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Molecular Dynamics

= Follow the Newtonian dynamics of a set of atoms based on a force law
- Force law (aka interatomic potential model) approximates the bonding due to
the electronic degrees of freedom

+ In some cases, electronic structure calculations determine the forces, but typically it
is a classical potential

= Primary challenges

- Development of appropriate force law or interatomic potential
+ Must reproduce the dominant features of the bonding

+ Must be sufficiently computationally efficient to allow the problem of interest to be
simulated

+ Not addressed in this talk

- Problem definition and analysis
+ Must identify the key microscopic process to know what to simulate
+ Extracting understanding from the results

= How does one turn millions of atomic coordinates into scientific
insight?
« Examples of doing this is the subject of this talk
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Fundamental Limitation of MD

m Computational time limits the size and time scale that can be realistically
simulated
- Compute time scales linearly in both number of atoms (volume) and time
+ Limited by (Number of atoms)x(Time simulated)
- A large but tractable simulation can currently treat up to ~1 atom-sec
« Example: 20 million atoms for a time of 50 nanoseconds

- This is many orders of magnitude smaller than a brute force simulation of
a real world problem!
« Cubic micron of material for 1 second: ~10'" atom-sec
« Mole of material for a year: ~103! atom-sec
= How can MD be relevant?
- Multiscale modeling!
« Provide “information” needed by higher length scale models
= Properties
= Mechanistic insights

- Fortuitous problems where the time and length scales of MD match the
important processes
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Methods spanning orders of magnitude in length and
time are employed to describe material response

.

A
Grain evolution
Continuum Engineering Simulation
Molecular Dynamics
E Microstructural Plasticity
-
Dislocation Dynamics

Quantum Mechanical Le n gth >

electronic structure
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Outline
4 short case studies for microstructural evolution

*
*

= Pass information to meso-scale grain growth models - . 2 % )
. . LT ':O : g 3 *,
- Grain Boundary Energies ,}g?fw* g* ¢
2&/5@ 6 ©0 090 0o o

+ Five-degrees of freedom challenge , i

Energy (J/mA2)

« Comparison with experimental observations S —
- Grain Boundary Mobilities e
+ Methodlogy

+ Itis a lot more complicated than typically thought
m Brute-force simulations of grain evolution
- Annealing of nanocrystalline grain structure
« Comparison of growth kinetics to conventional models
- Nano-indentation of nanocrystalline metals
+ Deformation induces grain growth?
+ ldentification of deformation mechanisms
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" _ Why does anyone care about grain growth?

——

m Grain-level microstructure strongly
influences a wide range of materials

properties
- Strength

- Hall-Petch relationship: 5 _ 5 +k_y
- Toughness and Fracture ’ " \/E

- Corrosion resistance
- Electrical conductivity
- Magnetic susceptibility

m Controlling the microstructure,
including grain size, is a central
problem in materials science.




. What is the big deal about determining grain boundary
properties?

m “We hold these truths to be self-evident, that all grain boundaries
are NOT created equal, that they are endowed by their material
with certain fundamental properties, that among these are

Energy, Mobility and a Five-Dimensional Space...”
- apologies to Thomas Jefferson

- There is a 5-dimensional space of macroscopic grain boundary structure

- Energy and mobility vary throughout this 5-D space in an, at best, partially
understood manner

- And this doesn’t even consider the effects of impurities, precipitates, ...

A\
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Feeding mesoscale simulations of micrsostructural

evolution with interfacial property data

e Consider two nearly identical grain growth simulations:

Uniform boundary energy and mobility —
uniform grain growth

Uniform boundary energy and
misorientation-dependent mobility —
highly nonuniform grain growth

* The only difference between these simulations is a grain boundary
mobility function that depends on crystallography.

=In order to accurately model microstructural evolution, we need accurate values for

boundary properties.

m
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Computational survey of grain boundary energies in

FCC metals

Using molecular statics, we built and
minimized a catalog of 388 flat grain
boundaries in Al, Au, Cu and Ni.

mIncludes all boundaries that can fit inside
a box of size 15a,/2.

mFor each boundary, we minimize
hundreds or thousands of configurations.

mResult: The largest computational survey
of grain boundary energies.

