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Abstract. We report on large scalenon-equilibriumatomistic simulationsof shock-inducedsolid-solid
phasetransformations.As an examplethe ����� transformationin iron and the A11 (GaI)� cI12 (GaII)
transformationin gallium arediscussed.The useof semi-empiricaldescriptionsof the inter-atomicforces
andtoday’s parallelcomputingresourcesallow for a quantitative comparisonof thetheoreticallycalculated
datawith theexperimentalresults.Thediscussionwill includethecrystallographicorientationdependence
on thetransformationprocessin singlecrystals.Simulationscontainingseveralmillions of iron atomsreveal
thatabove a critical shockstrength,many small close-packedgrainsnucleatein theshock-compressedbcc
crystal.For shockwavesin the

� ���	��

directionthe initially small grainsaregrowing on a picosecondtime

scaleto form larger, energeticallyfavored,grains.For thetwo othermajorcrystallographicdirections,here
theannealingprocessesareslowerandandhavenotfinishedwithin thetimescalesaccessiblewith atomistic
simulations(up to 50 ps).Furthermore,crystalsshockedin

�����
��

directionproducesolitarywavesaheadof

theactualshockfront.

INTRODUCTION

Atomistic computersimulationson shock-induced
plasticityandphasetransformationshave beendone
by several authorswithin the past years.In 1991
the first split two-wave structurehasbeenseenby
non-equilibriummolecular-dynamics(NEMD) sim-
ulationsin a polymorphicphasetransitionfor a two
dimensionalmaterialundergoingadissociative tran-
sition[1]. Later, large-scaleNEMD simulationshave
beenused to study the plasticity of face-centered
cubic materials[2, 3], the orientationdependence
of shock-inducedchemistry[4], andshock-induced
structuraltransformationsin iron [5, 6]. As acompu-
tationallycheaperalternative to thedirectmethodof
NEMD, ensemblesof atomscanbedrivenby homo-
geneousuniaxialcompressiontowardthefinal defec-
tive Hugoniotstate[7, 8].

The useof the SPaSM (“ScalableParallel Short-
rangeMoleculardynamics”)codeallowsoneto sim-
ulateandanalyzeroutinelymillions of atomsonpar-
allel machines1 [9, 10], andhasbeentestedfor upto
some20 billion atomson a fractionof Los Alamos’

1 Seealsohttp://bifrost.lanl.gov/MD/MD.html

Q-machine[11], paving theway for atomisticsimu-
lationson the � m scale[12, 13]. In this work weuse
the embeddedatommethod(EAM) [14, 15] for the
descriptionof theinteractionof theiron atoms.EAM
has been successfullyapplied for metals and has
beenextendedto the modifiedEAM (MEAM) [16]
in orderto describematerialsin whichcovalentchar-
acteris important,like theelementgallium [17].

SHOCK-INDUCED
TRANSFORMATIONS IN IRON

Shockexperimentsfoundthatiron undergoesastruc-
tural transitionfrom thebody-centeredcubic(bcc) �
groundstateto the hexagonalclose-packed (hcp) �
structureat a pressureof 13 GPa [18] 2. Hydrostatic
compressionexperimentsatroomtemperaturereveal
about the sametransition pressurefor the �����
transformation,but the reversetransformationtakes
placeat 8 GPa [19]. This hysteresisdecreaseswith

2 Herethe transitionpressureis the pressurecomponent����� in
thedirectionof theshockpropagation.
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FIGURE 1. Cold curve for the Meyer-Entel potential
(dashedline) andtheVoter-Chenpotential(full line). The
circlescorrespondto FLAPW (Full PotentialAugmented
PlaneWave) with GGA (generalizedgradientapproxima-
tion) electronicstructurecalculationsof theferromagnetic
bcc groundstateof iron [20]. Arrows indicatewherethe
shock-inducedtransformationoccursfor eachpotential.

increasingtemperature,and vanishesat the triple
point of thephasediagram( � 800K, 10.5GPa).

