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Outline""
•  Fluids:"solvaLon"shells"&"double"
layers"

–  Radial"distribuLon"funcLon/"spaLal"
correlaLon"

– Molecules:"radius"of"gyraLon"

•  Solids:"la\ce"defects"

–  Centrosymmetry"

–  Common"neighbor"analysis"

–  Slip"vector"
•  Dense"systems:"

–  KinemaLc"measures"

–  ConLnuum"field"esLmaLon"

Scales5of5structure5
Double5layer5

Metal5grains5

Vbias 

Electrolyte 

Vref 

Electrodes 

Correla,on5

Cv (x, y) = v(x)v(y) = v(0)v(x − y) =Cv (x − y)

Given"a"funcLon"of"space"v(x)"the"correlaLon"C(x,y)"is"an"

indicaLon"of"how,"e.g."moLon"if"v"is"velocity,"is"coordinated"as"a"

funcLon"of"distance"or"Lme"
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If"all"the"atoms"are"staLsLcally"equivalent,"then"(x,y)"<>"x<y"

In"discrete"Lme"dynamics,"a"Lme"correlaLon"is"approximated"by":""

Cv ( jΔt) ≈
1
n

vα
i,α
∑ (iΔt) vα ((i+ j)Δt)
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Radial5Distribu,on5Func,on5
Radial"distribu,on"funcLon"(RDF)"is"also"known"as"

the"pair"correla,on"funcLon,"g."The"RDF"
describes"how"atomic"density"varies"as"a"

funcLon"of"distance"from"any"parLcular"atom"in"

group"a"to"group"b."It"can"be"approximated"

using,"e.g."kernel"density"esLmaLon,"where"Δh"is"

a"bell<shaped"funcLon"with"width"h."

"
≈

1
NaNb

Δh ( rij
i, j
∑ − r)

RDF5as5a5phase5discriminator5
The"widths"of"the"peaks"of"the"RDF"(or"the"lack"of"peaks)"can"be"used"to"

idenLfy"whether"a"given"substance"is"in"a"amorphous"fluid/crystalline"

solid"phase."As"a"crystalline"solid"heats"and"melts"the"peaks"denoLng"

atomic"shells"broaden"and"merge."

"

fluid"

Solid"red:cold,"black:hot"

RDF5as5a5structure5discriminator5
• "The"locaLons"of"peaks"in"the"RDF"can"be"

used"to"idenLfy"the"crystal"structure"of"a"

solid"material"(as"in"X<ray"diffracLon)"

•  For"alloys/mixtures,"mulLple"RDFs"can"

be"constructed"to"provide"informaLon"

about"the"structure"of"the"alloy."

"

"

Common5Neighbor5Analysis5
Common"neighbor"analysis"(CNA)"is"a"classifier"of"

local"atomic"structure"based"on"the"coordinaLon"

of"any"parLcular"atom"and"the"paierns"of"

typical"crystalline"structures"(FCC,"BCC,"HCP"etc)"

With"CNA"a"structure"is"classified"by"

topologically."StarLng"with"a"pair"of"atoms,"α"and"
β,"a"diagram"is"created"with"a"set"of"four"indices:""

(i)  indicates"that"α"and"β"are"nearest<
neighbors"

(ii)  indicates"the"number"of"nearest"

neighbors"shared"by"the"pair"

(iii)  indicates"the"number"of"bonds"among"

the"common"neighbors"

(iv)  differenLates"diagrams"with"same"(i),"

(ii),"and"(iii)"indexes"and"different"

bonding"among"common"neighbors."
"



CNA5visualiza,on5of5grain5structures5

Using5OVITO5
!
www.ovito.org!

• "CNA"can"be"used"to"analyze"poly/nano<

crystalline"structures"to"idenLfy"grain"

boundaries"and"characterize"how"these"

structures"change"during"deformaLon."

Centrosymmetry5
• "CNA"is"useful"for"discriminaLng"various"structured"phases"of"bulk"

materials."But,"what"if"surfaces"are"present?"

•  One"way"to"isolate"surfaces"is"to"filter"atoms"according"to"values"of"

potenLal"energy;"however,"this"tends"to"“drown<out”"defect"structures"

like"stacking"faults"and"dislocaLon"cores."

