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A perspective from two length scales 
demonstrating challenges when modeling 

interfacial cracks
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1. An atomistic view
 Deconvoluting deformation mechanisms from interface structure
 Upscaling observations for fracture analysis

2. A continuum view
 Capturing interface (discrete) structure in a continuum setting
 Singular and oscillatory nature of  mechanical fields



 Mathematical techniques:
 Green’s functions, complex analysis (Stroh), interface dislocations
 Numerical implementation: various flavors of  FEM

 Bimaterial description:
 Isotropic, anisotropic, perfectly bonded, weakly bonded

 Singular and oscillatory elastic fields at crack tip
 Elastic mismatch may suppress oscillatory behavior

Continuum fracture mechanics:
A mature field of theoretical mechanics
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…But from a physical point of view,
interfacial structure matters
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 Interfacial attributes of  importance:
 Elastic mismatch
 Degree of  symmetry
 State of  interfacial coherency (structure)

(physical and the chemical nature between both phases)

[Wuttiphan, 1996, JAmCeramSoc]

Crack resistant glass/ceramic

[Pan, 1996, ActaMater]

GB effects on intergranular SCC

SCC in alloy X-750

Fracture stress in Mo bicrystals

[Watanabe, 1999, ActaMater]
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Capturing interfacial structure : an epic journey

T
im

e

Length
Performance

Properties

Structure

Atomic scale
(10-11- 10-8m; 10-16-10-9s)

Single crystal scale
(10-9- 10-6m; 10-10-10-1s)

Polycrystal scale
(10-6- 10-2m; 10-3-102s)

Component scale
(10-3- 1m; 10-3-102s)

DFT/MD
AFM/HRTEM

Defect/interface 
structure

PF/CPFEM
SEM/EBSD

Local deformation
Microstructure

FEM/Micromech.
Mech. tests

Cont. mech. 
analysis

[Clayton, 2015]

[Abdolrahim, 2016]

[Barrows, 2015]



Some of the concerns associated with 
modeling the mechanics of interfacial cracks 
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1. Fidelity of  the interface behavior representation

(usually where all the effort goes)
 Active mechanisms to include / appropriate constitutive behavior
 Accurate representation needed (2D vs. 3D for example)

2. Appropriate length scale associated with interface 

mechanical behavior?
 Geometric consideration: Surface to volume ratio
 Type of  analysis: atomistic vs. continuum (discrete vs. continuous)

3. Boundary conditions: load transfer across the boundary and 

its computational representation?
 Avoid artifacts from modeling methodology



Griffith crack problem
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 Are there interfaces more susceptible to fracture?
 Can we elucidate the coupling between structure 

and mechanical behavior?
 If  so, what are the characteristic structural features 

of  interest?
 Can we “design” (in the sense of  GB engineering) the 

microstructure to mitigate fracture?

Scientific questions to be addressed
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What is the most direct way of  
incorporating the interface structure 
into a modeling strategy?



Atomistic simulations is a “natural” tool
to study fracture in metals
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Strain rate driven fracture asymmetry in Al

(Adlakha et al., 2014)

Strain rate driven fracture in nanocrystalline Mo

[Frederiksen et al., 2006]

 Intrinsic tradeoffs from atomistics:
 Rate dependence (105 - 108 s-1)
 Reliable interatomic potential



Atomistic data needs to be upscaled
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o
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Δ
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[Needleman, 1987] [Zhou and Zhai, 1999] [Scheider, 2008]

To simulate fracture at the mesoscale and continuum scale,
traction-separation potentials are often considered

 Atomistic simulation can provide structural level details:
 Account for dissipative mechanisms, such as dislocation nucleation 

and structural rearrangement at the interface during separation
 Distinguish interfaces with various degrees of  coherency, 

misorientation, impurities



Simulating steady-state fracture
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Step 1
Build grain 
boundary 
structure

Step 2
Equilibrate 

system under 
pre-tension

Step 3
Introduce 
atomically 

sharp crack

Step 4
Allow crack 

growth under 
pre-tension

Step 5
Averaging to  

extract 
decohesion form

Grain II

Grain I

Absorbing Layer I

Absorbing Layer II

Primary GB

Secondary GB

Secondary GB

 Avoids having to artificially impose a boundary velocity

Crack opening (Å)
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 Statistical mechanics rather than a deterministic approach



An example on H embrittlement of GB
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Can we isolate the role of  the 
interface structure when comparing 
various boundaries?



[Spearot, 2007]

14

How can we deconvolute the role of interface 
structure from other factor?

