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ABSTRACT 
 
The results of damage mechanics finite element (FE) creep analyses were used to investigate the initiation 
and growth of short cracks using a 2D narrow notch model, under plane strain and plane stress conditions, 
with a uniform tensile loading.  The material properties for a Ni-base superalloy (Waspaloy) at 700o C were 
used. Damage distributions and growth near the notch, with time, were used to characterise and identify 
crack initiation and growth and to determine the direction of growth of the high damage zone, which was 
used to identify the crack growth direction.  It was found that under plane stress conditions, the high damage 
zone was formed and grew inwards along the symmetric line of the notch, while under plane strain 
conditions, there was a bifurcation of the high damage zone, along a direction which was inclined at an angle 
to the notch.  This angle was found to be dependent upon the tri-axial damage parameter α, reducing from 
60o to 35o for α increasing from 0 to 0.3. 
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INTRODUCTION 
 
The need to estimate the life of new components, or the residual life of components already in service, which 
operate at elevated temperature and may contain cracks, is important. For example, in the assessment of 
aeroengine components, an essential requirement is to study the high temperature failure and fracture 
behaviour of materials and components, under creep or creep/fatigue conditions. Results of laboratory 
testing using uniaxial, notched, compact tension specimens etc., are usually used to obtain information 
regarding material failure or crack propagation behaviour.  In recent years, the investigations of crack 
growth have resulted in various parameters (e.g. K, C*, accumulated damage, ω, and critical strain, εc, etc) 
being proposed as parameters which govern creep crack growth.  Numerical analyses, for example, the finite 
element (FE) method, are popularly used to assist with the detailed understanding of the behaviour at the 
advancing crack tips.  
 
In this paper, the results of the continuum damage mechanics FE modelling have been used to assess the 
creep fracture behaviour of short cracks with a simplified 2D narrow notch model, using material properties 



obtained for a Ni-base superalloy (Waspaloy) at 700o C. Damage distributions and accumulation near the 
notch, with time, were used to identify the crack initiation and its direction of growth.  
 
 
FE MODEL, DAMAGE ANALYSIS AND MATERIAL PROPERTIES 
 
FE Model 
The 2D FE model used is shown schematically in Figure 1.  The width of the specimen, L, is 7 mm, with a 
semi-circle narrow notch of length, ao, of 0.5 mm at the edge, which has a radius, r, of 0.2 mm. A uniform 
tensile stress, σo, is applied to the end of the specimen. The FE mesh generated for damage analyses is 
shown in Figure 2, with 2-D axisymmetric, 8-node isoparametric, quadratic rectangular elements with 
reduced Gauss integration points (2×2). Local mesh refinement is used in the area near the notch.  
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Figure 1:  Schematic diagram of the short
crack specimen (symmetrical half)
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RESULTS 
 
Creep damage calculations were performed using the FE model shown in Figure 2, under both plane stress 
and plane strain conditions, using the material properties given in Table 1, with an applied stress, σo, of 400 
MPa. Calculations were also performed with a range of other α values, in order to investigate the effect of 
the tri-axial stress state damage parameter on the damage behaviour of the specimen. Since the main purpose 
of this work was to identify the main factors affecting creep crack growth, an arbitrary damage level of 50% 
was chosen to represent the crack growth behaviour.   
 
Stress, Strain and Damage Distributions and Direction of Damage Growth  
The stress, strain and damage contours obtained from the FE analyses are used to illustrate the general 
behaviour of the specimen.  The contours (near the notch) for the strain in loading direction, εy, rupture 
stress, σr, and damage at ω = 0.5 under the plane stress condition, at different creep times, are shown in 
Figures 3(a) to 3(c), respectively. The corresponding results obtained from the plane strain analyses are 
shown in Figures 4(a) to 4(c), respectively. In all cases, it was found that the stress, strain and damage levels 
near the notch are significantly higher than those remote from the notch. The behaviours (strain, stress and 
damage distributions) illustrated by Figures 3 and 4 are consistent, i.e. in general, the high damage area is 
associated with the high strain area. When the damage level is high, the stress values in these areas reduce 
and the high stress regions move inwards to the region near the ends of high damage zones (similar to the 
behaviour at the tip of a crack), resulting in further growth of the high damage zones.   
 
