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(a) Discretized initial microstructure

εzz = 0.0

(b) Deformed microstructure

εzz = -0.7

Finite Element Method is used in Conjunction with Crystal 
Plasticity to Model Deformation at the Mesoscale

• Discretization carried out directly at the grain level to model non-
uniform deformations due to grain interactions

• Material constitutive behavior modeled using crystal plasticity to 
capture anisotropic response and texture evolution

• Formulation implemented on parallel computers to enable simulations 
using large, three-dimensional meshes
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Crystal Plasticity Provides the Framework for Modeling 
Plastic Deformation by Slip

• Power law relates slip system 
shearing to resolved shear stress

• Schmid orientation tensor is 
used to relate

− Crystal deformation rate to slip 
system shearing rates

− Crystal stress to slip system 
resolved shear stress

• Non-linear constitutive relation 
between stress and deformation 
rate is solved to obtain the slip 
system shear rates
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Evolution Laws for Crystal Orientation and Slip System 
Strength Model Texture Evolution and Strain Hardening

• Reorientation of crystal lattice is computed from difference between 
crystal spin and plastic spin due to slip system shearing

• Strain hardening is modeled through evolution of slip system strength

• Increase in stored energy at each step is proportional to incremental 
work done at the slip system level
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Mesoscale Modeling of Columnar Microstructures Shows 
Heterogeneity of Deformation and Texture Evolution

• Columnar grains 
aligned with 
compression axis 
deform with minimal 
rotation

• Columnar grains 
normal to compression 
axis show considerable 
rotation about easy 
growth direction 

• 2D and 3D simulations 
show significant 
differences in texture 
evolution
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Mesoscale Model Has Been Applied to Hot Deformation of 
Microstructures Containing Cube-oriented Grains

• Microstructures deformed in plane strain compression to 50% reduction

• Stored energy on cube grain side is lower along flat elongated boundaries 
parallel to the extension direction

• Misorientation from initial cube was low near boundaries parallel to, and high 
along boundaries perpendicular to, the extension direction

3.00E+05

2.46E+05

1.92E+05

1.38E+05

8.40E+04

3.00E+04

29.0

23.0

17.0

11.0

5.0

cube

cube S-2

S-1

S-1
S-2

S-4

C-1
S-3

C-2C-1S-3
S-4

S-4

3.00E+05

2.52E+05

2.04E+05

1.56E+05

1.08E+05

6.00E+04

44.0

34.0

24.0

14.0

4.0

Stored 
energy 
[J/m3]

Misori-
entation

[deg]

Micro-
structure



OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

copper-S bicrystalcube-S bicrystal

Deformed
mesh

εzz = -1.4

39.0
33.0
27.0
21.0
15.0

9.0
3.0

Misorientation [deg]

26000
23333
20667
18000
15333
12667
10000

Stored energy [J/m3]

23.0
19.0
15.0
11.0

7.0
3.0

Misorientation [deg]

Deformed
mesh

εzz = -1.55

41000.0
34000.0
27000.0
20000.0
13000.0

6000.0

Stored energy [J/m3]

Plane Strain Compression of Aluminum Bicrystals Under 
Hot Deformation Conditions Has Been Modeled

• Different combinations of crystals with orientations of ideal rolling texture 
components were simulated: cube-S, copper-S and brass-S

• Simulations of cube-S bicrystal showed lower stored energy in cube, and 
fairly small misorientation from initial orientation for both cube and S

• Simulations of copper-S bicrystal showed similar stored energy misorientation 
distributions for both copper and S
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Modeling of Goss-oriented Single Crystal of Al Containing 
a Hard Particle Captures Formation of Deformation Zone

• Stored energy and misorientation from initial Goss orientation are higher in a 
region of enhanced deformation around the second phase particle

• Reorientation of the initial Goss orientation by rotation about the transverse 
direction during plane strain compression is captured by the model, matching 
the spread seen in experiments
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Conclusions and Summary

• Finite element method has been used to simulate the heterogeneous 
deformation of metallic materials at the mesoscale through explicit 
discretization of the individual grains

• Use of crystal plasticity enables the model to capture the evolution of 
grain orientation and slip system strength

• Mesoscale modeling has been applied to various types of 
microstructures
− Bicrystals and polycrystals

− Single crystals with hard particles

− Microstructures with columnar grains

• Mesoscale deformation model can be easily extended to
− Other crystal structures (eg. bcc, hcp)

− Polyphase materials



OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

Acknowledgments

• Research sponsored by the Division of Materials Sciences and 
Engineering, U.S. Department of Energy, under contract DE-AC05-
00OR22725 with UT-Battelle, LLC.

• This research used resources of the Center for Computational 
Sciences at Oak Ridge National Laboratory, which is supported by
the Office of Science of the U.S. Department of Energy, under 
contract DE-AC05-00OR22725.

• The submitted manuscript has been authored by a contractor of the 
U.S. Government under contract No. DE-AC05-00OR22725.  
Accordingly, the U.S. Government retains a non-exclusive, royalty-
free license to publish or reproduce the published form of this 
contribution, or allow others to do so, for U.S. Government purposes. 