•  The"centrosymmetry"parameter""can"be"used"for"radiallyKsymmetric5
crystal5structures5(e.g."FCC,"BCC)"to"detect5regions5where5symmetry5
has5been5lost"such"as"surfaces,"dislocaLon"cores"and"stacking"faults."

ck =minNk

xik + x jk
i, j∈Nk

∑

Here"Nk"is"one"of"the""

1/2n(n<1)"unique"pairings"of"

the"n"neighbors"of"k""

Centrosymmetry5
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The Troubles with Bubbles – Modeling the Material 

Degradation Caused By Helium Bubble Growth

The certification of our weapons components and sub-

systems remains a critical requirement. The elimination 

of underground testing and reduction in test facilities and 

capabilities has prompted us to develop high fidelity mod-

els based on knowledge of physical processes and materi-

als behavior. Among many issues that need to be under-

stood is material degradation associated with tritium aging. 

Tritium decay produces helium atoms that cluster into 

nano-scale bubbles. The nucleation, growth and interaction 

of these bubbles alter the material’s mechanical properties 

and creates microstructural defects such as dislocations. 

A key phenomenon tied to the presence of bubbles is low 

level helium gas release from the metal-tritide alloy which 

increases cataclysmically in time. This has been observed 

in the most-studied system of palladium-tritide and in erbi-

um-tritide used in MC4277 and MC4300 neutron tubes. 

Release of helium from aging tritide targets produces a 

buildup of gas within the vacuum tube envelope, thereby 

limiting component performance and lifetime. 

The Physical and Engineering Sciences Center 8700, 

and Materials and Process Sciences Center 1800, are col-

laborating to use analytical and computational models to 

study the material defects created during helium bubble 

growth and to understand the mechanical interaction 

between these defects and the bubbles themselves, as well 

as predict the physical mechanism responsible for the 

release of helium gas. These models operate over various 

length scales, down to the level of inter-atomic spacing. 

Using Sandia’s Embedded Atom Method, an inter-atomic 

potential model, simulations of molecular dynamics have 

been performed by Jonathan Zimmerman and Jeffrey Hoyt 

to examine material defects from spherical helium bubbles 

within a palladium lattice. Figure 1 shows a model system 

of four bubbles growing within a bulk lattice. Atoms bor-

dering defects such as dislocation cores and bubble surfaces 

are visually isolated by using the centrosymmetry param-

eter, a measure of radial symmetry of distributed near-

neighbors for a given atom. As the bubbles grow, numerous 

defects are generated such as dislocation threads that inter-

connect bubbles and stacking fault tetrahedra. These results 

are quite different from those of previous models that 

depicted prismatic loops of dislocations that emerged from 

a bubble’s periphery. Similar defects were also observed in 

simulations of bubbles grown near a free surface, as shown 

in Figure 2. In these simulations, some of the threading 

dislocations connect the bubbles to the free surface, result-

ing in roughening, a phenomenon that has been observed in 

experiments of helium-implanted palladium samples. 

Further development is underway to develop a physi-

cally realistic inter-atomic potential for the metal-hydride 

alloy, and to use it in future simulations of bubble growth. 

It is anticipated that these simulations will display addi-

tional mechanisms to explain the accelerated release of 

helium gas that occurs late in the aging process.

Work is also being done by Don Cowgill to develop 

larger-scale, analytical models. These models predict 

bubble size and spacing distribution, how stress fields 

originating from bubbles and dislocations interact and 

affect bubble growth, and how that interaction leads to 

failure of the material through either early or late release 

of helium gas. Fundamental knowledge obtained through 

these models has shown how material properties affect the 

shape of the bubbles formed, which in turn dictates what 

types of defects are emitted during the growth process. 

Figure 3 schematically shows two types of bubble shapes 

RESEARCHHIGHLIGHT

Figure 1. Molecular dynamics simulations of dislocations, surfaces and 
other material defects created during the growth of helium (He) bubbles 
within a bulk lattice. Three different concentrations of helium to metal (M) 
atoms are shown. Atoms are colored according to their value of centro-
symmetry parameter; hence, only atoms bordering defects are visible. 

