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Abstract:  Mariy experimental  phellomena  concerrimg  microscepic fractuie piecesses have an  atomistic

origin.  [[Ehe crack  tip atem  motion  excited  by fracture is highly nonlinear  and  chaotic, rendering  the  atom-

istic and  chaotic characterizations as  esserrtial  aspects  of  fracture processes.  In this aiticle,  we  outlme  a

combined  atomistic-cuntimium  formulism for material  fracture studies.  [rhe chactic atom  mction  near  a

crack  tip is explored  by using  a  simplified  atomrcoiitimium  mo(le1,  so  that  an  analytical  characterizatioll
is possiblc. The  phenomena  examined  under  this methodelogy  include catastrophic  atomistie  cleavage,

fractuemisson, chaos in dynamic  clcavage  and  chaotie dislocation emissions.

Key  wor(is:Cbmbined  atom-centinuum  caiculation,Cketastrophe,  Chaos, Cleavage, Dtsloccetion emtssion

1  INTRODUCTION

 Mairy experimental  phenomena  concernmg  mrcro-

scopic  fracture processes haxre an  atomistic  origin.

Atom  metion  near  a  crack  tip is highly nonlinear

and  frequeiitly of  chaotic  nature.  This  non]ineai'  and

chaotic  motioll  manifests  to various  macroscopic  com-

plexities observed  in experiments.  In this article, we
fornmlate a  eombined  atomistic-continuum  computa-

tion  scheme.  A  siniplfied  model  of  this scheme  pre
vides  us  the desired analytical  traetability, alld  ellr

abies  ms  to explore  the chaotic  atom  motion  near  a

crack  tip. The phenomena  uiider  examinatioll  iiichide

catastrophic  atomistic  cleavage,  fracteemissien, chaos

{n thc dynamic  cleEwage  processes alld  chaotic  dislo-
catiull  emissions.

 Atemistic  chaos  in materials  fracture is generated
fi'om twe  types of  interactions; from the interactioll of

mapy  atoms  and  from the chaotic  interaction of  a  sin-

gle atom  pair at  the crack  tip. In many-atemfi  scale,

cbaus  may  occur  dirring disIocations emissions  or  dam-
ages  evolution  processes. [[lens to  thousands  atorns

surrounded  the crack  ttp  are  involved in this prucess.
If the number  of  the iiiteracted atoms  is small,  the pr"
cesses  may  be studied  by a  opiasi-analytical appreach,

as  eutlined  in sections  5 and  6. If the mmiber  of  the
interacted atoms  is large, detailed molecular  dynamic
simulations  are  needed.  In the mono-interatomic  ])ru-

ce6s,  a  coMbin ¢ d atomistic-contiiiuum  approach  may

be  adepted  se  that the atteniiun  can  be focused oll  the
chaotic  metion  of  the crack  tip atom  pair. The  two

aspects  of  atomistic  chaos  in material  fracture require
diff'erent atomistic-coiitinuum  approaches.  

'Tb
 simu-

late many-atom  effects,  thousallds of  atoms  shcnild

be contained  in an  atomistictentinumn  assembly,  and

the  illvestigations can  only  be niimerical.  Tb get the
essential  information of  the chaotic  atom  rnotion,  on

the other  hand,  oniy  a  few atullms  are  needed  and  their

iiit･eraction with  the surroimding  contimum  would  be
treated  analytically.  Most  of  the siibsequent  analyses

will  bc focused on  the secend  approach.
'Re'eeived
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2 DESCRJPTION  OF  A  IrOMIC  BONDING

 The intrinsic fracture teughness  of  a  material  can  be

studied  from an  atomistic  approach  by means  of  a  uni-

versal  expressien  for the  binding  poteniial energy  ver-

sus  atomic  separation  curves  [1]. A  cemplete  descrip-

tion ofmaterials  ean  be  furnished from a  first principle
computation  such  as  the ab  initio calculation  Haw-
ever,  the number  of  the macroscopic  preperties which
can  be  obtained  from such  level is small.  [[b make  the
atomistic  studies  practical, a  classical  or  semitlassical

potential, from which  irrterparticle forces call  be  de-

rived,  is necessary  EAM  and  the  modified  EAM  adr

vanced  by Daw  and  Baskes [2-5] provide a  feasible for-
malism  by  which  multFbody  iriter-atomic potentials
may  be constructed  for varieus  metallic  soli{ls.  Fhr-

thermore, it readily  allows  the construction  of  potell-
tials for solids  which  contain  defects, iiitcrfaces, sur-

faces, etc.  In EAM  the total energy  stored  in a  crystal

lattiee, Et.t.1, is expressed  by

Etuta] =  E  E!,
       i

(1)

where
              1

          
Et=iop,(ri)+F(p,).  (2)