Tensile stress necessary for 
homogeneous dislocation 
nucleation in single crystal 
models

Tensile stress necessary for 
heterogeneous dislocation 
nucleation from grain 
boundaries



Symmetric tilt {213}<111> and {415}<111> grain boundaries
{213}: SF = 0.46657, E = 232.6 GPa {415}: SF = 0.46657, E = 232.6 GPa

 Matching elastic impedance and activation of  dislocations
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 Elastic impedance  Slip system Schmid factor

Selecting grain boundary sets based on their 
mechanical attributes



Isolating the role of the interface structure (1/3)

16

Plasticity similar for 
both {213} and {415} 
as generally expected 
from Schmid Factor

Crack propagation:
{213} STGB + 0.198 H/nm2

Crack propagation:
{415} STGB + 0.198 H/nm2

[Dingreville et al., Acta Mater, 2017]



Isolating the role of the interface structure (2/3)
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 Hydrogen-free grain boundary decohesion

Crack Opening Displacement (Angstroms)
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Some asymmetry of  the decohesion 
response is apparent – role of  grain 
boundary structure

Crack propagation rates are steady state 
within the first ~20000 time steps and not 
significantly different for {213} and {415} 
GBs – likely due to matching of  lattice 
attributes



Isolating the role of the interface structure (3/3)
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 Hydrogen-induced grain boundary decohesion

Crack Opening Displacement (Angstroms)
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 Hydrogen appears to influence the decohesion response of  the {415} 
GB more significantly than the {213} GB
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Can we incorporate the discrete 
interface structure into a continuum 
formulation?



A Griffith crack between two dissimilar 
anisotropic materials with interfacial elasticity
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A generalized interfacial elasticity formulation 
considering interface structure

Interfacial strain:

Surface stress:

[Dingreville et al., JMPS, 2014]

Interfacial thermodynamic formulation
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Interface formalism introduces
“seemingly imperfect” boundary conditions

Displacement jump

Transverse stress continuity condition

In-plane stress continuity condition

In-plane strain compatibility condition
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Lekhnitskii-Eshelby-Stroh (LES) formalism:
Stress function for anisotropic prbs

2D Navier-type equation:

General solution for the displacement and stress fields:

Solving the function vector    by considering the proper boundary 
conditions (accounting for interfacial elasticity)

Starting assumption:                                                 with
[Stroh, PhilMag, 1958]
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Superposition of three simpler problems

 Problem (a): unloaded bimaterial with a misfit eigenstrain tensor prescribed in “-” 

 Problem (b): two seemingly imperfectly bonded anisotropic materials with transverse 

stresses and in-plane strains applied at infinity

 Problem (c): finite Griffith crack lying between two perfectly bonded anisotropic 

materials with traction forces applied on the crack’s faces
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Seemingly imperfectly bonded bimaterial

Main assumptions:
 Constant transverse stresses and in-plane strains applied at infinity
 Imperfect interface characterized by interfacial elasticity BCs

Traction continuity:

Equivalent displacement jump condition:

with,

Equivalent eigenvalue problem: 

: interfacial coupling

Mathematical concepts used:
• Analytic complex potential, method of  analytical continuation, 

Liouville’s theorem. 
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with,

,

Elastic fields solutions:

Using boundary conditions to solve for integration constants:

 Elastic fields for an “imperfect interface” depend on the coupling 
between interface elastic behavior and bimaterial behavior

 Solutions consistent with classical formulation and interface BCs

Elastic fields

 Stress BC at infinity,

 In-plane strain compatibility condition,

 Displacement jump equation,
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Griffith crack problem

Main assumptions: 
 Continuity of  both traction and displacement across the bonded region
 Loading of  the crack faces by the self-equilibrated traction vector 

obtained from the solution to the imperfectly bonded bimaterial problem

Displacement and 
traction BCs

Heterogeneous
Hilbert problem

 Traction depends on both interface and bimaterial properties

Classical formulation for stress fields in crack vicinity

Traction condition on crack face:

Displacement jump:
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Solution to the finite Griffith crack problem

 Solution to the heterogeneous Hilbert problem:

where            and         are the eigenvectors of    

 Stress elastic fields:

such that

Perturbation term directly associated with coupling 
between bimaterial and interfacial  elasticity

 Fields projected along       and plane spanned by             and 

(Suo, ProcRoySoc, 1990)

Transverse stresses = classical singular & oscillatory term
+ new singular & oscillatory term coupling   

interface and bimaterial elastic properties
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Are there coupling effects 
beneficial to reducing 
“stressers” at the crack tip ?
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On the singular and oscillatory nature 
of elastic fields

Direct impact of  the real part of  the 
eigenvalues on the osc. magnitude

Influence of  the imaginary part of  the 
eigenvalues on the oscillatory behavior

 Introduction of  new destructive/constructive interference terms

[Juan & Dingreville, JMPS, 2017]
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Modeling interfacial fracture:
Does the emperor have any clothes?

 Do we need to get everything right?
 That’s a tall order!
 Modeling alone wont go very far…Reality check!

 Are the current models sufficient to identify 
qualitatively microstructural “designs”?
 Insights into active mechanisms
 Comparative order of  magnitudes
 Faith in qualitative trends?

Yogi Berra: “In theory there is 
no difference between theory and 
practice…In practice there is.”