Figure 2. Molecular dynamics simulations of defects created helium (He) 
bubble growth near a free surface. Three He/M ratios are shown, and 
only atoms bording defects are visible.

CSP"produces"the"highest"

values"for"

1.  "surfaces"vacancies"

2.  stacking"faults"

3.  dislocaLon"cores"

4.  highly<stretched"regions.""

Atoms"in"bulk"configuraLon"

have"CSP"equal"to"zero."

Slip5Vector5
• "CNA"and"the"centrosymmetry"parameter"are"useful"for"discriminaLng"

and"visualizing"surfaces,"defects,"etc."

•  Another"piece"of"desired"informaLon"are"crystallographic"details"
regarding"these"defects,"e.g."Burgers5vectors."

•  The"slip"vector"s"is"the"“slip”"for"atoms"that"lie"on"planes"that"border"

these"disconLnuiLes"relaLve"to"reference5posi,ons5X"
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To provide information on the Burgers vectors of dislo-
cations, we developed the slip vector, defined as

sa ! 2
1
ns

n
X

bfia

!xab 2 Xab" . (1)

In this expression, n is the number of nearest neighbors to
atom a, ns is the number of slipped neighbors, and xab

and Xab are the vector differences of atoms a and b cur-
rent and reference positions, respectively. The reference
configuration is the arrangement of atomic positions as-
sociated with zero mechanical stress. Although the term
“slip vector” has been used as a synonym for the Burgers
vector [16], in the present context its meaning is given by
(1). This expression will result in the Burgers vector for
the slip of adjacent atomic planes, where the atom lies on
one of those planes. The slip vector will have a large mag-
nitude for any inhomogeneous deformation near an atom
and will provide quantitative information about the defor-
mation. The slip vector can be used for any material mi-
crostructure, making it more generally applicable than the
centrosymmetry parameter [9].

In the simulations, data were accumulated for several
force-depth curves, such as those seen in Fig. 1. For dis-
tances far from the step where jdj $ 20 Å, elastic Hertzian
behavior persists until a yield load Fy is reached at a pene-
tration depth dy and dislocations are nucleated upon fur-
ther loading. This nucleation is characterized by a drop
of 30% to 40% in indentation load. Although their elas-
tic responses are identical, once dislocations are generated
the load behavior differs for A and B steps due to the dif-
ference in the orientation of their slip systems. Similar
behavior is seen for indentation near a surface step, al-
though a reduced stiffness is observed and either a small
drop of less than 15% in load or an appreciable change
in slope of the force-depth curve characterizes the yield
load. Figures shown in this paper will display data both at
loads corresponding to the “initial event,” which indicates
the first formation of dislocations, and at load drops. The
features shown in Fig. 1 are qualitatively similar to those
seen in experiment [5], although load drops for indentation

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7

A step
B step

B step
A step

δ (Å)

F (nN)

d = 20 Å

d = -5 Å

FIG. 1. Indentation force as a function of depth for both types
of steps at different distances from the step.

far from a step are more extreme in experiment, producing
nearly complete unloading.

When indenting far from a step, Fy approximately
equals 105 nN. Fy decreases when the indenter is cen-
tered less than 20 Å from the step, down to values between
10 and 20 nN. The lowest yield loads are observed when
210 Å # d # 0. To interpret this behavior, the surfaces
of these systems were viewed with atoms colored ac-
cording to whether or not they were in contact with the
indenter tip. A few of these images are shown in Fig. 2,
and reveal that a portion of the contact area lies on the
step when the indenter is positioned on the low side of
the step. For jdj # 20 Å, contact with the step alters the
load necessary to nucleate dislocations. The most extreme
situations occur in frames 2(c) and 2(g), in which all of
the initial contact occurs on the step edge, although the
indenter is centered off-step. These images were used to
estimate the contact area and a contact radius ay at the
onset of dislocation formation. Figure 3 shows Fy as a
function of distance from the step normalized by ay. Fy
decreases abruptly at normalized distances closer than 1.5,
with the most prominent effects felt at distances closer
than or equal to 1.