The  first term  on  the right  hand  side  characterizes

the conveTrtional  pair petential, with  fpi representing
the corecore  pair repiilsioll  between  the i-th atom  (1"
cated  at  rO  and  the rest  of  the atoms  in crystal  lattice.
The  second  term  F(pi) is the energy  to embed  atem

i in a  backgroimd  of  clectroll  density pt, where  pi de-

nutes  the host electron  density at  atom  i due to a

snperposition  ef  electron  densities contributcd  by  all

atoms  in the aggi'egate.  Thc  man>r-bedy  effbcts  de-

scribed  by thc embedding  energy  function F(pi} gives
more  accurate  description thall the pair potential.

 The  ciassical  pair fbrmulation for thc interatomic

potentials assiumes  that all  particles in a  crystal  are

bondedi by the central  interaction betwecn any  paired-

particlcs. Though  it is a  simp]ification,  as  a  first prin-

1
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ciple  appruximation  it can  be used  to describe the in-
teraction between atoms.  Ifor the metallic  or  covalent

bonding, the fbllewing 6-9 potential [61 can  be uscd

fp (r) =  fpo [-3(fl/? )6 +  2( 
Ilf'
 )g] , (3)

where  eo  is the rcference  interaction energy  and  ao  is
the  reference  interatomic distance.
  Foi' ienic bonding, Borll's Theory gives the  fo]1crwing
interatemic potentia}

      A
rp(7n) 

=
 ;T. 

-
 dvMe24TEor

 
' (4)

where  s dcllutes a  dimensionless expenent  of  abeut  10,
A an  iriteratomic bollding cunstant,  aM  the Made]iirig
cunstant,  e  the mit  electron  charge,  alld  Eo  the dielec-
tric constant.  Vbrious coi]starrts  for the above  twe
descriptions can  be found in [7].
  XX'hen the interatornic potential  is kllowll, the inter-
atemic  force can  be given by

        d
f(r) -:

 
-m.

 rp(r). (5)

atomistic  crack  tip r ¢ gion and  then  muve  to the cei]r

tirmum  layer where  they  g]ide aecording  te the dislo-
catiull  dyllamics ciirve.  The curve  of  dislocation veloc-

ity versus  crack  tip distance shuws  a  smooth  velocity

variation  from the atomistic  region  to the eoiitimllim
reglen.

  The  atumistic-contirnmm  transmissiun  is defined
through matrices  TZ.-A and  TfAeL.  In an  uverlap-

ping  1ayer, the atomistic  description by  molecular  dy-
llamics  and  the coiitinuurn  description by  finite c]e-

ments(FE)  cu-exist.  The  displacement  of  a  FE-node
in the overlapping  layer is averaged  from a  cellectiou

of  atoms  surrouiiding  it. On  the other  hand,  the cl-

ement  nodal  forces are  distributed tu the sill'roimd-

ing atoms.  The  matrix  TZeA  conveys  the atumistic

displacements  (labeled as  
"A")

 to  the  contiimum  FE

nudes  (labeled as  
C`L");

 and  TAeL  defines thc trans-
inission  of  forces from the coiitimium  FE  llodes  te the
atom  asseml)ly.  These matrices  obey  the fo11owing
trangverse relation