The atomistic modeling of iron has been done
with different EAM potentials:a Voter-Chen po-
tential [21] and the Meyer-Entel potential [22].
The latter has the advantagesthat 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-inducedmartensitic phasetransi-
tions [23]. However, this potential is too stiff upon
compression(Fig.1), resultingin an extremelyhigh
transitionpressure(55 GPa) for the shock-induced����� transition.The Voter-Chenpotentialhasthe
advantageof using the empirical Roseequationof
stateandcompareswell to ab initio calculationsof
the ferro-magneticbcc ground state of iron [20],
which is most importantfor a quantitative compar-
ison to shock experiments.Thereforeresults pre-
sentedherewill be basedupon the Voter-Chende-
scription,wherethetransitionpressure,asmeasured
by NEMD in [001] direction, is 15 GPa, which
compareswell with experimentaldata.However, the
qualitative resultsobtainedwith both potentialsare
quite similar [5]. Unlessotherwisenoted, simula-
tions presentedhere initially start with T = 50 K.
With increasinginitial temperature,entropiccontri-
butionsmaketheclose-packedphasemorefavorable

and reducethe energy barrier for the transforma-
tion [23]. This leadsto a slightly reducedtransition
pressurefor samplessimulatedat roomtemperature.

Crystallographic orientation dependence

We have carried out a series of molecular-
dynamics (MD) simulations for different shock
strengthswith shockwavespropagatingin thethree
major crystallographicdirections

� ������

,
� ������


, and���
����

of abcciron singlecrystal[6, 5, 24]. To initiate

shockwavesthe momentummirror method[2] has
beenemployed. Simulation cells containingup to
someeight million atoms(Fig.2) show a structural
transitionfrom the initial bcc structureinto a close-
packedstructure(Fig.3) for pressuresabove 15 GPa
in the [001] direction.For the two other directions
thetransitionpressureis � 20GPa.

For shockstrengthsjust above thetransitionpres-
surea split two-wave structureis observed, with a
leadingelasticwave followed by a slower transfor-
mationwave 3. For high shockstrengths,the shock
is overdrivenandhasonly onetransformationfront.
This behavior is typical for a materialthatexhibits a
phasetransformation[25]. TheHugoniotfor thedif-
ferentcrystallographicshockdirectionscomparesfa-
vorably with experimentalpolycrystallinedata[18]
for the overdriven region (Fig.4). The fact that the
shock speedfor the [001] direction in that region
is larger than for the other two directionsreflects
denserpackingdueto fewer grain boundaries.Dif-
ferentelasticpropertiesfor thevariousdirectionsre-
sult in differencesof theelasticpartof theHugoniot
andthereforein in the split two-wave region. Yet it
is not clear if the higher transitionpressurein the
[011] and [111] direction is an effect of the short
time scalesaccessiblein NEMD [8], or if it is an
effect that canbe measuredexperimentally. Prelim-
inary simulationsof polycrystallinesamplesshow a
reductionof thetransitionpressureby heterogeneous
nucleationatgrainboundaries,thuscomingcloserto
theexperimental13 GPathreshold.

Thedifferentcrystallographicshockdirectionsfa-
vor differentstructuraltransformationpathways,so

3 Due to the increasedHugoniot elastic limit in perfect single
crystals,we seeno evidencefor bcc plasticity beforethe onset
of thephasetransformation.



FIGURE 2. Samplescontaining � eight million atoms
( � 40nm � 40nm � 57nm)after6.57psshockedin thebcc� � �
!#"

,
� ��! !#"

, and
�$! !%!#"

direction (top to bottom). Piston
velocity &(' = 1087 m/s. Atoms are color-codedby the
numberof neighbors) within 2.75Å: theunshockedbcc
( )+*-, ) is gray, uniaxiallycompressedbcc( )+* !��

) is blue,
andthetransformedclose-packedgrains( ).* !�/

) arered,
separatedby yellow ( )0* ! !

