 0.52 
Mo 0.3 
Cr 0.06 
Nb 0.032 

 
IV. MASTER CURVE AND BEREMIN MODEL 
 
Master curve derive a relation ship between KJC and 
fracture probability using three parameter Weibull 
distribution given as 
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K0 corresponds to the fracture toughness value at 
63.2% fracture probability. K0 is calculated as 
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Where, KJC (i) is the individual KJC (1T) value and N 
is the number of KJC values. The term N is replaced 
by the number of valid KJC values, r, if censored KJC 
values are included in the calculation. 
Refrence Temperature(T0) is calculated 
experimentally in accordance with ASTM E-1921as 
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Where,KJC (med) value determined for the data set at 
test temperature with the following equation. 
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The Weibull stress model originally proposed by the 
Beremin group [9] as described  above provides a 
framework to quantify the relationship between 
macro and micro scale driving forces for cleavage 
fracture in a fully 3D specimen. A scalar parameter 
Weibull stress .(σw), is introduced as a probabilistic 
fracture parameter, computed by integrating a 
weighted value of the maximum principal (tensile) 
stress over the entire fracture process zone as shown. 
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Where,n is the number of volumes Vj, or elements in 
a FEM calculation and  the j

1 maximal principle 
stress of the element j  and Vj/V0 is just a scaling 
based on the assumption that the probability scales 
with the volume. 
A two-parameter Weibull description for the 
cumulative failure probability is adopted by the 
maodel as shown 
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where m denotes the Weibull modulus (shape 
parameter) which quantifies the statistical scatter, and 
σu is a scale parameter which sets the value of σw at 
63.2% failure probability. It is  assumed in this model 
that, the parameters .m & σu quantify inherent 
properties of the material which describe the 
formation of a certain distribution of metallurgical 
scale cracks once plastic deformation occurs  prior to 
cleavage. The Weibull stress enables construction of 
a toughness scaling model which requires the 
attainment of a specified value for the Weibull stress 
to trigger cleavage fracture in different specimens 
even though J or KJ values may differ widely. Under 
increased remote loading described by J or KJ , 
differences in evolution of the Weibull stress., 
reflects  the potentially strong variations in crack-
front stress fields due to the effects of constraint loss 
and volume sampling. Constraint corrections then 
become possible between different crack geometries 
and/or applied loading conditions at identical σw 
values. 
 
V. FINITE ELEMENT ANALYSIS 
 
Elastic-plastic finite element analysis for different 
thickness of TPB specimens are performed using 
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ABAQUS 6.13. The material constitutive properties 
are defined by the Young’s modulus E and Poisson’s 
ratio  , and Yield stress verses plastic strain 
obtained from tensile test  data performed at -110° C 
in Universal Testing Machine (Instron 8801) [10].  
Isotropic elastic and isotropic hardening plastic 
material behaviour are considered for the material 
used.3-D finite quarter TPB specimen of respective 
thickness are used to calculate the Weibull stress for 
the specimen and the J-Integral. The FE model was 
meshed with 8-node isoparametric hexahedral 
elements with 8 Gauss points taken for all 
calculations as referred by IAEA-TECDOC-
1631[11].   
 
Reduced integration with full Newtonian non-linear 
analysis computation is carried out for all the 
specimens. In the region ahead of crack tip the mesh 
was refined with element volume of 0.05 X0.05 X 
0.05 mm3 . 
 
In order to facilitate in the calculation of Vj the 
element size is kept constant near the crack tip.[8] 
Since large strain is expected in the crack tip field, a 
finite strain (large deformation theory) method is 
used. As the crack extension during the experiment is 
found to be very small, the crack growth is not 
simulated in this FE analysis. The boundary condition 
of application of load and extraction of load and 
displacement was done by following guidelines of 
IAEA-TECDOC-1631[11]project finite element 
round robin program. The boundary conditions and 
the mesh is shown in Figure 7. 
 

 
Fig.1:Showing Boundary Condition and mesh distribution on 

TPB Specimen,20 mm thickness a/W=0.5. 
 

The 2D model is meshed with 4-node bilinear plane 
strain quadrilateral with reduced integration as in 

figure.

 
Fig.2: Showing mesh distribution on 2D,TPB Specimen. 

 
VI. RESULTS & DISCUSSIONS 
 
6.1. Experimental values 
The Refrence temperature (T0) obtained from 
experiments following ASTM E-1921 for different 
thickness are shown in Table 2. 

 
Table 2: Refrence Temperature T0 from different thickness of 

TPB specimen 

Thickness(mm) T0(°C) 

30 -153.36 

25 -150.76 

20 -148.44 

15 -147.88 

12 -147.922 

10 -141.908 
 
6.2. Numerical Correction 
The Weibull Stress verses KJ plot for 2D model 
resembling SSY condition and 3D model rembling 
actual experimental specimen as shown in figure3. 
 

 
Fig.3:Weibull Stress vs KJ for SSY and 3D model of TPB 

specimen 
 Figure 3 provides a base for numerical correction of 
KJC values obtained from experiment to equivalent 
KJC values of SSYmodel,relying on the fact that 
critical value of Weibull stress causing cleavage 
fracture remains same for both the model.  σW vs KJ 
for both the model is fitted with a power law curve 
fitting. 
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The KJC values obtained from experiment of TPB 
specimen for 15 mm thickness are corrected with the 
help of Eq.(9). 
 

Table 3: Numerically transformed KJC used for single 
temperature calculation of T0 

KJC 
Experimental 

(A) 

KJC 
Corrected 

(B) 

KJC(1T) 
(from 

A) 

KJC(1T) 
(from 

B) 
262.74 143.47 233.64 128.66 
158.56 87.71 141.95 79.59 
200.26 110.12 178.65 99.31 
214.83 117.92 191.48 106.18 
205.18 112.75 182.98 101.63 
182.77 100.74 156.18 91.06 

T0(A)=-147.88 °C and T0(B)=-108 °C 
Where, A = Uncorrected, B = Numerically Corrected 
& KJC(1T) signifies the thickness correction equivalent 
to 1T(25mm)thickness TPB specimen imposed by 
ASTM E-1921 as shown in Eq.10 
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B0 is  thickness of the tested specimen (side grooves 
not considered) in mm, B1T is the thickness of 1T-
TPB specimen. 
In the similar way Refrence Temperature (T0),  of 
TPB specimen of different thickness are corrected as 
shown in Table 4. 

Table 4: Numerically corrected and uncorrected Refrence 
Temperature (T0) for different thickness of TPB specimen 

Thickness(mm) T0(A) T0(B) Deviation 
10 -141.9 -77.58 -0.453 
12 -147.92 -91.67 -0.38 
15 -147.88 -102.58 -0.31 
20 -148.44 -104.86 -0.293 
30 -153.36 -135.03 -0.119 

CONCLUSION 
 
The  KJC values obtained from experiment for 
different thickness of TPB specimen,even after doing 
thickness correction shows  quite higher values,in 
comparison with numerically corrected KJC values, 
with the help of Weibull Stress.Therefore,T0 
calculated from uncorrected KJC values reflects a non-
conservative nature of prediction of the specimen.So 
this work provides the significance of constraint 
correction with the help of Weibull Stress and refers a 
more accurate value of Reference Temperature(T0) 
for various thickness of TPB specimen. 
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