T%eL  =:  (TZt-A)T . (6)
The  tramsmission  for]iiulae for the displaceinellt, ve-

lucity, and  force can  be  cxprcssed  as

3 COMBINED  ATOMISTIC-CONTINUUM
FORMALISM

  Atomic calcidatioiis  have bccn carried  ont  to ex-

plure the atom  metion  at  the  crack  tip [8-15]. Thc
calcidatioiis  are  pcrformed  for a  sidecracked  disc con-
figru'atien imder  a  remotc  K  field loading. Using  the
molecular  clyna]nies,  Mellte Carle inethod  alld  atom

c･xchange  techniquc, Tan  and  Yang [11] shmdate("  sev-

eral  atomi$tic  phenom ¢ lla. It is revealed  [11] that  the

bi'ittl"to-ductile transition uf  hoinogeneoits matcrials

is defincd by a  crit･ical  loading rate,  and  the lla2ioscopic

profile near  an  interfacial crack  tip is dictated by the
iiear  tip modie  inixity.  Thc  brittle-to-ductile trallsition
via  dislocation miclcatien  is obseived  in the rnolecidar

dynmnics siimilatioTi  [12].
  Mnlliris alld  Dokainish[16], Kuhlhoff et  al. [17],
Yang et  al. [18] ,and  Tall and  Yang  [19] performed  a

combined  atoniistic-cuntimllum  simulatien  ori  interfa-
cial  fi'acture. The model  coiviists  of  a  nanescupic  core

nmde  iry at･umistic  assernbly  and  a  surroimding  elas-

tic cuntimiiun  with  discretc dislocations. Ill [17-19] an

overlappillg  belt is designe{l tu tramsuiit  incchallics  pa-
raincters,  sirch  as  displncenicnts, stresses,  masscs  and

moirientiim,  betwccn the atumistic  and  cuntimllun  re-

giuns. In the medel  uf  Kohlhoff et  al., the everlap-

ping  layer is further divided into two  parts urider  the
fi'ame of  thc  noii-local  elasticity  thcury  formnlated 1ry
Ih'Uiiei'[20,21]. Tlie methbd  alluws  an  effective  cuib

plillg uf  the  twu  me{lia  guverned  by  (lifferent  stress

t,ypes. However  modcls  deve]oped  in [16,l71 can  iiot

alluw  the pcrmeability  of  the gcomctric  discolltimtity.
The  overlapping  layer develeped  in [18,19] provides
a  pemrieable  interface to allow  defects such  as  dislo-
catiells  te move  fi'om the atem  assembly  tu the sur'-

i'oimded  cuiltinrulln.  Dislocatieiits imcleate  fi'om the

UL==  T"L-AUA,
inL= TZ.-A inA,

C,= TA-. £,,

(7)

respectively.

  The  coupled  atomistic/collthiuum  simulation  in
[18,19] is facilitated by  a  mechanical  aimosphere

formcd within  the atem-continuurn  overlapping  layer.
in ¢ ach  time  step,  thc contiiiuuiii  deformation  induces
atemic  move]neiits  through  the nodal  forces gcllcrated
on  the overlappiig  bclt. These nodal  ferc¢ s are  cun-

verted  to the furces acting  oll  the overlapping  atums  by

matrix  TfA-L. Under thcse  applied  atomic  forces, the
atoms  assembly  governed  by  the inter-atomie puten-
tial wil1  update  their posit{ens. The  new  atomic  con-

figuratiolls generate  incre]lleirts in displaccme]its and

mumcnta,  which  iJi turll mudify  t/he nudal  dlspl:rce
ments  ill the overlapping  be]t. The  atomistic  contbi-

uilln  imeraction  is eva]nated  iteratively. The  atoill

uscillatioll  at  the crack  tip is iT]ore  frcquent tliall tbat
uf  the FE-node  far frvm  the crack  tip. The  sinmla-

tion cundenses  most  finite element  degr'ees of freedoms
tu tlLe illatrices  describing the iiiechanical  atmesphere

sill'roimding  the atom  asseillbly,  lcading to the rechrc-
tioll ef  the computation  time.

  The  system  potential ls a  functienal ef  uc(t),

uL(t)  and  uA(t).  Here the smbscripts  
"C",

 
""C'an{1

"A"denote
 the freedoms belollging to the contintiulli,

overlapping  layer and  at/oms  respecLively.  The  puten-
tial of  the whole  systeni  can  be  expressecl  as

"[UC(t),UL(t),UA(t)l

 =;(  .T. .E  )( ftsg 
KK.oi

 ) ( ".cr.

