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'Jfw (ornrsmndi..nq but stiU-urgent need for n fundt;mentaL utu!ersmndi.nq of 
p!a.sti..c f(ow i..n preci.swn enqi..neeri..nq processi.nq. WlJether wi..th the rnpidLy-cL.weCopi.nq 
promi..se of i.nexpensi..ve trnnsputer tecfmo(o9Y. moti.vnted us to utu!ertake thi.s onqoi.nq 
bnsi..c study of p!a.sti..c deformI:Jtwn. We nre si..muta.ti..nq the i..tu!enmtwn of metaLs i..n p!a.nc 
strni.n i.n orcLer to eLuci.da.te the si..ze-depetu!ence. rnte-cLepetu!ence, nnd tempernture­
cLepetu!ence of the utu!erLyi..nq i..rreversi..bLe consti..tuti.ve rela.twns. 

'Jfw si..muta.ti..ons consi.cLered here cover n mn«Je of si..zes from fi.fty to more them one: 
miUi..on ntoms. We used networR.ed: si..nqLe-processor computers to deveCop n 64-trnnsputer 

si.muta.ti..on pr09rnm for the SP1tt,'n1 nt Li.vermore. 'Jfw SP1ttNT provi..cLes the 
compumti..onaL speed of n c~y nt 1/1000 the cost. 

tf the equuti..on of smte 9i..vi..nq stress ns n functi..on of stmi..n were rnte-i.tu!ependent, 
then scl:JLe models wouUt I:JCcurntety pred.i..ct the belmvi..or of fuU-scl:JLe wompi..eces. tn 
ri..IJure 1 we show three scaLe models of n (ow-tempernture i.ndenmti..on si..muta.tWn. 'Jfw 
menn i..tu!entor speed, re!a.twe to the sound speed., i..s n few percent. The resuLts shown nrc 

for n short-mnqed LennI:JrcL-Jones potenti..aL2 . The ~ ntoms h/:Jve utu!er9one pwsti..c 
f(ow cLuri..nq cLeformI:Jtwn, I:JS mel:JSured by thei..r coorcLi.tt.l:Jti..on number. 'Jfw si..muta.twns 
shown here. rnnqi.nq up to 12,800 ntoms. were cnrri..ed. out on the :EuLer work- smti..on nt 
:K.ei..o Uni.versi.ty. AU of our si.muta.ti..ons use n mocLi..fi..ed. Stoermer versi..on of Nose-Hoover 

nonequiLi..brium moCecuta.r cLytt.I:Jmi..cs3• The cLytt.I:Jmi..cs i.s ti..me-reverswLe, hi..IJfd:y smbLe, 
nnd weCL-sui..ted to nonequiIwri..um si.muta.twns. 'Jfw k-i..neti..c tempernture i.s ml:Ji..nmi..nea 
throUCJh n ti..me-reverswLe fri..ctwn coeHi..ci.ent~: 

2r(t+cLt) - 2r(t) + r(t-cLt) E [r(r(t»(cLt) 1m] - ~(t)[r(t+cLt) - r(t-cLt)](cLt)12 ; 

~(t+cLt) - ~(t)· [(X(t+(1/2)cLt) - Xo)/Xo](cLt)/-rZ • 

The centered. Mneti..c ener9Y, X(t+{1!2)cLt), i.s caL::uta.ted from the coorcLi.nl:Jtes r{t+cLt) nnd 
r(t). Xo i.s the equi.pnrti..ti..on, (onq-tt.me-nverac;Jed. vaLue of the k-i.neti..c ener9Y. 

We h/:Jve aLr~y verifi..ed. thl:Jt our resuLts nre insensi.ti..ve to the type of interl:JCti..on 
&etween i.ndentor nnd surfoce ntoms, nnd to the ti..me scaLe l' of the Nose-Hoover 
thermosmt. We nre presentLy i..nvesti..IJnti..nq the si..ze nnd rnte cLepetu!ences whid1 wiU need 
to &c expLi..ci.tLy i.ncLucLed i.n continuum moc1ds of the i.tuLenmti..on process or i..n rela.ted 
models d:escrwinq surfoce cutti.nq nnd poLi..shi..nq. 

