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Abstract 
Traditional fracture theories infer the local crack growth driving forces by surveying the mechanical 
response far from the crack. Although this approach has successfully predicted fracture by assuming 
isotropic and homogeneous materials, local heterogeneity such microstructural heterogeneity can affect 
fracture response. This presentation will evaluate the differences between the local and far field driving 
forces using different microstructure-sensitive modelling approaches. We will discuss the effects of grain 
size, texture and crack morphology on crack tip fracture driving forces in metallic materials. We will also 
explore the role of microstructures as a buffer between the local and far fields considering the propagation 
of uncertainty from constitutive models into fracture prognosis. To conclude, we will discuss the 
implications for traditional experimental methods based on far field measurements smearing out important 
crack tip variability.  

1. Introduction 
Much experimental research has demonstrated the critical role of microstructure attributes on fracture 
resistance. For example, single-phase metallic materials typically increase their fracture toughness upon 
grain size refinement. However, traditional fracture driving forces—crack tip opening displacement 
(CTOD), stress intensity factor (K), and J-integral—were derived for isotropic domains and may become 
ill-defined for heterogeneous materials. Indeed, the J-integral can become path-dependent and shielding or 
anti-shielding effects arise next to an interface with different mechanical properties. 

As a result, microstructure-toughness relationships have usually relied on empirical experimental 
correlations rather than on quantifuing micro- and meso-scales strengthening mechanisms. Recent research 
efforts have aimed at understanding the role of microstructure on fracture by means of multiscale physics-
based modeling approaches. This work considers crystal plasticity and phase field models for single-phase 
metallic materials to compare the local and far field fracture driving forces. Microstructure-sensitive 
simulations explain the dominant role of mesoscale attributes and demonstrate a strategy to design fracture 
resistant materials. 

2. Implementation and Results 
To evaluate the role of grain size and crystal orientation on fracture toughness, we implemented a crystal 
plasticity approach in Abaqus [1] along with synthetic microstructural representations. The approach 
conveys the physics of dislocation interactions at multiple length scales and mesoscale “material-invariant” 
parameters that can be shared across FCC materials [2,3]. In addition, we recreated graded microstructures 
[1] surrounding ductile “long cracks” with a length to width ratio of a/w=0.5 and a semi-circular crack tip 
(Figure 1 a and )). Following ten microstructural realizations, we computed the role of the microstructure 
gradients on the crack tip opening and sliding displacements, as shown in Figure 1c). The results 
demonstrate that a microstructural gradient can bias the crack tip displacements, which can affect the crack 
growth direction. On the contrary, the crack mouth displacements are not biased by the microstructure and 
present much lower variability. Hence, the results demonstrate that traditional plastic hinge model used in 
standards to infer CTOD from CMOD measurements smear out the local crack tip variability.  

A second example considers the role of the crack shape on fracture driving forces in Ni-base superalloy 
single crystal. By reconstructing cracks with X-ray microscopy, we digitalized the crack morphology into 
finite element phase field models and computed the J-integral from multiple contours along the crack path. 
The results in Figure 2 demonstrate the role on cracking of the local heterogeneity in single crystals. The 
local J-integral varies along the crack perimeter, locally arresting damaging mechanisms. 
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3. Conclusions 
Our analysis of fracture processes considering microstructure-sensitive models demonstrated different 
mechanisms in which mesoscale attributes affect fracture. These strategies can be used to engineer fracture 
toughness and advance novel materials and manufacturing routes. 

 

a) b) c)

  

Figure 1. Finite element meshes of polycrystalline microstructures a) Isotropic and b) Y-Axis gradient. c) 
Boxplots for the change in crack tip displacements for multiple microstructural Y-axis gradients 

realizations under force control. 

 

Figure 2. J-Integral calculation along the crack path for a Ni-base superalloy single crystal. Compared to 
the smooth semielliptical crack shape, the J-integral oscillates for the realistic crack morphology [4]. 
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3.3. Microstructure arrangements

We consider four microstructure arrangements, each with approximately230

1000 equiaxed grains as shown in Figure 5: (a) isotropic equiaxed grains, (b)

decreasing grain size towards X-direction, (c) decreasing grain size towards Y-

direction, and (d) radially increasing grain size towards the crack tip. These

polycrystalline microstructures were generated from the kinetic Monte Carlo

(kMC) Potts grain growth model [61, 62] and finite element mesh using three-235

dimensional hexahedral elements are generated. Random initial crystal orien-

tations are assigned to each grain.

For each grain, we computed a nominal grain diameter based on the total

volume of an equivalent spherical grain. In addition, Figure 6 presents synthetic

gradients in crystallographic texture along X, Y, and radial direction (see the240

axis in Figure 4). These microstructures consider a linear gradient in Euler

angles from a perfect single crystal orientation to multiple random orientations.

a) b) c) d)

Figure 5: Finite element meshes of polycrystalline microstructures employed to assess the
influence of grain size gradients on crack tip driving forces. Colors indicate di↵erent grain
orientations.

a) b) c) d)

Figure 6: Texture gradients along di↵erent directions. Colors indicate schematically to the
variation of the an Euler angle to achieve di↵erent orientations.
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Figure 10: Boxplots summarizing normalized distributions of peak �CMD, �CTD, and ��A
values for multiple microstructural X-axis gradients realizations under force control. Normal-
ization factor corresponds to the average opening displacement from equiaxed microstructure.
Red lines represent mean values, blue boxes represent 25th and 75th percentiles and black
lines correspond to outliers.

Finally, Figure 12 summarize the opening and sliding displacements for ra-

dial microstructural gradients (Figure 5 (d)) at peak load under force control. In

addition to an increase in the displacements due to the larger grains, there is a315

significant increase in variability. Contrary to the previous analysis with gradi-

ents, there is no shear preferential direction, which suggest that the crack would
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is accurate enough using five contours. Hence, it will be used to relate the crack 

interaction behaviour using the complex geometry model.  

5.3 Evaluation of Crack Interactions Using SIF  

With the model presented in Section, several studies with different 

configurations have been carried out and explained in below table. 

Table 2. Table explaining the different study cases 

Study A No interaction, only crack A is displayed 

Study A-B-C Full interaction, all the cracks are displayed 

Study A-B Interaction between crack A and B 

Study A-C Interaction between crack A and C 

As presented in the above section, Figure 36 shows the results where Je is a 

function of Φ. Here the upper limits for Φ are 73 ̊ for the CSF and 64 ̊ for the ESF. 

Figure 36 shows Study A, in blue, compared to the same crack but with a semi-

circular form, plotted in yellow for both crack fronts. The last plot in grey presents 

the evolution of the distance between the centre of the crack (at the surface) and 

the point on the front we are looking at, as shown in Figure 34.  

 

 

 

 

 

 

 

 

 

J-Integral along a Crack


