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|. Static partitioned-domain methods for
modeling crystalline solids

= QOpverview of the essential ingredients of
these coupling methods
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2. Relative accuracy and efficiency of 14
static methods from the literature
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3. Extending these methods to finite
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about 1 Million Al atowms
at 0 and 50 K

about 200,000 Nion Cu
at zero K

ulations of crystalline fracture and plasticity

MD simulations require relatively large systems
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Nickel on Copper
0K

Saraev and Miller,Acta Mat., 2006
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about 1 Million Al atowms
at0and 50 K

about 200,000 Ni on Cu
at zero K

ulations of crystalline fracture and plasticity

MD simulations require relatively large systems
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Nickel on Copper | )
0K
Saraev and Miller,Acta Mat., 2006
0K
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Alumlnum 20 ps 22 ps 24 ps

26 ps 28 ps 30 ps

Kimizuki et al., JCAMD, 2003
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The Quasicontinuum Method

Shenoy, V. B., Miller, R., Tadmor, E., Rodney, D., Phillips, R., and Ortiz, M. J. Mech.

Phys. Solids 47, 611-642 (1999).

Start (conceptually) from the fully atomistic
crystal:
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The Quasicontinuum Method

Shenoy, V. B., Miller, R., Tadmor, E., Rodney, D., Phillips, R., and Ortiz, M. J. Mech.

Phys. Solids 47, 611-642 (1999).

Start (conceptually) from the fully atomistic
crystal:
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The Quasicontinuum Method

Shenoy, V. B., Miller, R., Tadmor, E., Rodney, D., Phillips, R., and Ortiz, M. J. Mech.

Phys. Solids 47, 611-642 (1999).

Start (conceptually) from the fully atomistic
crystal:
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The Quasicontinuum Method

Shenoy, V. B., Miller, R., Tadmor, E., Rodney, D., Phillips, R., and Ortiz, M. J. Mech.
Phys. Solids 47, 611-642 (1999).

Start (conceptually) from the fully atomistic
crystal:
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The Quasicontinuum Method

Shenoy, V. B., Miller, R., Tadmor, E., Rodney, D., Phillips, R., and Ortiz, M. J. Mech.
Phys. Solids 47, 611-642 (1999).

Start (conceptually) from the fully atomistic
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Use the Cauchy-Born rule as the constitutive law
E“B(F
wr) =2 F)
"
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Use the Cauchy-Born rule as the constitutive law
E“B(F
wr) =2 F)
"

So that the total potential energy is then
elems.
y=>) E*+ Z vewe

acA

elems.

_ ZE(X_I_ Z neECB Fe)

acA
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Example: Fracture using the QC Method

Multiscale Goal:
To replace this...

A
[010] " [100]

24 ps

30 ps

...with this.

Tadmor, unpublished
KITP, June 7,2012, Ronald E. Miller
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Fracture using the QC Method
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Comparison of 14 coupled methods

8 Energy-based methods

Acronym Key Continuum Handshake Coupling
References Model Boundary Condition
QC 1, 2] Cauchy-Born None Strong Compatibility
CLS 3] Linear Elasticity None Strong Compatibility
BD 4] Cauchy-Born Linear mixing of Weak Compatibility
energy (penalty)
BSM 5, 6] Cauchy-Born None Weak /Stong Mix
(least-squares fit)
CACM 7] Linear Elasticity None Weak Compatibility
(average atomic positions)
CQC(m)-E 8] Averaging of None Strong Compatibility
atomic clusters
QC-GFC 9] Cauchy-Born None Strong Compatibility
CQC(m)-GFC 8] Averaging of None Strong Compatibility

B (Carleton

UNIVERSITY

atomic clusters
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Comparison of 14 coupled methods

6 Force-based methods

atomic clusters

B (Carleton

UNIVERSITY

KITP, June 7,2012, Ronald E. Miller

Acronym Key Continuum Handshake Coupling
References Model Boundary Condition
FEAt [10] non-linear, nonlocal None Strong Compatibility
elasticity
CADD (11, 12] Linear Elasticity None Strong Compatibility
HSM [13] Non-Linear Elasticity atomic averaging Weak Compatibility
for nodal B.C. (average atomic positions)
AtC (14, 15, 16, 17] Linear Elasticity Linear mixing Strong Compatibility
of stress and atomic force
AtC-GFC unpublished Linear Elasticity Linear mixing Strong Compatibility
of stress and atomic force
CQC(m)-F [18] Averaging of None Strong Compatibility