Results obtained under plane stress conditions, show that high damage initially occurs at the notch root, and 
then moves inwards, along the plane of symmetry of the notch, with increasing creep time, Figure 3(c).  
However, under the plane strain condition, the high damage zone, which initially occurs at the notch root, 
moves inwards along the plane of symmetry of the notch for a very short distance, before bifurcating and 
then continuing to grow in a direction  inclined at an angle, θ, of about 45o to the plane of symmetry of the 
notch, Figure 4(c). 
 
Effect of the Tri-axial Stress State Damage Parameter, α 
 
High damage growth direction 
Calculations were also performed with α values (keeping the other material parameters in equations (1) the 
same), in the range of 0 < α ≤ 0.5, in order to investigate the effect of the tri-axial stress state damage 
parameter on the distributions and growth of the high damage zones in the specimen.  Results obtained from 
the calculations using the Waspaloy properties have shown that changing the α value in general will not 
change the trend of high damage growth for the plane stress specimen. However, for the plane strain case, 
increasing the α value will significantly reduce the inclination of the high damage zones to the plane of 
symmetry, θ, as  illustrated in Figure 5. 
 
Growth of the high damage zone 
The variations of the crack growth, a, as indicated by the growth of the high damage zone, with the creep 
time, t, for a range of α values, under the plane stress condition, are shown in Figure 6. The results given in 
Figure 6 were obtained from the symmetric centre line of the specimen, at a damage level of ω = 0.8 (ω = 
0.5 was used for most of the analyses presented), in order to obtain high accuracy.  The crack length, a, was 
defined as the extent of 0.8 damage zone along the centre line, starting from the notch root. 
 
Failure life estimation 
Failure life was estimated, using the times at which the high damage (ω = 0.5) zones reached a significant 
length (≥ 1 mm), compared to the width of the specimen.  The lives, estimated in this way, with different α 
values, are presented in Table 2.  In general, the failure lives estimated reduce with increasing α, which is 
similar to the behaviour indicated by calculations for a Bridgman notch bar made from the same material [4]. 
 



Figure 3(a): Distributions of axial strain, εy, for different
times: plane stress case, α = 0.15 

F
t

Figure 3(c): Distributions of damage, ω, for different
times: plane stress case, α = 0.15 
Figure 4(a): Distributions of axial strain, εy, for different
times: plane strain case, α = 0.15 
igure 4(b): Distributions of rupture stress, σr, for different
imes: plane strain case, α = 0.15 
Figure 3(b): Distributions of rupture stress, σr, for different
times: plane stress case, α = 0.15 
Figure 4(c): Distributions of damage, ω, for different
times: plane strain case, α = 0.15 
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Figure 5: Variation of θ, with α, under the plane
strain condition (σo = 400 MPa) 
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similar to the behaviour indicated by results obtained for a Bridgman notch bar made from the same material 
[4].  However, in addition to this similarity, bifurcation behaviour was not observed in the damage modelling 
of the axisymmetric Bridgman notch model, where the failure damage initiated and grew along the minimum 
notch section, perpendicular to the direction of the applied axial load. 
 
Although the local plastic behaviour was not taken into account and the crack growth was described by creep 
continuum damage modelling, the forms of the crack growth directions, obtained from the simplified plane 
stress and plane strain models, were found to be similar to the patterns of the plasticity zones, ahead of crack 
in a plate of finite thickness, subjected to tensile loading [5]. In this case, the stress state near the two free 
surfaces is close to that of plane stress and the stress state near the centre is close to plane strain [5]. 
Therefore, the difference in the crack growth direction between the plane stress and plane strain conditions is 
caused by the difference in the stress state or the creep strain constraint near the crack.    
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