Figures 2 and 3 suggest that caution should be used
when estimating the contact area in order to calculate mean
pressure beneath the indenter, sy ! Fy#!pa2

y ". Experi-
mental measurements [5] showed sy decreasing signifi-
cantly for values of jd#ayj , 3, indicating a long-range
effect of the step. However, those values were obtained by
calculating contact area with the Hertzian relation ay !
p

Rdy. Use of this relation at the nanoscale is questionable,
as ay is not as well defined near a step. In our simulations,
the surface step causes a significant variation in the values
of sy for normalized distances less than 1.5, although this
variation does not necessarily show a downward trend as
jd#ay j approaches zero.

Also, those experiments used steps that varied in height
from 5 to 30 Å. The distance from the step at which a
spherical indenter first contacts both the planar surface and
the step edge !dc" can be geometrically estimated to equal

FIG. 2 (color). Contact area at the yield load for the A step
at distances d ! (a) 220 Å, (b) 210 Å, (c) 25 Å, (d) 30 Å
and for the B step at distances d ! (e) 230 Å, (f) 210 Å, (g)
25 Å, (h) 0. Yellow arrows highlight the position of the step
line.
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Example:5disloca,on5nuclea,on5
during5nanoindenta,on5

b =
a

6
2 1 1[ ]

b =
a

2
1 1 0[ ]

Using"the"slip"vector,"dislocaLon"structure"can"be"

determined"in"terms"of"specific"Burgers"vectors"."

s ~ 1 1 0[ ]

b =
a

6
2 11 [ ]

FAR5
NEAR5

A!

B!

AtomicKscale5deforma,on5gradient5

e1 

e2 

Ωo! Ω! x X 

Xαβ 

α" β"

xαβ 

α" β"

5A"single"atom<neighbor"pair"is"

insufficient"to"completely"determine"F."

"MulLple"neighbors"are"used"employing"

a"least<squares"mean:"

Reference" Current"configuraLon"

2"
min"
F"

AtomicKscale5deforma,on5gradient5

MinimizaLon"leads"directly"to:"
"

"

where:""

and"

Polar"decomposiLon"gives"a"rotaLon"and"stretch"

From"the"rotaLon"tensor"a"rotaLon"

vector"can"be"form"that"can"

discriminate"grain"texture"

AtomicKscale5velocity5gradient5

i ik kv L xαβ αβ= ( ) 1ik im kmLα α αρ τ
−

=

1

n

im i mv xα αβ αβ

β

ρ
=

=∑
1

n

km k mx xα αβ αβ

β

τ
=

=∑

The"usual"symmetric"+"skew"decomposiLon"leads"to""

And"a"vorLcity"vector"

A"similar"minimizaLon"gives"a"velocity"gradient"

where""



CorrelaLng"mulLple"metrics"

CNA5

rota,on5 vor,city5

slip5

Es,ma,ng5con,nuum5fields5
In"1950"Irving"and"Kirkwood"provided"a"direct"connecLon"

between"conLnuum"and"atomic"mechanics."

"

Three"basic"fields"are"postulated:"

ρ(x, t) = mα∑ Δ(x − xα (t))Mass"density"

p(x, t) = mαvα (t)∑ Δ(x − xα (t))

ε(x, t) = eα (t)∑ Δ(x − xα (t))

Momentum"density"

Energy"density"

Using"a"kernel"funcLon"Δ"that"is"normalized" Δ(x)dV =1∫

Es,ma,ng5con,nuum5fields5
The"velocity"is"derived" v(x) = p(x, t)

ρ(x, t)
And"the"per<atom"energy"e"is"somewhat"arbitrary"due"to"the"

potenLal"energy"being"based"on"bonds"

eα =
1
2
mαvα

2 +
1
2n

φ(xαβ )β
∑

SubsLtuLng"the"primiLve"fields"in"the"conLnuum"balance"of"

mass,"momentum,"and"energy"results"in"formulae"for"the"

conLnuum"fluxes,"e.g."stress"

p = d
dt

mαvα (t)∑ Δ(x − xα (t)) = fα (t)∑ Δ(x − xα (t))+mαvα⊗ va∇⋅Δ(x − xα (t))

=∇⋅ fαβ∑ ⊗ xαβB(x − xα, x − xβ )+mαvα⊗ va Δ(x − xα (t)) =∇⋅σ

Example:5Grain5Boundary5Migra,on5
• "Σ3"Grain"Boundary""