 ) (s)

 -(  uT. uE  )( iS )+,?. Et (uA)-
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The  last term  represents  the energy  in the atomistic

asscinhly,  with  Ei  given in Eq. (2). Ill the above

expression,  Kcrc,KcrL,KLc  and  KLL  are  standard

finite element  stiffness matrices.  (See Tan  and  Yang
[i9].)
 In the  cfverlapping  belt, the  colltinuum  descrtption

and  th¢  atemistic  description represent  the same  piece
of  materiaL  In this sense,  the above  expression  repre-

sents  the potential ef  the whole  system  plus the peten-
tial in the overlapping  belt. The  domble  counting  of

petential energy  in the overlapping  belt, however,  will

not  ii]yalidate the field equations  derived in the  sequel.

Since the  field equations  will  take a  local form, and

will  be homogeneous with  the double coimtillg  factor,
cxcept  alellg  thc beimdary of  the overlapping  belt.
Same  situations  will  be  encoimtered  for thc  calcnla-

tions of kinetic energy  alld  the system  Hamiltunian.
We  wil1  sklp  the  diseussions on  the doul)le coullting  i'n

the  seopiel  for brevity.

 The  kinetic energy  of  the system  is

  [I][ucr(t),UL(t),UA(t)]

   -s(itz  iE)(M.c.g  Ms:)(:Is)
   +5inXM.ti..

                                  (9)
where  Mac,  McrL,  MLc  and  MLL  are  standard  finite
clcment  mass  matrices,  and  MA  is the mass  matrix  of

the atom  aggi'egate.  The  latter can  be  expressed  as

M.  =  ( 
7ii,

Mn
 )nxn,(10)

wheTe  ?7h  (i ==  1,･･･,n) is the mass  of  the atom  i, and
n  is the  tota}  number  of  atoms.

 The  system  Hainiltonian  is given by

H  [uc(t), uL  (t), uA  (t)]
 ==  JZ2{[P [uc(t), .L  (t), ..(t)]

 
-H[ucr(t),uL(t),uA(t)]}dt.

(ll)

Accurding to the Hamiltoll's principle, the Hamilto-
llian  of  thc d5splaceinent fields should  be stationary

iillder  actual  motions  uc(t),  uL(t)  and  uA(t)

tiH [uc(t), uL  (t), uA(t)]  =  O. (12)

In Eq. (12), all virtnal  displacemellts satisfying  (i)
boillrdary cunditions,  (ii) initial and  ending  conditiens

at  t =  ti andi  t =  t2 and  (iif) the atomistic-continu'ui)i
currespondcnce

uL(t)=  TZ-AUA(t),

aL(t)== TZeAUA(t) (13)

should  be  searchea.

 Te' introduce the  constraiiits  ( 13) into the Haniilto-
nian,  we  adopt  the standard  procediire of  Lagrangian

multipliers.  The  modfied  functional i6

H'  [uc(t), UL  (t), UA  (t), )LL (t), iLL (t)]
 =  J:2 {T [ucr(t), uL(t),  UA  (t)]
 -n  [ucr (t), uL  (t), uA(t)]

 -+- (u. (t) -  TZ.".uA  (t))T A. (t)
 +  (inL(t) -  TZ...itA(t))T  i.,.(t)}dt.

(14)

By the variational  principle, ainong  all  the available

displacements satisfying  the abovc  confitraints  (i) alld

(li) , the first variation  of  the modified  fimctional wuuld
vanish  by the actua]  displacemeuts

6H'[ucr(t),uL(t),uA(t),A,L(t),pa.(t)]=O. (15)

The above  variational  equation  enables  us  te derive

displacement field equations.  By Eqs. (8) and  (9),
one  can  eliminate  the  Lagrange  muliipliers  AL  and

LtL- Through  straiglrtforward  algebras,  the  geverning
equation  of  the atem  aggregate  is expressed  by

(M. +MA)  itA =f(uA)+fi.+P.-R..u..  (16)

The  mechanical  atmosphere  surruunding  the atom  ag

gregate is prescribed by the following paramct ¢ rs

FA ::: TA.-L (fZ -  KLcKebftv)  ,(17)

 k.. =  Tf.... (K.. -  K..KibK..)  TZ-.,  (ls)

  PA =  Ta-L  (KLcKUeMcrc -  MLc)  ttc, (l9)

 )QIA =  TfA-.L (MLL -  KLcK55McL)  TL'eA, (20)

where  FA,  KAA  and  PA  are  the fbrces, elastie  con-

straiiits,  and  the D'Alellibert illertia forces ofthe  con-

tininlln acting  on  the atoms  in the overlapping  belt.
The  rnatrix  MA  denotes the additional  masses  ad-

hered  to  the  overlapping  atems.