How do we use these results?

mCompare calculated energies with
experimentally measured energies.

mCompare grain boundary energies in
different FCC metals.
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- e 4Expe"‘ri%ental measurement of grain boundary

= | energies in Ni

m CMU used EBSD and serial sectioning to measure the relative energies of a large
number of grain boundaries in Ni.

- Measured 10° boundaries, binned into 17,894 bins (8.2° bin width).
- 30% of boundaries are X3 type; 15% are 29 type.

- 15% of bins contain < 5 measurements.

0.360.420.480.540.600.660.720.780.840.90 060 0.64 068 072 0.76 0.80 0.42 0.45 0.48 0.51 0.54 0.57 0.60 0.63 0.66
y(n|60°/[111]), a.u. y(n|36.9°/[100]), a.u. v(n|38.9°/[110]), a.u.

[Li, Dillon, Rohrer, Acta Mater. 57 4304 (2009)] @ Sandia National Laboratories




Comparing computation to experiment:
unweighted correlation

* There is little correlation between
measured and calculated grain
boundary energies.

Oh, No!
Calculations Wrong?1?

experimental energy (arbitrary units)
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It must be the Experimental Analysis!
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Comparing computation to experiment:
weighted correlation

* Energy bin population varies widely in the
experimental data.

* When the correlation is weighted by the bin
population, we find excellent agreement
between experiment and simulation: Ry, ~ 0.92.

=Experiments and simulations agree when
the experimental statistics are adequate.

* For infrequently observed boundaries, the
calculated energy is likely more accurate
than the measured energy.

« Some frequently observed boundaries are
rarely simulated; some infrequently
observed boundaries are widely simulated.

=Experiments should guide selection of
boundaries for simulation.
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The relationship between grain boundary population
and grain boundary energy

« Both theory and experiments suggest
the GBCD (population) is related to the
boundary energy: In(P) «y

* The correlation between measured In(P)
and calculated y is stronger than that
between measured and calculated
energies.

« The GBCD is a more direct and accurate
representation of the microstructure.

=The grain boundary population provides
a more robust metric for comparison to
calculated grain boundary energies.

experimental population, In(P) (MRD)

10
—e—P <25
8+* —.—4 <P <20 (29) T
——P > 60 (23)
6- 3 I
41 i
2- I
®
ol ¥ I
21 L
-4 : : : ; :
0 025 05 075 1 125 1.5

calculated boundary energy (J/mz)

[Rohrer et al., Acta Mater. 58 5063 (2010)] r111) Sandia National Laboratories




Confirmation of Ni results:
Boundary populations from an HEDM study

* High energy diffraction microscopy
(HEDM) was used to assemble a
large,
3D Ni grain structure:

- Pure Ni, ~3500 grains, ~23,600
grain boundaries

* The measured GBCD shows
excellent correlation with the
calculated boundary energy for high
population boundaries.

1000

M Sig-3
® Sig-9
¢ "Sjg-31-33"

=This independent data set confirms 100
the excellent agreement between
experiment and simulation.
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Validating additional grain boundary types:
Low stacking fault materials

* Ni microstructures are dominated by the twin network, comprised
mainly of £3 and X9 boundaries.

* In Ni, only the 23 and X9 boundaries were observed in sufficient
populations to compare to simulation data.

» Higher stacking fault materials such as Al should contain fewer
twins, permitting additional boundary types to be observed.

=We investigate the GBCD of a large Al polycrystal.
- Commercially pure Al alloy 1050

—-~77,000 grain boundaries
- Characterized by EBSD and stereological analysis
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Computation vs. experiment in Al:
Complete boundary set

« As in Ni, the population-weighted
correlation shows excellent agreement
between experiment and simulation: Ry,

~ 0.91.

» Also as in Ni, agreement is stronger for
higher population boundaries.

* The 50.6°[111](111) boundary has higher
population than predicted due to
overlap with the coherent twin bin.

* The 211 50.5°[110](311) outlier is
unexplained.

=Experimental results in Al validate
computational data, as in Ni.

experimental population, In(P) (MRD)
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Validation for additional boundary types

» Although some X3 boundaries have s
high population in Al, they do not
dominate the microstructures.