10

10
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Comparison of Accuracy: Force-based methods

“Multibench” code at www.qcmethod.org

e = lu” — u
exact
CADD/FEAt-10 AtC-GFC-10 HSM-10 CQC(13)-F-10 AtC-10

-

About 28,000 Aluminum atoms ——
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Comparison of Accuracy: Energy-based methods

o7 QL QL
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Comparison of Speed and Accuracy of Coupling Methods
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Comparison of Speed and Accuracy of Coupling Methods
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Comparison of Speed and Accuracy of Coupling Methods
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Comparison of Speed and Accuracy of Coupling Methods
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Comparison of Speed and Accuracy of Coupling Methods
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Comparison of Speed and Accuracy of Coupling Methods
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methods tend to lower the accuracy
compared to force-based methods,
but simple ghost-force correction is
very effective.
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Comparison of Speed and Accuracy of Coupling Methods
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Broad conclusions drawn:

* Energy-Based methods are generally
faster than force-based methods

* Handshake regions tend to lower
accuracy and efficiency (with some
exceptions).

* |terative (Alternating Schwartz)
approaches are quite slow.

* Ghost forces in energy-based
methods tend to lower the accuracy
compared to force-based methods,
but simple ghost-force correction is
very effective.

* Ghost force correction in many
methods may be a good idea.
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What are the challenges at finite temperature!?

|. Small atomistic region: thermostats are more intrusive

2. How do we correctly account for the missing entropy coarsened

degrees of freedom!

3. Wave reflections from the atomistic/continuum interface due to:
* changes in repatom density and material properties

KITP, June 7,2012, Ronald E. Miller |15
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Wave Reflections
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Wave Reflections
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Approaches to Finite Temperature

|. Absorbing boundary conditions (ABC)
i) mitigates the wave reflection problem

ii) the dynamics in the atomistic region is unfettered by a thermostat
(NEMD)

iii) difficult to impose temperature control

iv) usually, absorbed heat is simply “lost” instead of transmitted
v) usually a one-way boundary
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Approaches to Finite Temperature

|. Absorbing boundary conditions (ABC)
i) mitigates the wave reflection problem

ii) the dynamics in the atomistic region is unfettered by a thermostat
(NEMD)

iii) difficult to impose temperature control

iv) usually, absorbed heat is simply “lost” instead of transmitted
v) usually a one-way boundary

2. Coarse-Grained Canonical Ensemble
i) full temperature control
ii) correct (or at least approximate) treatment of missing entropy
iii) no direct control of wave reflections
iv) not suitable for NEMD problems

- Carleton KITP, June 7,2012, Ronald E. Miller |7

UNIVERSITY

17



-

The QC method at finite temperature: “Hot QC”

Dupuy et al, PRL, 2005,
Tadmor et al, AMR, submitted 2012
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The QC method at finite temperature: “Hot QC”

Dupuy et al, PRL, 2005,
Tadmor et al, AMR, submitted 2012

Goal: Augment the potential energy of the zero Kelvin QC so that the system yields a
good approximation to the Helmholtz free energy at finite temperature.
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The QC method at finite temperature: “Hot QC”

Dupuy et al, PRL, 2005,
Tadmor et al, AMR, submitted 2012

Goal: Augment the potential energy of the zero Kelvin QC so that the system yields a
good approximation to the Helmholtz free energy at finite temperature.

Divide the atoms into “repatoms” {g@',p'} and “constrained atoms” {q<,p¢}
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The QC method at finite temperature: “Hot QC”

Dupuy et al, PRL, 2005,
Tadmor et al, AMR, submitted 2012

Goal: Augment the potential energy of the zero Kelvin QC so that the system yields a
good approximation to the Helmholtz free energy at finite temperature.

