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Short and Long Crack Propagation 

in Polycrystalline Microstructures

http://fcp.mechse.illinois.edu

ÅPlastic zone at grain scale 

ÅStrong microstructure dependence, 

grain boundary, dislocation 

structure, slip , etc.

ÅInsensitive to microstructure

ÅParisõ Law

Stage I ðShort Crack Growth Stage II ðLong Crack Growth



Short Crack Evolution 

Cohesive zone models 

Separation between material surfaces resisted by cohesive 

tractions

Á Parameters of cohesive potential are typically calibrated by experiments

Á Interaction between crack growth and local plasticity evolution which 

affected by  the local microstructure is not included

Process Zone

Needleman (1990), Ortiz and Pandolfi (1999), Park Paulino, Roesler(2009)

Spearot, McDowell (2004), Yamakov, SaetherE, Glaessgen E (2008) 



Phase-Field Modeling

Diffused crack
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Continuous Auxiliary Field to 

Approximate Sharp Crack 

Discontinuities.

ίis the phase field variable (order parameter):

▼ɴ ȟ ; ▼ perfect solid;  ▼ fully cracked 

Helmholtzstored energy and crack dissipation are modeled with phase field:

Stored free energy:  

Ὀ ὡ ɰ ɰ ɰDissipation rate: 
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Energy functionals are typically not rooted in the atomistic source of the 

fracture region

Clayton and Knap  (2015), 

Miehe, Hofacker, and Welschinger(2010), 

Ambati, Gerasimov, and Lorenzis, (2015).



Objective of this Study

Ç Upscalingof variablesfrom atomic-scalemolecular

dynamicssimulationsin aself-consistentmodel.

Ç Developphysics-based,integratedframeworkof crack

evolution and deformation models for crystalline

materialsthat canbe usedin conjunctionwith crystal

plasticityfiniteelementmodels.



Sequence of Steps in Building the 

Model

Å Characterizing mechanisms in atomistic simulations
(Zhang, Ghosh JMPS, 2013)

Å Self-consistent coupled atomistic-continuum model

(Zhang, Chakraborty, Ghosh IJMCE 2017, Ghosh Zhang  IJF 2017)

Å Crack propagation using coupled model

Å Hyperdynamics for time-scale acceleration
(Chakraborty, Zhang, Ghosh CMS 2016, Chakraborty, CMS Ghosh 2018)

Å Extracting crack growth models, e.g. phase field energies
(Ghosh Zhang  IJF 2017, Chakraborty, CMS Ghosh 2018)



I. Atomistic Simulations with Mechanism 

Characterization and Quantification

micro 
twinning

dislocation 
structure 
evolution

Crack 
propagation

MD simulation provides tools to capture deformation mechanisms 

which dominate crack tip plasticity and affect crack propagation process.

J. Zhang and S. Ghosh,  JMPS , Vol. 61, 1670ð1690, 2013



I. Characterization and Quantification of 

Mechanisms in  Molecular Simulation

Dislocation Extraction (DXA) Deformation 

gradient for twins

Crack surface 

Dislocation CNA, DXA Dislocation density, Burgers 

vector

Twin Deformation 

gradient

Twin volume fraction

Crack surface Equivalent ellipse Crack length, opening



Å Nickel Single Crystal: MEAM potential 

Å NPT ensemble ~1K                                     

100 nm x 60nm x 25nm(10 million atoms)      

Periodic boundary condition                           

Initial small crack in the center                       

Tensile loading, strain controlled               

Strain-rate ~ 107 s-1

A MD Model to Study Evolution of 

Crack and Associated Mechanisms



A. Evolution  of Deformation 

Mechanisms

Dislocation segments 

colored by magnitude of 

Burgers vector
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Stabilized Dislocation Structure at 2.7% Strain.

Å After critical stress, partial dislocation emission 

from crack-tip slip caused by dislocation gliding 

blunts crack tip and reduces stress concentration

Å No brittle crack propagation by bond cleavage

Å Crack evolution for this orientation is governed by 

hydrostatic strain and slip, resembling void growth

Å Formation of dislocation junctions, junction length 

takes 30% of total length