 Atomic motions  in the arca  surroullding  thc crack

ttp arc  mtich  faster than  thc nedal  vclucitics  in tho
contimiilln  region.  For an  aNTeraging  quasi-static mo-

tioll, une  has
               ifcr =  Oi
                                 (21)
               UL ==  O.

In this case  one  have  the  simplification

 PA  =  O,

MAUL  =  O. <22)

Under this algurithm,  Yang  et  al. [18] and  [I]all alld

Yang  [19] calculated  the dislocation emission  frum an
interfacial crack  tip. Dislocations can  be generated
in the atomistic  region  by molecular  dynam{cs calci}

latiens, and  einitted  frolli the crack  tip as  atomistic

dislocatiens. They  are  switched  to cuntiimum  disloca.
tions in the overlapping  zone,  and  travel  tu the  cuntin-

uum  region  oirtside.  The  shimlation  reveals  that  the

natiu'e  of  dislocatien emission  is greatly illfluenced by
the zigzag  interface structru'e.
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Fig. 1. Crack tip model  for plane strain  problem.
Atoms  in 3-dimensional  configuration  are  projected to
the plane perpendicular  to direction. The  solid  circles

refer  to the 3-dimensional  lattice atoms,  the shaded

ones  refer  to the projected atoms.
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Fig. 2. Catastrophic juinp uf  the equilibrium  position
of  the crack  tlp atom  during  the cleavage  proccss.
The  solid eurves  refer  to stal)le  states  and  the dashed
curves  to ullstable  states.

4 FRACTO-EMISSIONS  DURJNG  CA]]AS-
TROPHE  CLEAVAGE

4.1 Catastrophic Cleasrage

  Consider an  ideal situation  uf  averaging  plalle strain
deformatiell. The  threedimensional  atomic  motiens

(solid particles) can  be studied  by their projections
(shaded images) onto  the plane perpendicular  to e3  di-
rection,  as  depicted in Fig. 1. As the simplest  model  of

combined  atomistic-ceirtirmiim  calculation,  the atom-

istic  region  only  consists  ef  a  string  of  two  atoms  (or
an  arrqy  of  the similar  atom  strings  in the tbickness
direction). The atom  string  locates at  the crack  tip
and  is embedded  in the surrounding  contirmum.  The
three-dimensional atom  string  ]ine orients  at  an  an-

gle e with  e2 axis  in the figure. The  angle  e reflects

the actual  three-dimensiona] lattice structure.  When
prujccthig it to a  plane normal  to  e3, the projection
forms an  angle  di with  e2  axis.  Fer the cleavage  case,

the contimium  stress  field surrounding  the crack  tip is
symmetric  and  is measm'ed  by a  remote  mode  I stress
iirtensity factor Ki.  Fbr the crack  ttp atoms,  it was
shciwn  that the Ncwton's  second  law leads te [22,231
                    d
            

rm')
 
=-liIJU(v;

 F}, E'), (23)

where  m  is the mass  ef  atom,  v  is the vertica]  dis-
placemeiit  of  the atom,  E' =  E/  (1 -  u2),  with  the
Yuung's medulus  E  and  the Pois6on's ratio  v. The
cleavage  potelltial U{vi Fl,E') has the fo11owing ex-
presslon

 u(v; F},E') =  gfp (r(v)) -  Flv  + 5ki (E') v2,  (24)

where  r(v)  is the  distance between  the two  atoms  at

thc crack  tip. The  surroullding  eeritinuum  exerts  twu

effects  on  the movement  of  the atoms.  One  is the
stretching  effect  due  to the remote  stress  intensity fac-
tor, expressed  as  the werk  of  the stretchillg  force l{I
against  the vertical  displaccment v; and  the other  is
the confuing  effect  by the ceirtiiwiim  against  the atoni
vibration,  where  the effective  stiffness  of  the cracked

continuum  is denoted by kl (E'). In the  above  expres-

sion,  they are  [22]