=3 37

« Weighted fits for high population
boundary types show excellent
agreement for 23, X7, 311 and <111>
twist boundaries.

experimental population, In(P) (MRD)
experimental population, In(P) (MRD)
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In recent years, a variety of MD methods have been
employed to compute boundary mobility

= Mobility relates the boundary velocity, v, to the driving force for boundary
motion, “p”

v=Mp

m Curvature driven methods

- Exploit energy gain from reducing boundary area
m Stress driven boundary motion methods

- Exploit anisotropic elastic constants to create energy density difference
m Synthetic driving force methods

- Introduce an artificial energy that favors one grain
m Fluctuation methods

- Consider boundary motion as a random walk and exploit the time-dependence
of the fluctuations

m Hybrid synthetic and fluctuation methods
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Boundary mobility calculated for a catalogue of 388 boundaries using a

synthetic driving force method
[Janssens, Olmsted, Holm, Foiles, Plimpton and Derlet, Nature Materials 5, 124 (2006)]

Apply a synthetic driving force for boundary motion: Additional free energy per atom
For an atom in the For an atom in the d’f ives the unfavored grain to
favored/growing grain: unfavored/shrinking grain: shrink; thus the boundary moves.
This energy is of undetermined,
¢ =QEAM ¢=Qpapm TU arbitrary origin.
. . Fr
Excess potential energy function grain ab. grain
— Depends on position of an atoms neighbors 1 2
u 05FL
— Zero in one grain, positive in another
Now just run molecular dynamics with this
o g0 0 T : T I
addition energy term Vo . Tigh
— Implemented in Sandia LAMMPS code for A =
massively parallel MD (http://lammps.sandia.gov) n;, = E ‘(l" | T ) = Rnn J
J

Mobility computed with artificial driving
force agrees with calculations using
elastic strain energy driving force where
both methods can be applied.
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Grain boundary mobility vs. misorientation

Grain boundary mobility in Foiles-Hoyt EAM Ni
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¢ Other
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E’ o* MD zero
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* Note the wide range of observed mobilities (log scale). Most have mobility around 100 m/s_GPa, but

some are as high as 5000 m/s_GPa, or as low as 0 m/s_GPa.

* Mobility is not correlated with disorientation angle or boundary type, except <111> twist boundaries
have very low mobility, as do some <110> symmetric tilts.

* The highest mobility boundaries are: 2111 (9°), 257 (13°), and X3 (60°). o
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Grain boundary mobility vs. temperature O

Not as simple as we thought!

» Conventional wisdom presented in the standard
textbooks is that grain boundary motion is an
activated process

0
M =M e Vir

* In a recent survey of grain boundary mobilities, we
identified several classes of the temperature
dependence of mobility

- The majority of boundaries are thermally
activated, and are slow at low temperatures

- Roughening transitions often lead to
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- About 20% of boundaries are not thermally
activated, and are fast at low temperatures

* Understanding how boundary mobility varies with
temperature is a topic of current research

Olmsted, Foiles, Holm, Acta Mater. 57 (2009) 3704.
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Direct MD Simulation of Annealing of Nanograined Ni

m 3-D Cubic cell with periodic boundary
conditions

- Perform Isothermal-Isobaric dynamics
m Initial structure
- Randomly centered and oriented grains

- Voronoi construction of grains
« Initial triple junction angles wrong

- Typical initial grain diameter: ~5 nm
m EAM Potential for Ni
- Foiles, Hoyt, Acta Mat. 54, 3351 (2006)

TIT,, 0.65 0.75

Cell side 19.5 nm 39.0 nm
Initial Grains 100 800

# of atoms ~653,000 ~5,104,000
Time 10 ns 7 ns

0.85
39.0 nm

800
~5,104,000

2 ns
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Analysis identifies local grain orientation, twin and
stacking faults, and boundaries

m For each atom, find the rotation that gives the best match between
the locations of an ideal FCC first neighbor shell and the actual
neighbors of the atom

- If good match, FCC environment and rotation defines local crystal
orientation

+ Color the atom based on the orientation
- If poor match, repeat for an ideal HCP first neighbor shell

+ If good match, atom is locally in HCP environment
= Color the atom RED

- If neighbors don’t match either FCC or HCP
» Atom in a locally disordered region