Divide the atoms into “repatoms” {g@',p'} and “constrained atoms” {q<,p¢}

Assume that the mean position of the constrained atoms can be found from interpolation
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The QC method at finite temperature: “Hot QC”

Dupuy et al, PRL, 2005,
Tadmor et al, AMR, submitted 2012

Goal: Augment the potential energy of the zero Kelvin QC so that the system yields a
good approximation to the Helmholtz free energy at finite temperature.

Divide the atoms into “repatoms” {g@',p'} and “constrained atoms” {q<,p¢}

Assume that the mean position of the constrained atoms can be found from interpolation
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The QC method at finite temperature: “Hot QC”

Dupuy et al, PRL, 2005,
Tadmor et al, AMR, submitted 2012

Goal: Augment the potential energy of the zero Kelvin QC so that the system yields a
good approximation to the Helmholtz free energy at finite temperature.

Divide the atoms into “repatoms” {g@',p'} and “constrained atoms” {q<,p¢}

Assume that the mean position of the constrained atoms can be found from interpolation
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The QC method at finite temperature: “Hot QC”

Dupuy et al, PRL, 2005,
Tadmor et al, AMR, submitted 2012

Goal: Augment the potential energy of the zero Kelvin QC so that the system yields a
good approximation to the Helmholtz free energy at finite temperature.

Divide the atoms into “repatoms” {g@',p'} and “constrained atoms” {q<,p¢}

Assume that the mean position of the constrained atoms can be found from interpolation
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Write the potential energy in terms of the RN

repatom positions only (PMF) AR
—V(g',q B SRS R

Voa (q I ] T) = —kpT'In / qu exp (q , q ) B o R T SRR R o R R
kB T :E:E:E E:E':.. ::E‘:.:YE:E‘:.. ::E‘:.:YE:E‘:‘. ::E':‘: E:E':" ::E‘:.: ::E:E

exact but intractable
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The Cauchy-Born Rule and the Local Harmonic Approximation

Write the potential energy as the sum of two parts:
|. The zero temperature contribution (use Cauchy-Born Rule)

2. A contribution due to the thermal fluctuations of the coarsened atoms about their mean

positions (use Local Harmonic Approximation (LeSar et al., PRL, 1989) AND the Cauchy-
Born Rule)

, o elems. ) ECB e kBTl HDCB(F6)|
S22 R

- Carleton KITP, June 7,2012, Ronald E. Miller 19
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The Cauchy-Born Rule and the Local Harmonic Approximation

Write the potential energy as the sum of two parts:
|. The zero temperature contribution (use Cauchy-Born Rule)

2. A contribution due to the thermal fluctuations of the coarsened atoms about their mean

positions (use Local Harmonic Approximation (LeSar et al., PRL, 1989) AND the Cauchy-
Born Rule)

atomistic part
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The Cauchy-Born Rule and the Local Harmonic Approximation

Write the potential energy as the sum of two parts:
|. The zero temperature contribution (use Cauchy-Born Rule)

2. A contribution due to the thermal fluctuations of the coarsened atoms about their mean

positions (use Local Harmonic Approximation (LeSar et al., PRL, 1989) AND the Cauchy-
Born Rule)

atomistic part zero Kelvin part
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The Cauchy-Born Rule and the Local Harmonic Approximation

Write the potential energy as the sum of two parts:
|. The zero temperature contribution (use Cauchy-Born Rule)

2. A contribution due to the thermal fluctuations of the coarsened atoms about their mean

positions (use Local Harmonic Approximation (LeSar et al., PRL, 1989) AND the Cauchy-
Born Rule)

atomistic part zero Kelvin part  thermal fluctuation part
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The Cauchy-Born Rule and the Local Harmonic Approximation

Write the potential energy as the sum of two parts:
|. The zero temperature contribution (use Cauchy-Born Rule)

2. A contribution due to the thermal fluctuations of the coarsened atoms about their mean

positions (use Local Harmonic Approximation (LeSar et al., PRL, 1989) AND the Cauchy-
Born Rule)

atomistic part zero Kelvin part  thermal fluctuation part

the product of the diagonal terms of the force constant

matrix describing the interactions of the coarsened
atoms
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The Cauchy-Born Rule and the Local Harmonic Approximation