Fi  =  O.818Kia:f2,

 kJ =  O.513Eiti, (25)

where  6 denetes the distancc betweell the iuterception
of  the atom  string  at  the crack  plane  and  the crack

froiit, as  sliown  in Fig. 1. The  above  two  equatiulls

are  shllplfied  versiolls  of  Eqs. (17) and  (18) respcc-

tively. In the present case,  only  two  crack  tip atoms

are  considered  in the atom  asseiitbly.  The  U(vi Fr,E')
curves  at  different Flr values  would  predict a  cleavage

process featured by catastrephe,  as  will  be  discussed
beluw.

  Takiiig the special  case  of  ao  =  4A  
,
 m  ==  1.0 ×

10-25kg, rpo ==  2.22cV, E'  ==  84.2GPa  and  a  simp]e

cubic  lattice structure  with  the  iuteratomic petential
given by Eq. (3). Under  a  prescribed  G, the eqnilib-
rium  displacement veq(Fl)  curve  for this representa-
tive case  is shown  in Fig. 2. That  cui've  shows  the  fold
catastrophe  with  the fold points at  A and  B, they  give
twu  critical  values  Ficri alld  Eic2. When  Fi  <  FIic2
or  FI  >  EIci,there is an  ene  to one  correspondellce  un

the veq(Er)  curve,  and  the solutien  is stable  against

perturbation- Whell  FTon  <  FT  <  F}ci, three bal-
anced  positions exist,  as  shLnvll  in Fig. 2. Tbe  posF
tions on  the top and  en  the  bottom  are  stable,  while

the  enc  in the middle  is ullstable,  and  is dcpicted bi
dashed  curves.  The  referellce  fbrce in thc figu]'e is
l7b =  O.818agEt.

4
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  Figure 2 reveals  a  negative  hysteresis loop during
loading and  imioading  cycles.  When  the load ET in-
crcases  from a  low valae  up  to Erci ,

 the  crack  tip
atoms  wil1  catastrophically  jiump iipward  fi'om state

A  to state  A'. On  the other  hand,  when  the  app]ied

forcc reduces  from a  high  value  dcrwn to Frc2, the
craclc  tip atoms  will  catastrophically  jump downward
from state  B  to state  B'. The  unilateral  jumping arll-
p]itude for one  atom  ranges  from O.15AJO.25ao. The
two  catastrophic  jumps of  atom  positions suddenly  re-

Iease poteiitial energies  during  and  after  fractirre, as

ebserved  by the e)rperiillents  of  Dickinson et  al. [24].
IFli/om representative  calculations  in Fig. 2, the cat/as-

trophic jump of  the system  from state  A  te state  A'
(Ioading) gives an  energy  release  of  AEi  =  O.18eV,
and  that  from state  B  to st-ate  Bt (unloading) gives a
smaller  energy  release  ef  AE2  =  e.10eV.
  M  perform  a  static analysis  on  the atum  respense

at  the craek  tip, Hsich  and  Thomson  [25] and  Thum-
sun  et  al. [26] develeped  the lattice Green's fuictien
(alsu called  lattice statics)  methed.  Using  the crack

tip latticc model,  they  studied  the fracLirre behavior
of  brittle materials  sirch  as  seinicondiretors  and  ce-

ramic  materials  [27] and  crack-dislucation  eflEcts  in
tbe fracture of  crystalline  materials  [28]. The  lattice
Green's fimction approach  gives the  static  respense  of

the lattice ullder  an  applied  force. In their model,  lm-
ear  atonric  forces are  assmned,  except  for those atonis

in the verge  ef  breakillg. With  this assillnptioll  they
studied  the static  resporise  of  a  single  kink at thc erack

tip, The  imction uf  the external  force versiis  the dis-

placemei]t at  the origin  is calculated  alld  leads tu the

similar  results  as  shown  in Fig. 2. The  model  advanced

by Tan and  Yang  [22,23] provides an  aualytica]  de-
scription  ef  the crack  tip atom  motion,  cemhining  the
atoinic  metioll  with  the surreimding  cuntimiuiit.