) grainboundaries.
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FIGURE 3. Radial distribution functionsof the trans-
formedmaterialfor crystalsshockedin differentdirections
with a pistonvelocity & ' = 1087m/s.As a referencethe
ideal positionsof the fcc andthe hcpstructureaswell as
thedistribution functionfor theunshockedbccareshown.
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FIGURE 4. Hugoniot for the differentcrystallographic
shock directions for iron single crystalsas obtainedby
MD, with experimentalpolycrystallinedata[18]. The ar-
rowsindicatethesoundspeedsof thepotentialfor thebulk
andthe[001], [011], and[111] directions(bottomto top).

different dynamicsare observed for eachdirection
(Figs.5and6). For shocksin

� ������

only two equiv-

alent twin variantsof the productphase,separated
by twin boundaries,are observed. Here, the ini-
tially smallgrainsannealonapicosecondtimescale
and form larger grainswith most of 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 ( ACB�B D ) and
twice the shear(

� ACB#BFEHGIAKJLJNMOAQP#P
RTS /L" D ) components
of the pressure-volumetensor( AQU�VLD , WTX�YZ*\[	X^]_X^` ). The
shock waves propagatefrom left to right. Profiles are
shown for the threemajor cubic crystallographicorienta-
tionsfor apistonvelocity & ' = 1087m/s.
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FIGURE 6. Temperatureprofiles for the major cubic
crystallographicorientationsfor & ' = 1087m/s.Theshock
wavespropagatefrom left to right. For the

� �
! !#"
and

�$! !%!#"
directionstheannealingprocessof the transformedmate-
rial takesmuchlongerthanfor the

� �%�
!#"
direction.

boundariesareformed.In thesecasesthe relaxation
processesare far from completeby the end of the
simulation.The temperature(Fig.6) is rising, which
indicatesa structural relaxationto lower potential
energies for the constantenergy simulationspre-
sentedhere. The grain size remainssmall (Fig.2)
and the numberof grain boundaryatomsis signif-
icantly larger than in the

� �
�	��

case[this can also

be seenin the broaderpeaksof the radial distribu-
tion functions(Fig.3)]. Hayes[26] hasexperimen-

tally observed differentkinetics for the KCl shock-
inducedphasetransformationfor different orienta-
tions.

On theunloadingprocess,by thereflectionof the
shockwaveattheendof thesamples,thetransforma-
tion revertsalmostperfectly for all threedirections
investigated(in the

� ������

caseit is perfect).Since

thetransformationis doneby a collectivemovement
of the atomsover shortdistances(martensitic-like),
ratherthanby reconstruction,thetransformationpro-
cess is likely to be reversible and this has been
observed in experimentson iron and other materi-
als[25]. However, for extremelyhighshockstrength
the systemmelts during the rarefaction wave (e.g.,e ' = 2899m/s).

Solitary waves

For shocksin the
�����
��


direction solitary waves
ahead of the actual shock front are observed
(Figs.2,5,and 6). We observe thesewaves also for� �
�	��


shocksat very high shock strength,though
thereis alsosomeevidenceat early time for lower
shock strength(Fig.5). Thesesolitary waves have
also beenobserved for shocksalong

� ������

in fcc

crystals[3]. Thewavescanbeseenin propertieslike
pressure,particlevelocity, or density. However, they
only affect the longitudinaltemperatureandcannot
beseenin thetransversevelocityprofiles.

