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Abstract. We report on large scale non-equilibriumatomistic simulationsof shock-inducedsolid-solid
phasetransformationsAs an examplethe @ — € transformationin iron andthe A1l (Gal)—cl12 (Gall)
transformationin gallium are discussedThe useof semi-empiricaldescriptionsof the inter-atomicforces
andtoday’s parallelcomputingresourcesllow for a quantitatve comparisorof the theoreticallycalculated
datawith the experimentalresults.The discussiorwill includethe crystallographicrientationdependence
onthetransformatiorprocessn singlecrystals.Simulationscontainingseveralmillions of iron atomsreveal
thatabove a critical shockstrength,mary small close-packdgrainsnucleatein the shock-compresseacc
crystal. For shockwavesin the [001] directiontheinitially small grainsaregrowing on a picosecondime
scaleto form larger, enegetically favored,grains.For thetwo othermajor crystallographidirections,here
theannealingorocesseareslowerandandhave notfinishedwithin thetime scalesaccessiblevith atomistic
simulations(up to 50 ps). Furthermoregrystalsshocledin [111] directionproducesolitary wavesaheadof

the actualshockfront.

INTRODUCTION

Atomistic computersimulationson shock-induced
plasticity andphasetransformationdiave beendone
by several authorswithin the pastyears.In 1991
the first split two-wave structurehasbeenseenby
non-equilibriummoleculardynamics(NEMD) sim-
ulationsin a polymorphicphasetransitionfor a two
dimensionamaterialundegoinga dissociatve tran-
sition[1]. Later, large-scaldlNEMD simulationshave
beenusedto study the plasticity of face-centered
cubic materials[2, 3], the orientationdependence
of shock-inducedchemistry[4], and shock-induced
structuratransformationgn iron [5, 6]. As acompu-
tationally cheapealternatve to the directmethodof
NEMD, ensemblesf atomscanbedrivenby homo-
geneousiniaxialcompressiomowardthefinal defec-
tive Hugoniotstate[7, 8].

The useof the SPaSM (“ScalableParallel Short-
rangeMoleculardynamics”)codeallows oneto sim-
ulateandanalyzeroutinelymillions of atomson par
allel machineg [9, 10], andhasbeentestedfor upto
some20 billion atomson a fraction of Los Alamos’

1 Seealsoht t p: // bi frost. | anl . gov/ M) MD. ht ni

Q-maching11], paving the way for atomisticsimu-
lationson the um scale[12, 13]. In thiswork we use
the embeddectommethod(EAM) [14, 15] for the
descriptiorof theinteractionof theiron atoms EAM

has been successfullyapplied for metals and has
beenextendedto the modifiedEAM (MEAM) [16]

in orderto describematerialdn which covalentchar
acteris important,like theelemenigallium[17].

SHOCK-INDUCED
TRANSFORMATIONSIN IRON

Shockexperimentdoundthatiron undegoesastruc-
turaltransitionfrom thebody-centere@ubic(bcc)
groundstateto the hexagonalclose-packd (hcp) e
structureat a pressureof 13 GPa [18] 2. Hydrostatic
compressiomxperimentsatroomtemperatureeveal
about the sametransition pressurefor the a — €
transformationbut the reversetransformatiortakes
placeat 8 GPa[19]. This hysteresiglecreasesvith

2 Herethe transitionpressurds the pressurecomponentP. . in
thedirectionof the shockpropagation.
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FIGURE 1. Cold curve for the Meyer-Entel potential

(dashedine) andthe VoterChenpotential(full line). The

circlescorrespondo FLAPW (Full PotentialAugmented
PlaneWave) with GGA (generalizedyradientapproxima-
tion) electronicstructurecalculationof the ferromagnetic
bcc groundstateof iron [20]. Arrows indicatewherethe

shock-inducedransformatioroccursfor eachpotential.