  In additiun  to the catastrophic  jumps, a  pcriudic
h'reversible energy  barrier is encoimtered  duri]]g the
cleavage  process. This energy  barrier is called  the Lat-
tice [Eli'apping Barrier (L[I]B). As  shown  in Fig. 2, the
tep side  crack  ttp atom  jmnps from vt.t  to v.2.

±
 un-

dcr the  applied  force FVoi. Under  thc force EIc2, the
atom  will  .iump from the displacement ofvh..L  back to
the bottom ciirve.  Thc  LTB  for crack  exterisicm  can

be  cxprcssed  as

E2,., =  
.7[

":rt

 F(.)d.,

and  LTB  for crack  heahng as

Sheat =  
-
 Y[

Vh":1]

e2rLF(v)dv,

(26)

(27)

From  Fig. 2, we  observe  that the when  there is a  catas-

truphic jump ef  the loading curve,  F(v) in the above
twe  integratiolls has  different paths. "fe have

                  Sheal>Sbxt･ (28)
Sinclair [291 studied  siiicon  and  fbimd a  two-

dimensional  Iatticetrapping barrier for forward crack
motion  of about  O.25eo. Markworth  and  Hirth [30]

O.6
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   >O.5

 
e.

    NO.4
 o

    H
    8O,3

 tu

   "O.2
 iv'

   Be.1
 te

   ast;fiSbd9:"'

Fig. 3. Three-dmensional portrait  of  the surface

veq(E',  F) shows  acusp  catastrophe.  Each 1ine in the
surface  corresponds  to a  specific  material  character-

ized by thc elastic  censtant  E' .

devised a  model  consists  a  systern  uf  four poillt mass

atoms,  arTaiiged  along  a  straight  linc by ideTnical
Morse-function "springs".

 The  model  show  a  marked

asymmetry  in the magnitudes  of the barriers.

4.2  Eracto-Emissions

  IIb(periments on  fracture processes show  the emis-

sion  of  particles,  inc]uding photons,  electrons,  ions
and  neutral  species,  ditring and  after  the fractui'c of

materials  [31-35]. These  phenomena  are  collectively

termed  fractptemissions becanse  the materia]  fracturc
is a  prerequisite for their appearallce.  The  transport
of  fracto-emissions has provcd  to bc a  usefu1  probe  on

the loca} criviromnent  in materials  if that transport  is
dictated by the local geomctry.  Experiinent  by  LEmg-
ford et  aL  [36] took  the photell emissieii  as  a  probc  of

chaotic  processes accempaTrying  fracture. The  spcc-

truni ef  emitted  particles are  served  as  mcasurcllients

for th ¢  fractal crack  path  and  the  chaotic  emission

process.

  The  fracto-emissiell phenomcnon  may  be  exp]ained

using  the present catastrophic  clcavage  theory. Thc
crack  tip atemic  potential drops when  the  crack  ad-

vances.  The  released  putential encrgy  eonverts  i]]to
the kinetie energy  of  the crack  tip atems.  Two  ehan-

nels  exist  to absorb  or  to diffiise this kinetic energy.

One  is Shruugh the excitation  of  fractu-emissiulls, and

the other  is through  the wavc  propagatien.  IJh/actu-
emissiolls  will  be excited  when  t,he energy  impulse is
siifficiently  high ana  cannet  be  effective}y  carricd  asvay

by wave  propagation.  The probability uf  the fracto-
emission  may  assume  an  Arrhenius fbrm

prob  =  min  [exp ((AE -  EA)1(kBT)) , ll , (29)
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[[able 1. Fliract"emissionanalysisen  representatlve  materials.

