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The .scope MoleclJlar dynaMics prob]e~s igned +0 siMul 
described, foc~5s!nQ on *he li~i± ion 

oend sce.les I as as the limits theoretic~l 
und~r~:d3fldjnn :Mp:)'Ses on our bloL:!le:jg~ of interet C f0rces Five 
5~rAtegies for i~prcvirg the effie of the described. 
Shock-induced s01!d-solid ~~a5e trBn~f0rMation5 5cussed to illustrste 

1 _ SCOPE DF NONEQ!JILIP..RTUM MOLECULAR DYNAMICS SIMULATIONS 

Experj~ente] !leS fracture tough~ess yield strength Dver 
about 5j orders Magnjtu~e_ The ~~rre5ponding laborst frac:ure and 
plsstjClty experiMent tYPlcally use speci~e~s with diM~n510n~ ~ea!wred in 
~en~iMeter~ and defor~atiDn tIMes ranginG frOM a Micrc5e~ond to year. 
Co~pu±er eAperiMents. de5i~ned to 51MUI e leboratory experi~ent, to 
i]_~str~te physical principles, lthnugh register!ng ~t~ady gains in 
~nd dur~*i~n ere from beinG t~ ~atch the5e h and tiMe 
.cales, Molecu dyn9Mlc5 .j~ulBtIDn" have gained 'tve order. of 
Magnitude in co~plexjty and speed since the FerMi-Pa5ta-UlaM calculat 
carrIed at Alamos 30 ye~r5 ago[) 1. Present day lze an~ durat- 21nits ('I: ar'e nOJ.;' lMproving relat1v~ly , sha,rply ct the 

~cope of ~OMpllter iMulati0ns physi prQ~eS!e5. The l~rgest 

-::-croputer si!'I')ul.Ed.:ons ha\ie i v€d lB1,BIC4- P9.r+ icle5I2J and .~he lor:gest 
ti~e5 of order 1 microsecond. 

Bo~h the 1~borat~ry-5ized CCMpect 5peci~ens used to ~e55cre 
fract~re tQu~hn~ss and the Hcpkfn50n-Bar 5peci~en5 used to Measure dynaM!C 
yield trengt~5. although still much too large for full-5c~1 

~odel!ing ~t th~ atOMist real laboratory cr~ep experiMent J 

i~ ~hi~h met51s flew very under re!at sMalt applied are 
carried out with lab~ratQry scales ranging frc~ seconds to years. The 
rel~t:vely Much f~5ter deformations caused by iNpact small plastic 
55Mple disks ~lth relativelY~Ma55ive flylng elasiic bars, " Hopk1nso~-Bar 
exper L"1,=:'"!± J th strain ~ates e~~ee~! ;000 her± ere il] 
too fDr 3n 2ccurste siMulati0~ of 

The co~p~tet~~nal limi±ati space and tj,Me dQ not df~ect the 
accuracy of ~ ion. Pr~viced that W9 are sati with ix-figure 
accuracy there ifi no ff ty In using AdaMs Runge-Kutta finiie­

d if ference Me-+. hods ±0 l.:r1t;:::gra~ =r.",ff]"pi~; e~q~:~ ~:7:t j.Gr,:o:~~n~,~ ~;i beD;:~:;:: ,~!~~:
Npressl ~uMeric~l 

the behR~j0r Ma~erials. Thi~ becausE knowledge of 
infer3ioMiC forces reMaln5 pri~!±ive. 

Current fflodels[4 1 SJ used For the interaction of relatively jMple 
~tDm. 5~ch .oj:~m ard nagne.iu~, are based h1ahl cate and 
detaiied Models f~r the electronic and lear structJre of The 
~cmp ty of ihis wor~ def es de5c~ipt 0r reprod~cibilit~{, end 

5u~tle Mi~ture of ~r± science. Thus it is unlikely that ~ 
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typ publisherl c~lculati0n i~s0rp0rsting thesE elec~ron!c pseudo-
potential ~odels be ~tc~r~t repr~~u~ed, eVEn th Df effQri~ 

The figu~e sho~s ~wo recent verSiQn5 of the effective atoMic interactlon In 
in 

distancE, Bohr radii. ~he Moriarty-McM~hdn calculat!on['J involve5 
adjustable pa~aMeter51 the Barnett-Cleveland-LandMan calcu!3iion[SJ i~ 

fitted experiMental data. T~e difference between the tWDa ar0und 15% 
the ?cde:dial !'*1in~.,"i\WM, ,91.<'--=5 rough es!i!YIl:de a.s ±o the relia,biti± of 
theoretical wor~. Uncertainties of fhis nrder in t~e interaction potentiRI 
are flei,en! t:::, ft the posit of phase tr~n;..iti0r:S by pre'j5!..; ...... ~5 of 
order J0 ~i]o~sr5 and teMperature~ of order 100 ~el ns. 