increasingtemperatureand vanishesat the triple
point of the phasadiagram(~x 800K, 10.5GPa).
The atomistic modeling of iron has beendone
with different EAM potentials:a VoterChen po-
tential [21] and the MeyerEntel potential [22].
The latter has the advantageshat it is also fit to
zone-boundaryphonon frequencies,and therefore
can describethe vibrational spectrumwell, which
is, for example, important for the description of
the temperature-inducednartensitic phase transi-
tions [23]. However, this potentialis too stiff upon
compressior(Fig.1), resultingin an extremely high
transition pressurg(55 GPa) for the shock-induced
a — € transition. The VoterChenpotentialhasthe
advantageof using the empirical Roseequationof
stateand comparesvell to ab initio calculationsof
the ferro-magneticbcc ground state of iron [20],
which is mostimportantfor a quantitatve compar
ison to shock experiments.Thereforeresults pre-
sentedherewill be baseduponthe VoterChende-
scription,wherethetransitionpressureasmeasured
by NEMD in [001] direction, is 15 GPa, which
comparesvell with experimentaldata.However, the
qualitative resultsobtainedwith both potentialsare
quite similar [5]. Unless otherwisenoted, simula-
tions presentechereinitially startwith T = 50 K.
With increasinginitial temperatureentropiccontri-
butionsmalke the close-packdphasemorefavorable

and reducethe enegy barrier for the transforma-
tion [23]. This leadsto a slightly reducedtransition
pressurdor samplesimulatedatroomtemperature.

Crystallographic orientation dependence

We have carried out a series of molecular
dynamics (MD) simulations for different shock
strengthswith shockwavespropagatingn thethree
major crystallographicdirections[001], [011], and
[111] of abcciron singlecrystal[6, 5, 24]. To initiate
shockwavesthe momentummirror method[2] has
beenemployed. Simulation cells containingup to
someeight million atoms(Fig.2) shav a structural
transitionfrom the initial bcc structureinto a close-
pacledstructure(Fig.3) for pressuresibove 15 GPa
in the [001] direction. For the two other directions
thetransitionpressurés ~ 20 GPa.

For shockstrengthgust above thetransitionpres-
surea split two-wave structureis obsened, with a
leadingelasticwave followed by a slower transfor
mationwave 3. For high shockstrengthsthe shock
is overdrivenandhasonly onetransformatiorfront.
This behavior is typical for amaterialthatexhibits a
phasdransformatiorj25]. The Hugoniotfor the dif-
ferentcrystallographishockdirectionscomparesa-
vorably with experimentalpolycrystallinedata[18]
for the overdriven region (Fig.4). The fact that the
shock speedfor the [001] directionin that region
is larger than for the other two directionsreflects
densemackingdueto fewer grain boundariesDif-
ferentelasticpropertiesfor thevariousdirectionsre-
sultin differencesf the elasticpartof the Hugoniot
andthereforein in the split two-wave region. Yet it
is not clearif the higher transition pressuren the
[011] and [111] directionis an effect of the short
time scalesaccessibldn NEMD [8], or if it is an
effect that canbe measuredxperimentally Prelim-
inary simulationsof polycrystallinesamplesshowv a
reductionof thetransitionpressurdoy heterogeneous
nucleatioratgrainboundariesthuscomingcloserto
theexperimentall3 GPathreshold.

Thedifferentcrystallographishockdirectionsfa-
vor differentstructuraltransformatiorpathways, so

3 Due to the increasedHugoniot elastic limit in perfectsingle
crystals,we seeno evidencefor bcc plasticity beforethe onset
of thephaseransformation.