= Here they are mostly grain boundary atoms

+ Color the atom BLACK

m This produces the images
- Show slices through the 3D cell

!'I'l Sandia National Laboratories




Analysis identifies local grain orientation, twin and
stacking faults, and boundaries

m Easy estimate of the grain size
- Simple dimensional arguments d xV/A,,
- Area is proportional to the number of non-crystalline (other) atoms
- Estimate of grain size: d o l/Nother
m Estimate of the total twin and stacking fault area

- Twin boundary: atoms in the central plane have an HCP nearest neighbor
arrangement
+ HCP atom with 6 HCP nearest neighbors is in a twin boundary
- Stack Fault: atoms in the two central planes have an HCP nearest neighbor
arrangement
+ HCP atom with 9 HCP nearest neighbors is in a stacking fault
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“* ¢ Visualization of Grain Growth at T = 0.75 T,
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Brute Force MD can follow grain growth in nanocrystals
What do we learn?

—_ —_ —_
B (o] o]
! ! !

N

grain diameter D (nm)
o

o N B » o
L L L L

0.5 1 15 21/2 25 3 3.5
(time)'/? (ns)

o

T=0.75T,; 39 nm cube;

1.0 ns steps = Initial transient is not physical

«Formation of twin boundaries = Conventional scaling of grain size with
time'2 observed for significant period

m Why does the growth slow down?!?

*Vacancies seen in grain interior
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Mobility + 1 [ (m/s)/GPa ]

MD simulations can study individual boundaries:
Catalog of mobility for 388 Ni grain boundaries

How could one use such data?

10000 Can consider crystallographic
dependence of mobility.
1000 -But no trends in M found
q -But not enough data to interpolate
100 N ® 9,
\W’ Can look for groups of similar
s Samas boundaries, regardless of
10 I crystallography
Sigm
. -High mobility boundaries
1 - :
> = -Low mobility boundaries
Disorientation angle (degrees) Transition temperature between low/high mobility
* Relative fraction of High and Low .
mobility boundaries is temperature ey
dependent £ o2 o X
* In many boundaries, associated ; al

with roughening

400 600 800 1000 1200 1400 %
Temperature (K)
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‘\(I‘gocale Microstructure Simulations reveal the consequences of temperature
ol depeﬁt population of High/Low mobility boundaries

m Monte Carlo Potts Model simulations
- Low mobility: M ~ 0
- High Mobility: M ~ 1
- Fraction, f,, of High/Low mobility

grain radius R

- Allow system to evolve via normal

1 10 100 1000 10

grain growth physics time (MCS)
- Grain size stagnates
- f, determines final size
T | f, 4 2
(K) SZ 6 18
x €16 T=0.85 T=0.75
600 | 09 Convert temperature to § ° S //
00 | 0.7 fraction of Iow.moblllty £ 4 gjz Sy
boundaries g . 5,
1000 | 0.35 g -
1200 | 02 S 5
1400 Ol 1500 1000 1500 0

(=)

0.5 1 1.5 21 2 25 3 3.5
(time)'/? (ns)

Explanation of grain growth stagnation in pure metals?
Holm, Foiles, Science 328, 1138 (2010)

temperature T (K)
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Mechanically-induced grain growth limits the fatigue life of

— R nanocrystalline metals.

« During fatigue tests of nanocrystalline alloys,
failure is always observed to initiate at colonies of

very large grains.
» These abnormal grains develop during fatigue
testing.

* Room temperature
* Nominally elastic
* High Schmid factor grains

* In the absence of large grains, the material does
not fail.

Boyce and Padilla, Metall. Mater. Trans A 42A (2011) 1793.
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_NLechanlcaIIy induced grain growth — over a wide temperature
e L range - has been recogmzed for decades

+0.19°

+049° \-029°

+0.19° -0.29°
+0.30°

+0.49°

Plastic strain-induced boundary migration ey
in deformed Al, observed during

Elastic stress-induced, reversible low-angle grain
annealing at 350°C.

boundary migration in Zn bicrystals at -196°C

* Driving force is direct removal of and 375°C.
stored.dislocations by boundary  Driving force is relief of elastic stress via
sweeping. grain boundary dislocation motion.
Beck and Sperry, J. Appl. Phys. 21 (1950) 150. Bainbridge, Li, and Edwards, Acta Metall. 2 (1954) 322.
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e Mechanlcally-mduced grain growth is widely observed in
S il nanocrystalline metals.