The faci th3t de~5i fluctuate! rather wildly on a!cMlc scale 
suggests that no ngle denSity-dependent potential liL,e) to be f~l 

~deq~ate ~pprQx!mati0n. ~n prchleros invo!v5ng ~echan!ca~ deformation 
expects that energies 0f the order ~icrorydbergs be ~ignificant. 

These energies about sl~ orders OC Magni±u~e bel~w the hyd~0g~n-2toM 
energy are three orders of N5gnitude 5Mall~r the Millirydberg scale 
of the figure! It seeMS hig~!y ively that q~entitat ~elculat~ons of 
interactions will teaoMe P0551bla the ~ccuracy sc~le necessary to 
reprcdvce ''1echani::al behEl'l10r ~ The need for gre3~ 1y iMproved accLtrac:{ j n 
interat forces 15 ~ell re00~nized. 

accurate eto~lC forces as fun~tions cf 
eMerging tecnnic:ues ffl5,Y eventual.ly tflak!:': 

po!sible[BJ, ~ven for t~an5iticn Metals and 

effnr~5 to 

seMiquar!tit;stiHe J'll(,·leC'ular d:{:'l3Mic:;:. 
cQvalently bonded materiels. 
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STRAT~GIES FOR EFFICIENCY 
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4.. [1evei:.p c')rr'e5ponoin,g ::::1.a±es relat.ionships; 8.,,'":!-aJog-:>,I..!5 to the scetle 
M~dels u~ed 1n Mechanical engineerip9. linking resJJlts fer severel related 
problems together. 

D~ve]oping artific proce:L'ses avoid at left5t a part of the 

Le-t ider he5~ fivR strategies 1n Mor9 deteil: 

2. 1 Nu~ber Dependence 

Mclecular dynaMi 15 it best eluc l~g MechanisMs on an 
atoMic 5cale. Such ~echa~i~ffl5 n3t~ probleMs involving fract~~e, 

pl~5±ic f or chemical reactions. At*~Mpt t~ desl with tn~5e saMe 
p~QbleMs conti NeC~an!~~ cOMplicated by the presence of 
~jnguldrit in the continuUM equation!. The 5i~gula~Itie5 in the stress 

sirain fi~ld5 ~~ crack and di51oca~i0ns are re]A± lon2-ran;ed. 
The stress in neighborho~d a crack tic in an elast crYBtal fall 
e,ff "!lS The 5'ilware ;~)here L proport: on31 the ize of !he 
c;'ysL'3.1. 

in the neighborhood of di ]'~cation S0 

is the interatoMic 5pa~l 

of. the ':',2:mple si:ze 100 diaMeters are required reproduce) 
acc0r3ie!y. ~acr05C0plC 5tre~5 f~~ld5! t~e \'~cinj of crystel d9fe=t~. 

Th~ si=e dB?endence for Many probleMs of intere~t in Materials 5~len~e 
IS 5urprislngly 9{r~lghtfnr~srd to ~~3Jy!e. This .~ illustrated the 
figure 9] Stress near a trit!le crA~k ting bonds linkIng 
~~p top end bo~t haJ cf th~ crystals of t~e c~ystal 

!~ngth--wa5 d~terMjned for a 5erles tr!angular-Iattice two-dlMeneional 
crystals vary~ng ln ~ize frQ~ J0 of rows ~f 28a atc~5. 

he~QMe5 incr~a5ingly ~{tractive 

:;:~par:1t ':>n 1 1 > and then is reduced lir~arly sh.ing at a 
c, f f 3(00 
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The arrd bot{cfYl were d j ~ order to str2s~ 

the cf'a:::t the ?r:'3cture t'="!...;J,~"me':,5 K ka<;, rne3surecL he i~~ f~om 

~mpirl~al str~ight line in ihe 
he 5~Uare-rQct dependence Ment:oned of 

r:Cf1rinUUffl and jc re~ult a~ length re5r;ert t':'l the 
interpar~i~le forC~5 I-le:se poi, r:t 

Vlew fracture a~~ pJasticity pr0bleM5. 

If 5e-f" :t:hz:d aC'::I)rate for cryst 

l~rge can b~ ~bt ined hy e~tr~polatj~g 
d'3ta to the 
!h2.f) lo.loulr! 

the larg<::s! 
Much ess s:=e-riependence t U1 

di io~s or t~an 	 l~, ~'Il.th 

itd: icrs. 