FIGURE 2. Samplesontaining eightmillion atoms
( 40nm 40nm 57nm)after6.57psshockedn thebcc
, , and direction (top to bottom). Piston
velocity = 1087 m/s. Atoms are color-codedby the
numberof neighbors within 2.75A: the unshockedcc
( ) is gray, uniaxiallycompressetcc( )isblue,
andthe transformedlose-packedrains( ) arered,
separatedby yellow ( ) grainboundaries.
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FIGURE 3. Radial distribution functions of the trans-
formedmaterialfor crystalsshockedn differentdirections
with a pistonvelocity = 1087m/s. As a referencethe
ideal positionsof the fcc andthe hcp structureaswell as
thedistribution functionfor theunshockedccareshown.
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FIGURE 4. Hugoniotfor the differentcrystallographic
shock directionsfor iron single crystalsas obtainedby
MD, with experimentalpolycrystallinedata[18]. The ar-
rowsindicatethesoundspeed®f the potentialfor thebulk
andthe[001], [011], and[111] directions(bottomto top).

different dynamicsare obsened for eachdirection
(Figs.5and6). For shocksin [001] only two equiv-
alenttwin variantsof the productphase, separated
by twin boundaries,are obsered. Here, the ini-
tially smallgrainsannealon a picosecondime scale
and form larger grainswith mostof the relaxation
processcompletedwithin the accessiblesimulation
time (up to 50 ps). However, in the two other di-
rections,morevariantswith morecomplicatedgrain
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FIGURE 5. Profiles of the longitudinal ( ) and

twice the shear( ) components
of the pressure-glume tensor( , ). The

shock waves propagatefrom left to right. Profiles are

shawn for the threemajor cubic crystallographicrienta-

tionsfor apistonvelocity —=1087m/s.
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FIGURE 6. Temperatureprofiles for the major cubic
crystallographiorientationdor ~ =1087m/s.Theshock
wavespropagatérom left to right. For the and
directionsthe annealingprocesf the transformedmate-
rial takesmuchlongerthanfor the direction.

boundariesareformed.In thesecaseghe relaxation
processeare far from completeby the end of the
simulation.The temperaturgFig.6) is rising, which
indicatesa structuralrelaxationto lower potential
enegies for the constantenegy simulationspre-
sentedhere. The grain size remainssmall (Fig.2)
andthe numberof grain boundaryatomsis signif-
icantly larger thanin the [001] case[this can also
be seenin the broaderpeaksof the radial distribu-
tion functions (Fig.3)]. Hayes[26] has experimen-

tally obsenred differentkinetics for the KCI shock-
inducedphasetransformationfor different orienta-
tions.

On the unloadingprocesshy thereflectionof the
shockwave attheendof thesamplesthetransforma-
tion reverts almostperfectly for all threedirections
investigated(in the [001] caseit is perfect). Since
thetransformatioris doneby a collective movement
of the atomsover shortdistancegmartensitic-lile),
ratherthanby reconstructionthetransformatiorpro-
cessis likely to be reversible and this has been
obsered in experimentson iron and other materi-
als[25]. However, for extremelyhigh shockstrength
the systemmelts during the rarefaction wave (e.g.,

=2899m/s).

Solitary waves

For shocksin the [111] direction solitary waves
ahead of the actual shock front are obsened
(Figs.2,5,and 6). We obsene thesewaves also for
[001] shocksat very high shock strength,though
thereis also someevidenceat early time for lower
shock strength(Fig.5). Thesesolitary waves have
also beenobsered for shocksalong [011] in fcc
crystals[3]. Thewavescanbeseenin propertiedike
pressureparticlevelocity, or density However, they
only affect the longitudinaltemperatureandcannot
beseenin thetrans\ersevelocity profiles.