Elastic stress-induced
S8 grain growth during RT
@3 annealing of damascene

& Cu.

Linck and Gross, J. Appl.
Phys. 84 (1998) 5547.

SHE i ) nm 44382281 =6
A MlllOl', LBNL, personal communication (2009)

Plastic strain-induced grain
disappearance during RT
indentation of nanocrystalline Al.

Legros, Gianola, and Hemker, Acta Mater. 56 (2008)
3380.

Elastic stress-induced grain disappearance
near a crack tip during RT fracture of
nanocrystalline Al.
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Mechanically-induced grain growth increases
as temperature decreases.

03
RT
Dwell time 30 min!
02 _ l
0.1} W
3 ool Ll { :
5 03 ,
o Dwell time 30 min
> 5 -190°C
02
In indentation studies of nanocrystalline Cu, grain growth
was more extensive at cryogenic (LN,) temperatures than
at room temperature. 01 _ |
* Growth was most prominent near the indent corner, } “J ' ]
i.e. in the highest strain region. 0.0 L f Lf Rl
0 200 400 600 800
Grain size (nm)

Zhang, Weertman, and Eastman, Appl.
Phys. Lett. 87 (2005) 061921.
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. Direct MD simulation of indentation of nanocrystalline
Ni reveals mechanically-induced grain growth

m Indent an equilibrated nanocrystalline sample
- ~53 nm on a side, periodic in plane

- Initial Voronoi grain structure annealed at 0.75 T,
for 1 ns

+ Typical grain size doubled during anneal — artifact of
initial structure should be removed

- 15 nm ideal spherical indenter
+ Indent to 5 nm depth, hold and than raise
« Indentations performed at room temperature (300 K)
« Three indentation rates: 5, 1 and 0.2 m/s

m Some Questions
- |s there mechanically-induced grain growth?
- Is there a rate dependence?
- What are the deformation mechanisms?

6,
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|~ ;Visualization demonstrates modest grain growth

7
Z

G

m Color by local Von-Misses stress

during indentation

m Color by local orientation
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. Quantitative analysis confirms the visual impression of
- grain growth

<,

1.25¢
- 0.2m/s
12r - 1.0 m/s 18000 B Initial
* - 5.0 m/s 16000 -+ B 0.2 m/s (37.5 ns)
é-)‘ 1.15 7 B 50m/s(1.5ns)
e ﬂ,—’~14000 F
S EIZOOO *
Z ' g 10000 *
= 3 a0 |
S § 8000
U S 6000 +
. ) r
= 4000
2000 *
085 05 1‘ 15 0
Time* 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Grain Size (nm)
= Evolution of the normalized m Histogram of grain sizes
number of grains before and after indentation
- Track below and above average - More large grains after indent

populations separately
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Both full and partial dislocations are active during the

0.02

0.018

0.016

ractio

deformation cycle

= =Partial (0.2 m/s)

—Full (0.2 m/s)

= =Partial (1.0 m/s)

=——Full (1.0 m/s) FU”
= =Partial (5.0 m/s)
=Full (5.0 m/s)

- o T = -

-
"——--.:—_
- -

- o= =

m The local “slip vector” is analyzed to determine whether there has been
local dislocation activity

N o o
=L 3w

s P=a

- X%, x9 are the nearest neighbor vectors in the reference and current

configurations
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Outline
4 short case studies for microstructural evolution

*
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= Pass information to meso-scale grain growth models - . 2 % )
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- Grain Boundary Energies ,}g?fw* g* ¢
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+ Five-degrees of freedom challenge , i

Energy (J/mA2)

« Comparison with experimental observations S —
- Grain Boundary Mobilities e
+ Methodlogy

+ Itis a lot more complicated than typically thought
m Brute-force simulations of grain evolution
- Annealing of nanocrystalline grain structure
« Comparison of growth kinetics to conventional models
- Nano-indentation of nanocrystalline metals
+ Deformation induces grain growth?
+ ldentification of deformation mechanisms
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