Write the potential energy as the sum of two parts:
|. The zero temperature contribution (use Cauchy-Born Rule)

2. A contribution due to the thermal fluctuations of the coarsened atoms about their mean

positions (use Local Harmonic Approximation (LeSar et al., PRL, 1989) AND the Cauchy-
Born Rule)

atomistic part zero Kelvin part  thermal fluctuation part

the product of the diagonal terms of the force constant

matrix describing the interactions of the coarsened
atoms

This Doesn’t Work: Mesh size and shape dependent properties!
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The Culprit: “Mesh entropy”

Problem:
* the motion of the nodes is really the
change of the mean positions of the atoms
over time
e this carries an unphysical vibrational
entropy
* this extra entropy is a negligible
contribution if the elements are very big...
but not all of them are big.
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The Culprit: “Mesh entropy”

Problem:
* the motion of the nodes is really the
change of the mean positions of the atoms
over time
e this carries an unphysical vibrational
entropy
* this extra entropy is a negligible
contribution if the elements are very big...
but not all of them are big.

Solution:
e Subtract an approximate mesh entropy
correction from the potential energy:

AN

YV =V —T'Snesh

—
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Test: Thermal Expansion of Ni

A
- — — A - — 80x80 mesh ~ d — A — — 80x80 mesh
- — — B — — 40x40 mesh P - B - — 40x40 mesh
3.67 - - < - - 20x20 mesh X 3.67F - — 4 - - 20x20 mesh
[ — - < - - 10x10 mesh P - < — — 10x10 mesh
| —e— MD / > —e— MD
| —— = hotQC-static > g ——=—— hotQC-static
—3.62
)
S
3.57
3.52

| atom per element 2 atoms per element 8 atoms per element 32 atoms per element
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Another Test: Elastic Constants of Ni
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Another Test: Elastic Constants of Ni

1.5

p—
©
B
L w
e
N
O

MD
NPQC

O
o

| l | | ] | I | | ’ I |
250 500 750

Temperature (K)




Another Test: Elastic Constants of Ni
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Nano-indentation at finite temperature
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Nano-indentation at finite temperature

Temperature (K)
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sl e ) AFM on NaCl (Gnecco et al, PRL, 2000)
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Lead Actors

Collaborator on many things (QC, hot QC,
comparisons):
Ellad Tadmor, U. Minnesota

Post-Docs:

Denis Saraev (PDEF currently at large)
Behrouz Shiari (PDF, now at NNIN Michigan)

Collaborators on CADD:
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Bill Curtin (Brown and EPFL)
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Laurent Dupuy, CEA

Frederic Legoll, University of Paris
W.K. Kim, PDF at U. Minnesota

Supporting Cast

Help with all the comparisons of methods:
Mitch Luskin, Univ. of Minnesota
Michael Parks, LANL
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Dislocations, Grain

Hu et al., Mater. Chem. Phys., 2002.
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Example 2: The AtC Method

Badia, S., Bochev, P., Lehoucq, R., Parks, M. L., Fish, J., Nuggehally, M., and Gun-
zburger, M. Int. J. Multiscale Comput. Eng. 5(5), 387-406 (2007).

Atomistic |
|. Introduce blending functions

2. Compute atomic forces
3. Find force on each atom using blending:

fOé _ Z na,ﬂfaﬂ 770é,,8 _ 7704 _|_776
f#a :
4. Find nodal forces using complementary blending
function:

Nelem

e _ Z:l /B @(X)P(ﬁ‘(u))gix dv.

5. Impose positions of handshake atoms from interpolated
displacements (strong compatibility)
6. Linear elasticity in the continuum

I Carlet()n KITP, June 7,2012, Ronald E. Miller
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Example 2: The AtC Method

Badia, S., Bochev, P., Lehoucq, R., Parks, M. L., Fish, J., Nuggehally, M., and Gun-
zburger, M. Int. J. Multiscale Comput. Eng. 5(5), 387-406 (2007).