Thesewavesarerelatively stableanddonotsignif-
icantly interferewith eachother ascanbe checled
by inducing two shock waves with opposedprop-
agationdirectionsat eachend of the sample.Yet,
they appeamot to beideal solitons[27] on the sim-
ulation time scale.The peakheight decaysin time
(the peakwidth doesnot significantly change),as
their initial velocity decrease$Fig.7). This process
getsmore pronouncedwith increasingtemperature
and eventually the solitonic peak vanishes.How-
ever, the shockfront can emit new solitary waves.
As for the dependencen the shockstrength,here
the simulationsshawv that the velocity of the soli-
tonsdo not necessarilyncreasewith shockstrength.
Ratherit lookslike theremight bean optimalshock
strengthfor a given system.For example, solitons
emitted at shockswith 10 m/s areinitially
fasterandtheir decayis slowerthanthosecreatedat
fronts with 1 1 ml/s.For low shockstrength
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FIGURE 7. Timeevolution (every1.314ps)of theshear
stresgrofile ((111] bccFe, =1812m/s, =50K).The

decayin peakheightof the leadingsolitary wave canbe

seerascanthedecreasef thevelocity of thesolitarywave

(thestraightline is aguideto theeyeto theinitial velocity).

The curveshave beenshiftedfor clarity.

( 1 m/s), aswell asfor moderatetempera-
tures(320K), solitarywaveshave notbeenobsened
(someevidenceof soliton-like behavior remainsin
anoscillatoryshockfront).

Much morework onthesenterestingphenomena,
in particularthe connectiorto alreadyexisting theo-
riesandmodelsof solitons,hasto be doneto under
standthis processn theframework of shockphysics.
However, apreliminarypicturethatemepgessofaris
that at the shockfront, a soliton (as understoodn
the particle picture), emegeswith aninitial veloc-
ity andsize.Theinitial velocity andsizedependsn
the propertiesof the system(crystallographialirec-
tion, shockstrengthtemperature,..). Thesolitonbe-
havesnonideally(which getsmorepronouncedvith
increasingemperaturesysit interactswith its ervi-
ronmentandlosesenepy, causingt to decayin size
andvelocity.

TRANSFORMATIONSIN GALLIUM

Thegroundstateof galliumis anorthorhombicstruc-
ture with a significantamountof dimerization(A11,
Gal) (Fig.8).For T = 100K, atP = 3 GPaatransfor
mationinto thebcccl12 (Gall) structureoccurs the
transitionpressuredroppingwith increasingemper

FIGURE 8. Unit cell of the GaA11 ground-statestruc-
ture. Thestructureis achieved by Gallium dimersoccupy-
ing anorthorhombiccell.
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FIGURE 9. Cold curvesfor differentstructuresas ob-

tainedby a MEAM potential[17]. The cold curve transi-

tion pressurebetweerthe A11 groundstate(Gal) andthe

cl12 structure(Gall), as obtainedby triangularconstruc-

tion, is GPa. The experimentaltransitionpressureat
100K is 3 GPa.

ature[28]. RecentlyaMEAM modelfor galliumhas
beenproposedby Basleset al. [17] that describes
thezeropressurgropertiedor the varioussolid and
liquid structuresamazinglywell. However, little is
known aboutthe quality of this potentialunderpres-
sure.A first stepis the calculationof the zerotem-
peratureransitionpressuregasobtainedby the cold
cunves of the various structures(Fig.9). A tangent
constructionreveals A11—cl12 to have the lowest



transitionpressurein agreementvith theexperimen-
tal phasadiagram.Thecold curve transitionpressure
is 4.9GPa,whichis alittle bit largerthanthe exper
imental transitionpressureat T = 100 K. However,
the effect of temperatureon the theoreticaltransi-
tion pressuras not clearat the moment.Sofar, dy-
namicsimulationshave justbegun, yet no shockex-
perimenton solid gallium have beenperformed.

OUTLOOK

Concerningthe crystallographicorientationdepen-
denceof shock-inducedransformationsn iron, the
authordook forward to future experimentsjn order
to seehow they comparewith ourtheoreticabpredic-
tions. It would be interestingto seeexperimentally
whethersolitarywavescanevenbedetectedn single
crystalsatlow temperatured-or gallium, we planto
doaseriesof NEMD shockwavesimulationgo study
shock-inducedtructuraltransformations.
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