φ" e$F12$11%"

• "Σ129"Grain"Boundary""
φ" e$F12$3.5%"



Think"beyond"visualizaLon"
While"all"of"these"metrics"and"tools"make"lovely"pictures"and"provide"visual"

insight"on"deformaLon"phenomena,"the"longer<term"goal"to"use"this"

informaLon"to"construct"models"at"larger"scales…""

“Homework”"

•  Two"choices:"
•  Radial"distribuLon"funcLon"for"
an"ionic"fluid"

•  Centrosymmetry"&"CNA"for"a"

defected"solid"system"

INPUTKRDF5
pair_style"lj/cut/coul/cut"10."

dielectric"80.0"

read_data"""""""relax.data"

group"NEUTRAL""type"1"

group"POSITIVE"type"2"

group"NEGATIVE"type"3"

pair_coeff"*"*"0.2381"3.405"

pair_modify"shix"yes"

mass"""""""*"39.948"

Lmestep""""""""1.0"

fix"""""NVE"all"nve"

thermo"100"

thermo_style"custom"step"temp"pe"

compute5RDF5all5rdf5405251525252535

fix5RDF5all5ave/,me5100051510005c_RDF5file5
rdf.dat5mode5vector5

run"100000"

"

"
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g_+0(r)
g_++(r)
g_+-(r)

•  Do"these"distribuLons"make"sense?"

•  Why"is"there"a"gap?"

•  Why"is"the"blue"curve"peaked?"

•  Why"are"the"curves"ordered"the"way"

they"are?"

•  Is"this"data"converged?"

•  Does"the"system"size"maier?"

INPUTKCNA/CS5
•  What"are"the"

green"colored"

regions?"

•  When"do"they"

appear?"

•  Why"do"they"

appear?"

•  What"does"the"

“step”"do"in"the"

deformaLon"

process?"

•  Does"the"paiern"

depend"on"

loading?"E.g."

step"size,"

tension/

compression"

boundary""""""""p5s5p5
atom_style""""""atomic"

la\ce"""""""""fcc"3.52"origin"0.001"0.001"0.001"orient"x"1"1"
0"orient"y"0"0"1"orient"z"1"<1"0"

region""""""""""SYSTEM"block"<25"25"<5"5"0"3"units"la\ce"

create_box""""""1"SYSTEM"

create_atoms""""1"region"SYSTEM"

mass""""""""""""1"58.70"

region""""""""""STEP"block"0"0.5"4.5"5"0"3"units"la\ce"

group55555555555step5region5STEP5
delete_atoms5555group5step5
pair_style""""""eam/alloy"

pair_coeff""""""*"*"ni1.set"Ni"

neighbor""""""""0.3"bin"

thermo""""""""""20"

thermo_style""""custom"step"pe"

compute555555555CEN5all5centro/atom5125
compute555555555CNA5all5cna/atom53.05
dump""""""""""""D"all"custom"100000"nanobeam.dmp"id"
type"x"y"z"c_CEN"c_CNA"

variable"n"equal"10"

variable"i"loop"$n"

label"loop_i"

""change_box"all"x"scale"1.01"

""minimize"1.e<10"1.e<10"10000"100000"

next"i"

jump"SELF"loop_i"
"



BONUS5
•  Change"the"neutral"species"in"the"fluid"

system"for"a"water"model"like"TIP4P"and"

observe"the"differences"in"the"solvaLon"

structure"

•  Make"a"fluid"confined"by"two"walls."Will"

the"RDF"change?"Will"it"be"uniform?"

"

•  Observe"the"differences"in"point"defect"
structures"obtained"using"a"SLllinger<

Weber"potenLal"vs"Tersoff"

•  Reverse"the"loading"of"the"nanobeam","

will"the"response"change?"

•  Add"stress"as"an"output"does"it"tell"you"
anything?"