0caiJofls the Me~han:s~ for rl piirt 
f J o~{.!,:,· relat parf through the :of 

on th.;:: ide tJ.... r:' p_~rt;], -:-hf: 
be treated 35 pert In ~!men5i0~S nr ~e ~eforM~ble 

10ns. The di~locatl0ns ~ove !hrcugh cry~:al with 
eqwE1ti t~e1r of pnt~tjo~ 

local 
reJat They 
and cDMbire to for~ other disJocations. 

studying the pr~pertle5 of :i l0 n 5 p:::-'3'3 j bl t Q 

determiDe of ~~tlon directly frOM COMp'~±er r! 0 J" By 
irll.:::1wdpig :-ji and ~"i-tr:?:ss-inc.uced "Me505c."'ple" 
sirnuLsii lC f 10LJ be carried out. simuL:!"l: 
Jn~ermedit3te !' Jength s:::-3de b~tw~en B±o~ic continuUM =!Jlat 
great the i.~l of COMput:?:r experi~ent5 in the ~nder5t3~ding 

pIa;;t f J 

. '3 Therr.-lOstat 

• such as fr~cture j,e fl,~!,!, st;ored 

~ech3nicel energy i heat. The ~e~peratJre \le0] 

M:;-tal In t~e pron3ga!l can 
teMper!t~re by ~~~dred5 cf Kelvins. The funda~en!Bl 50u~ce th:s he3t is 
the potential energy ored JP t~e solid through of e~terna! 
defDrM~*i forces. The e~ergy rele~5ed a hedt in the irrevers:ble 
process Df br~al-Lng int~r~toMic bonds. In labor~t0ry eVperiMent t~~5 heat 
can the~ be ce~ried, by , to :he boundary of the sY5±em. A typical 
th~rMal diffu~ivl+j for a IS one centlMeter per Thus 

Mjcro5eco~dl 	he3t diffuses about 40 particle dieNeters iMple 
such as roo~-teMperat~Jre ~odju~. 

jiffi~u!t to M0del ion of he~t C~ an ato~i5tic level. 
This {,S because the ~eat have free p~th5 
often substantially eel 
ThJ5 a third strategy for p~+endlng :s to 

ntroduce thermostats dire~±ly int0 eque~io~s of 7h is, 

eliMinates the rapjd changes of therModynaMic state which 
a~company 'Mal ~ irreversjble 

leak ~t systeMs large '~ith 



ent. 

fL~_ +.he 
thie 

nQ 

In thB 
irde-gral 

the n;)r:;. j rle,·3.r 
the 53['(:e 

fndep-eildent t.yp~ 

4 

"jf 

tn ~ 

CQ;-es r.!~pend 

~er 

re lat j O[!StUP5 

of 5i:r2.jJ"' 

r::r~j.:daJ 

.cf 

http:5i:r2.jJ


131 

things becoMe s!Mpler The figure the variation of id-phase yield 
STre5.5 \dth r~±e 7or"' tsoth~r<"Y).al ::.de2.dy 5hear[ 14L The stre.:·s is 

di~en5ionless dividing by fhe shear Modulus. The sirain rate is 
Made dimensjonles5 u51n~ the interp~rt~=le ing d and fhe fr~n9v~r5e 

speed characterisfic of dislocation MOt Within the width of the 
correspond!ng-siBtes line the two- ~r~ ±hree-diNen,!cnal crystals produce 
the t~. An ex±r3polsti~n of the C8mputer data, the sclid llnes 
at U1€ e>:~rel"1e upper right of the fig,ure, a.gree.$ rea~Dn.abl~/ .well 
with ~ncertain idjtYa for Metals. The teMperatures of the 

relntj.ve !Q the Me] tJ.ng te.!'ilp.er~b...!re 1 ?ire shown. 
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2.5 Artificial Precesses 

Flnally, in sort)l;: cases it. May be pC551.ble to replace inho;t)ogeneoLs 
tiMe-de~endent physic3] proce~5es ~y hCMogeneo~,5 artifi~ia] pro~eS5e5 

which span essenttelly the ~aMe therMDdynaMic 3tates. This idea has been 
full}! expL'Jred fo'- bDt~ fh.Lld~- and .501ids, in s1.fQ.u.laii;"'lf,l 5b;~.3d::,r 

flows and heat flows in flJl1y periodic hOMoge~eous systeMs[14,tSl. 