,n ............................................................................. |
peeee- Q ............................ {
1 2 3
o000 0 oolooo¢
Atomistic Contqum

|. Introduce blending functions
2. Compute atomic forces
3. Find force on each atom using blending:

2
pra e force-based
4. Find nodal forces using complementary blending * overlap (handshake)
function: * strong compatibility

Nelem

~ OS! * Linear Elasticity

e _ Z:l /B O(X)P(F(u) 5 dV,

5. Impose positions of handshake atoms from interpolated
displacements (strong compatibility)
6. Linear elasticity in the continuum
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Dynamics and Finite Temperature
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Dynamics and Finite Temperature

¢ So far, the conversation has been about “molecular statics without all
the atoms”
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Dynamics and Finite Temperature

¢ So far, the conversation has been about “molecular statics without all
the atoms”
* What about dynamics and finite temperature!
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Dynamics and Finite Temperature

* So far, the conversation has been about “molecular statics without all
the atoms”

* What about dynamics and finite temperature!

* “Molecular dynamics without all the atoms” is more ambiguous
because there are multiple objectives:
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Dynamics and Finite Temperature

* So far, the conversation has been about “molecular statics without all
the atoms”
* What about dynamics and finite temperature!
* “Molecular dynamics without all the atoms” is more ambiguous
because there are multiple objectives:

* EMD: equilibrium (or near-equilibrium) MD (thermostats)
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Dynamics and Finite Temperature

* So far, the conversation has been about “molecular statics without all
the atoms”
* What about dynamics and finite temperature!
* “Molecular dynamics without all the atoms” is more ambiguous
because there are multiple objectives:

* EMD: equilibrium (or near-equilibrium) MD (thermostats)

* NEMD: non-equilibrium MD (constant energy)

KITP, June 7,2012, Ronald E. Miller 27
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Example: Nano-Indentation using the CADD method

Goal:To replace this...

...with these.

Miller et al. Acta Mgtz 2903 7 2612, Ronald E. Miller
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Example: Nano-Indentation using the CADD method

Goal:To replace this...

...with these.
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Example: Nano-Indentation using the CADD method

Goal:To replace this...

...with these.
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Ohr is in copper

de la fuente is gold. Stress-induced dislocation motion

Dislocations move long distances due to high local stresses and
low lattice resistance
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Ohr is in copper

de la fuente is gold. Stress-induced dislocation motion

Dislocations move long distances due to high local stresses and
low lattice resistance

T?’:_ . '

Ohr, Mater. Sci. Eng., 1985
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Ohr is in copper

de la fuente is gold. Stress-induced dislocation motion

Dislocations move long distances due to high local stresses and
low lattice resistance

/| s _ s B ,9=[lil]

&
-

slip vector (A)
0.38 1.70 3.01

*

FIG. 1. (98 X 98 nm?) STM image of two nanoindentations de |a Fuente et a| PRL 2002
de la Fuente et al., PRL, 2002 S
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Length Scales in Crystalline Copper

R EEEEEE
T2 8 R 2
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Length Scales in Crystalline Copper
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Our interest:
To understand plasticity, strength and fracture in these
materials from the point of view of atomic interactions
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Example: Multiscale Nano-Indentation

The goal is to replace this...

Miller et al., Acta Mat., 2004

Miller and Tadmor, MRS Bulletin, 2007 Knap and Ortiz, PRL, 2003
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Example: Multiscale Nano-Indentation

The goal is to replace this... with these...

94 1 nm

X ¥

Miller et al., Acta Mat., 2004

of
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-1000°55 -500 0 500 1000 \
Miller and Tadmor, MRS Bulletin, 2007 Knap and Ortiz, PRL, 2003
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Test: Thermal Expansion of Ni

32 atoms per element 8 atoms per element
@@ MD simulation ! ' ! ' -0 MD simulation ! ' ! '
3.72 | >-© w/o entropy correction (y = +X) — 3.72|-© w/o entropy correction (y = +x) .
~ A—A w/o entropy correction (y = -X) 1 02 A—A w/o entropy correction (y = -X) 1
°$ wv—v Wwith entropy correction (y = +x) = 568 v—v Wwith entropy correction (y = +X) |
308 |5 s with entropy correction (y = -X) B = %1 %=X with entropy correction (y = -x)
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