~s the si.muta.ti..on scaLe i.s i.ncrensM the resuLts must npprol:JCh the predi.cti..ons of 
continuum mechl:Jni..cs. Up to 12.800 ntoms the speciJi..c work- of cLeformI:Jti..on vnri.es i..n n 
systemI:Jti..c wny wi..th the inverse pro&Lem si..ze. See ri..IJure 2. :Results nre i.ncLucLed i.n thl:Jt 
ri..IJure for n two-foW reductwn i.n i.tu!entor rntel:JS weCL ns for n smootfd:y-truncnted 
Hoofte's-Ll:Jw potenti..aL h/:Jvi..nq the snme zero-pressure cLensi.ty nnd sound veCoci.ti.es I:JS the 
LennI:JrcL-Jones potenti..aL. 

- 55­

The si.rr 
trnnsferri..nq Q 

~toms wi.thi.t1 
few ntoms. T 
step. mel:JSure, 
biUwn-partie, 
i.n n 65, S36-tr 

.. . Pnrts of th~ 
Los A[a,mos Nt:< 
EnenJY under t 
remni.tu!er of t' 
supported &y ti 
nnd Nose for tf 
1. ~.J. De urOD 
z!\M1QrLthms. Ai 
~mstercLa.m, 1~ 

2. B. L. HoLi..at 
:3. 1'01' recent n 
Posch. Phys. Rr 

http:wi.thi.t1
http:potenti..aL
http:veCoci.ti.es
http:cLensi.ty
http:mechl:Jni..cs
http:si.muta.ti
http:poLi..shi..nq
http:cutti.nq
http:expLi..ci
http:insensi.ti
http:verifi..ed
http:equi.pnrti..ti
http:coeHi..ci
http:mocLi..fi..ed
http:si.muta.ti
http:Uni.versi.ty
http:cnrri..ed
http:rnnqi.nq
http:si.muta.ti
http:networR.ed
http:si..muta.ti
http:eLuci.da.te
http:si..muta.ti
http:onqoi.nq
http:rnpidLy-cL.weCopi.nq
http:processi.nq
http:utu!ersmndi.nq
http:Uni..versi.ty
http:Uni.versi.ty


8tu";,es 
';,cs * 

,USA 

tamiinq of 
j -tievciopinq 
this onqoinq 

J ~tals in p(atw 
m.perature­

o more than otw 
) a 64-transputer 

, the 

ate-irnLepemient, 
q,p~. tn 
mu.(ation. 100 
esu.!ts shown are 

Uf'(;Jone p(astic 
wsimu.(ations 
orr., station at 
of "''-'sE-Hoover 

hu, ..taMe, 
5 is maintained. 

)](d,t)/2 ; 

~tes r(t+d,t) and, 

z:r 9Y· 
e of interaction. 
Hoover 
which wiIL !'Wed. 
or in related. 

pred,ictions of 
toion varies in a 
incLu.d.ed. in that 

:Y -truncated, 
£ vcioci.ties as the 

100 simu.fation on the SP:R.tNT uses a Li..~ List to C.cx:ate atoms withi.n processors, 
tnmsfeninq atomic coord,inates between processors at the emi of eack Sto&r~r time step. 
Atoms within each processor are further d,ivi..d,ed, i..nto ceUs, with each cdL fwuti.nq just a 
few atoms. 100 transfer operations tar..e a t1.e9Li..C;JwCe fraction of the cLocfl. Wnle per time 
step, measured, at 36 second.s for 1,000,000 particLes with 64 processors. tt is dear that 
bi11ion-particw si..mu.fations requi..re no more than the cost of a C:R.AtJ computer, invested, 
in a 65,536-transpu.ter version of the SP:R.tNT. 

100 enen;Jy d.en.sf..ty( verti.caO as a 
function of the inverse system 
size (norizontaL> for irnLentation 
simu.fations with SO, 200, 800, 
3200, ami 12800 atoms. 100 
upper two curves snow the effect 
of a twofoCd red,u.ction in the 
irnLentatf..on rate. 100 hi..C;Joor 
curve correspond,s to an averi:UJe 
speed, of 0.50(e/m)112 and, the 
middle curve to an averaqe speed,. 
of O.25(e/m)I12. 100 nearLy 
stn'i-9ht curve conespond,s to 

Hool"<.e's-Law imientation at the 
hi.<ju::r of the two rates. 
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