l,) i scows been 
ii~ld sho~n in the figure The ba5j~ systeM e~te~d5 initially frOM -LIZ to 

and is repeated sp3iialJy ~,ith period:c bounderi~5~ Then a 
Macroscopic velocitY2 5hown j~ the fjgure. 15 added to the initial 
micrQscopi therroal \;e10citie~. The s~ooth daShed lIne ~orrespDnd~ to 
5i~ple longitudinal coropressjon. If the Macroscopic velocity varies in a 
series of steps; as $hQ~n with th~ heavy line 1 then a p~ir of 5hock~~ve~ is 
generated at -L!2 and L!2. Shear flows 1 as well ~s f!ows COMbining 5hear 
~~nd di~afioli can be S:M-,JEd:ed in .:1n ,\3:la!cgc;.uz; 

...J 
~ 

" > 

2 

o 

-1 

-2 

-2 -1 

syste~ 
<4--L­

o 
x/L 

He~t flow has also been siMulated in periodic hOMogeneous 5vsleffl5. 
Th~5 h..as been BCCD.r'>1r.11'5nen by 1..I.51ng external fjeld d.:;T'J,vec frOM linear 
respcnse theory; which drjv~s More-e"~rgetic particles l~ one direction and 
l.e53-energ~:;dJ.: p,articles 111 the oppo.5i di!""eC'Ll0.!1. 11: h~=. be 
e~phe5ized that the~e Brtifj~ial proce~se5 generating ~hear flo~5. 

5hock~ave5. and heat fJow~ are not the seMe as th0se deferMined In 
L"1bora±Qry e:-'-:p8riMenL,,: on the .saMe the,rM()-Oynar.'fic s7ate. But, as the 

Ev.ans-HoliBn calcu!ed.1onsI !3J ,jel'nc.ns!rate, th~ t'hffe:f:DC'~5 <3 ...... e in m:::.st 
cases =onsiderably.les5 than the 5t~ti5tical uncerta!~fie5 in the Measured 
transport I ·Sind hence negli;pbJe. Thi::- er!±i€d l.J~efuJ idea, of 
artificially ~eprcdu~ing ~onequilibrium 5tates by using external force5 15 
explored More fully in the 19~t 5ec+~on. There ~e suggest a new Method frr 
SiMulating the polYMorphic phase transforMations induced 5hoc~waves. 

http:3:la!cgc;.uz
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f 

OF SHOCV-INOUCED PHA'S!:: 

In· 
rl1fl1 er 1 ~j:3 res::-:3rch Orgel ng ~.hf: 

5hQc~waVe-l~duced 

~-:r , The e YperiMent5 
Metal IJi~h sho~~wave5 of 

The sh~c~ pro~e~5 

5f';:fJ.dY-~'h3:'/e r:,;;t':ie-~ In 
f j 0_1.>.'5 of .'\')'7-:<3:' ,I"r')Qf!!e,qtl..!!'I'! , 

~0),\,ien±UM, or ~ne,gy ,'"JlJtd d 
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Hot,) can -th!.":"H" S2!'f:·e strdes 1 characteri"it;'0 of a 'S-teady. shnck.IJ),aVE", be 

tra\er!~j in ~olecul~r dyn~~ics $imulet in w~ich hQm~geneou5 periodic 
th.:: .siMUL:1t.i,Drl.s tvC can fcl];:.w the G;7.u5.s~-No5e .tdeas 

a frict ~Qn or M,:;ticr 

.5/'l't ed the 5h0c~~3ve-siMulat fr-;. C ± 
.\!"I:!_ ±h fferent componenfs leJ 1)!I,:;d 

±o t sho~k propagation direct 

We testing this idea!n the ore ~ase 5tr~ng den5e-sy~teM 

Sh0CkGav~ tr~n~forMat has bee~ weI ze~ the 400-kilobar 
studied by Hol hoover Mor~n and J8J. The Main point 

which is presently unc!ear is the choice cf· rat which must be 
When tbe fluid-ph~5e result have been 

5uc~es5ful1y reproduce~ we wi 1 1 Y th~ sarl'le to tn'.':" 
to sJ..qJerCDnCi.::-± j.ng al the 

~id-pha5e !hOC~W8ve5 by Holia~ Straub at L:JS til 
~on5iderable de~endence cf the s~o~kwave 5tru~ture on systeM width W3S 

fo~nd. Because t 5y~teM! stuGled to he Many tiMes Jong~r thRn Gide 
in crder to study e prGf~le; e cr055 section cont3ining only 32 
B~O~5 the Ma~l~UM pract SIze With the developMent a ne~. 

te~hnique hOMOg~~~0VS siMula:ion of th~ 

5e~tions cont31nlng few hundred atoMs should becc~e 
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