Thesewavesarerelativelystableanddonotsignif-
icantly interferewith eachother, ascanbe checked
by inducing two shock waves with opposedprop-
agationdirectionsat eachend of the sample.Yet,
they appearnot to be idealsolitons[27] on thesim-
ulation time scale.The peakheight decaysin time
(the peak width doesnot significantly change),as
their initial velocity decreases(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 dependenceon the shockstrength,here
the simulationsshow that the velocity of the soli-
tonsdonot necessarilyincreasewith shockstrength.
Rather, it lookslike theremightbeanoptimalshock
strengthfor a given system.For example,solitons
emittedat shockswith e 'gf �L��h_i

m/s are initially
fasterandtheir decayis slower thanthosecreatedat
fronts with e 'jf �kh��%l

m/s. For low shockstrength
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FIGURE 7. Timeevolution(every1.314ps)of theshear
stressprofile ([111] bccFe, & ' = 1812m/s, p = 50K). The
decayin peakheightof the leadingsolitary wave canbe
seenascanthedecreaseof thevelocityof thesolitarywave
(thestraightline is aguideto theeyeto theinitial velocity).
Thecurveshavebeenshiftedfor clarity.

(e 'qfsr i�� m/s), as well as for moderatetempera-
tures(320K), solitarywaveshavenotbeenobserved
(someevidenceof soliton-like behavior remainsin
anoscillatoryshockfront).

Muchmorework ontheseinterestingphenomena,
in particulartheconnectionto alreadyexisting theo-
riesandmodelsof solitons,hasto bedoneto under-
standthisprocessin theframework of shockphysics.
However, apreliminarypicturethatemergessofar is
that at the shockfront, a soliton (as understoodin
the particlepicture),emergeswith an initial veloc-
ity andsize.Theinitial velocity andsizedependson
the propertiesof thesystem(crystallographicdirec-
tion, shockstrength,temperature,...).Thesolitonbe-
havesnonideally(which getsmorepronouncedwith
increasingtemperatures),asit interactswith its envi-
ronmentandlosesenergy, causingit to decayin size
andvelocity.

TRANSFORMATIONS IN GALLIUM

Thegroundstateof galliumis anorthorhombicstruc-
turewith a significantamountof dimerization(A11,
GaI) (Fig.8).For T = 100K, at P = 3 GPaa transfor-
mationinto thebcccI12 (GaII) structureoccurs,the
transitionpressuredroppingwith increasingtemper-

FIGURE 8. Unit cell of theGaA11 ground-statestruc-
ture.Thestructureis achievedby Gallium dimersoccupy-
ing anorthorhombiccell.
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FIGURE 9. Cold curves for differentstructuresas ob-
tainedby a MEAM potential[17]. The cold curve transi-
tion pressurebetweentheA11 groundstate(GaI) andthe
cI12 structure(GaII), asobtainedby triangularconstruc-
tion, is �_� � GPa. The experimentaltransitionpressureat
p�� 100K is � 3 GPa.

ature[28]. RecentlyaMEAM modelfor galliumhas
beenproposedby Baskeset al. [17] that describes
thezeropressurepropertiesfor thevarioussolid and
liquid structuresamazinglywell. However, little is
known aboutthequality of this potentialunderpres-
sure.A first stepis the calculationof the zerotem-
peraturetransitionpressuresasobtainedby thecold
curves of the variousstructures(Fig.9). A tangent
constructionrevealsA11 � cI12 to have the lowest



transitionpressure,in agreementwith theexperimen-
tal phasediagram.Thecoldcurvetransitionpressure
is 4.9GPa,which is a little bit largerthantheexper-
imental transitionpressureat T = 100 K. However,
the effect of temperatureon the theoreticaltransi-
tion pressureis not clearat themoment.So far, dy-
namicsimulationshave just begun,yet no shockex-
perimentsonsolid galliumhavebeenperformed.

OUTLOOK

Concerningthe crystallographicorientationdepen-
denceof shock-inducedtransformationsin iron, the
authorslook forward to futureexperiments,in order
to seehow they comparewith our theoreticalpredic-
tions. It would be interestingto seeexperimentally
whethersolitarywavescanevenbedetectedin single
crystalsat low temperatures.For gallium,weplanto
doaseriesof NEMD shockwavesimulationsto study
shock-inducedstructuraltransformations.
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