Lecture585
Week"7:"Analyzing5Inhomogeneous5Systems55
•  IdenLficaLon"and"visualizaLon"of"defects"and"structures"

•  Metrics,"e.g."radial"distribuLon"funcLon,"common"neighbor"analysis,"
centrosymmetry"

•  Available"tools""

•  Homework:"CalculaLon"of"centrosymmetry"and"slip"vector"around"a"
defect"

Week"8":"Molecular5Dynamics5"
•  Newton’s"2nd"Law"

•  Time"integraLon"algorithms"(Verlet,"SHAKE,"Gear)"

•  Conserved"quanLLes"

•  Ensembles"(NVE,"NVT,"NPT,"NPH)"&"equaLons"of"moLon""

•  Thermostats,"e.g."Nose<Hoover"

•  IniLal"condiLons"and"velocity"distribuLons"

•  Homework:"NVT"average"of"pressure."
"

"

"

Reading5Sugges,ons5for5Lec.58!
•  Chapter"6"of"LeSar"
•  Chapter"4"of"Frenkel"&"Smit"

•  Chapter"3"&"6"of"Evans"&"Morriss"

•  hip://en.wikipedia.org/wiki/Molecular_dynamics"

•  hip://lammps.sandia.gov/"

AddiLonal"slides"



Calculating Centrosymmetry within 
LAMMPS 

compute ID group-ID centro/atom lattice !
"

""""*"ID,"group<ID"are"documented"in"compute"command"

""""*"centro/atom"="style"name"of"this"compute"command"

""""*"la\ce"="fcc"or"bcc"or"N"="#"of"neighbors"per"atom"to"include""

"

Examples:"

!
compute 1 all centro/atom fcc !
compute 1 all centro/atom 8 !
"

Typical"centro<symmetry"values,"from"a"nanoindentaLon"simulaLon"into"gold"(FCC):"

Bulk lattice = 0 !
Dislocation core ~ 1.0 (0.5 to 1.25) !
Stacking faults ~ 5.0 (4.0 to 6.0) !
Free surface ~ 23.0 !
"

Calculating CNA within LAMMPS 
compute ID group-ID cna/atom cutoff !
"

""""*"ID,"group<ID"are"documented"in"compute"command"

""""*"cna/atom"="style"name"of"this"compute"command"

""""*"cutoff"="cutoff"distance"for"nearest"neighbors"(distance"units)""

"

Examples:"

"

compute 1 all cna/atom 3.08 !
"

Currently,"there"are"five"kinds"of"CNA"paierns"LAMMPS"recognizes:"

""""*"fcc"="1 " "*"hcp"="2 " "*"bcc"="3"

""""*"icosohedral"="4" "*"unknown"="5""

"

The"value"of"the"CNA"paiern"will"be"0"for"atoms"not"in"the"specified"compute"group."Note"

that"normally"a"CNA"calculaLon"should"only"be"performed"on"mono<component"systems.""

Calculating RDF within LAMMPS 
compute ID group-ID rdf Nbin itype1 jtype1 itype2 jtype2 ... !
"

""""*"ID,"group<ID"are"documented"in"compute"command"

""""*"rdf"="style"name"of"this"compute"command"

""""*"Nbin"="number"of"RDF"bins"

""""*"itypeN"="central"atom"type"for"Nth"RDF"histogram"(see"asterisk"form"below)"

""""*"jtypeN"="distribuLon"atom"type"for"Nth"RDF"histogram"(see"asterisk"form"below)""

"

Examples:"
"

compute 1 all rdf 100!
compute 1 all rdf 100 1 1!
compute 1 all rdf 100 * 3!
compute 1 fluid rdf 500 1 1 1 2 2 1 2 2!
compute 1 fluid rdf 500 1*3 2 5 *10 !
!
compute myRDF all rdf 50 !
fix 1 all ave/time 100 1 100 c_myRDF file tmp.rdf mode vector !

Radial5distribu,on5func,on5
Assume"circumeferenLal"variaLon"unintersing""
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Structure of electrochemical interfaces 
The importance of the electric double layer 
The electric double layer is where extreme gradients in electrical and chemical potentials 
provide the driving force for electrochemical reactions 

Most electrochemical devices 
have ion conducting electrolytes 
between two electrodes 

The operating voltage drop occurs across 
an interfacial layer a few molecules thick. 
This results in extremely high fields and 
large interfacial capacitance. 

Complex interface structure 
depends on surface structure, ion 
size, ion charge and applied voltage 

Continuum-based Kinematic Metrics 
• "ConLnuum"Mechanics"
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