(a)IoniccrystalsofNaClstructure,cleavagesystem(OOI)[100]
Crystalae,AA,eV･A sE',GPaEe,GPaAEi,eVAE2,eV

LiFNaCl2.012.821,63x10
6.98× lo36.208.3810843.4

314109 3.182.30 1.oJrO.926

(b)Metalliccrystaloff.c.c.structure,cleavagesystem(OOI)110[]
Crystalae,fpo,eVE',GPaEb,GPaFlracto-emissions
CuA]2.552.86O.391O.359 14779.8 10266.6 NeNo

(c)Metalliccrystalofb.c.c.structure,cleavagesystem(OOI)[100]
Crystalao,ipo,eVE',GPaEb,GPaFTacto-emissions

uF8
2.482.74O.7801..r]7231446 155230 NoNo

(d)Covalelltcrystalofdiamolldcubicstructi]re,cleavagesystem(111)-[Oll]
Crystalae,) ¢ o,eVE',GPaEe,GpaAEi,eVAE2,eV

csiGe 1.542.352.4e"3.592.16L961,09× 101541232.46× 10416334O.644O.764O.688O.660O.488O.445

where  kB is the BoltzmarLn's constant,  T  the abso-

lute ternperature, AE  the energy  released  by catas-

trophe and  EA the energy  barrier (O.2eV to 2eV) to
cause  a  particle emission.  Take  the  example  of  the
fracteemission of  NaCl  monomers.  Experiments [37]
indicate that the emission  uf  all  NaCl  monomer  frem
a  defect-free fiat surface  requires  2.2eV. The  energy

required  for fracture related  emission  6hould  be  cen-

siderably  lower than  that. The  sublimation  energy  on

a  cracked  surfhce  of  NaCl  is about  O.25eV [37].The
available  timc  for firacto-emission, tf,.., can  be  esti-

mated  from the crack  propagation  velocity.  The  crack

velocity  can  be  estimatcd  from  the  light transmission
measurements  [38]. The time inteival tf,.. for fracto-
cmissioiis  ranges  from 100ps (slew eleatTage) to O.2-lps
(fast cleavage).  Flractvemissions are  easily  induced
during fast cleavagc,  6ince  the excitation  energy  is
snpplied  continuously  at  high  intensity. Wle new  iiir
vestigate  the slow  cleavage  case  where  tf... is about

100ps. This  time  interval is much  larget than  thc  dy-
namic  characteristic  timc  t...., the time  interval for
the stress  wave  to travel  away.  [[Ypical data give the
urder  of  t.... in the range  ef  O.1-O.2ps. For the slow

cleavage  case,  we  have tf,.. )) t..,., and  a  quasFstatic
appruximatien  can  be  applied  to the governing  equa-

tion (23). The  time  duration for this catastrophic  en-

ergy  release  can  be  estimated  from

               tjump=Zliump/Cjurnp, (30)

wher  ".mp  =  v.2.t  -  vg.
±
 is the jump value  of  the verti-

cal  displacement  at  catastrophe.  The  jm)rpingvelecity
uf  the bond-brokell  atum,  G.mp, can  be estimated  as

fbllcrws. The  poteiitial energy  jump AE  of  the atom

pair is transformed  into the kinetic energy  mgiL.p  of

two  syinmetric  atoms  at  the  crack  tip. Thus  G.mp

6

eql:als  to

                  Cljuimp=ff  (31)

  Combining Eqs. (30) and  (31), enc  finds the  timc

interval in the openillg  jump for the atom  pair is
about  O.18ps, ifthe unilateral  vertical  jump is vj.,.p  ==

O,25ao. Thisjump  time  is relatively  short,  so  that the
energy  impulse released  during the eatastrophc  cam-

not  be  taken  away  by  wave  dispersion and  is sirpplied
to callse  fractaemissiol]s.
  Under a  prescribed Fl  valuc,  the equilibriium  selur

tion  veq  depends critically  en  E'. Figure  3 shows  the
surface  veq(Et,  FI). This graph  has  the structure  of  a

cusp  catastrophe.  The  curve  on  surface  where  the up-

per and  lower sheets  fold over  into the niiddle  shect  is
called  the  f61drcurve. The  projcction ofthis  cui've  onto

the horizoirtal controlling  plalle ferllis the bifurcatiun
sct,  which  defines the buullds for energy  releases.  In
most  cases,  thc iiitellsities of  fracteeniissions reach

their peak  during the fracturc event  alld  d ¢ cay  aF

terward. However, recent  measuremeuts  also  showed

rapid,  intense bursts ef  atemie  and  melecular  emis-

sions  that arise  after  the fracture. The  bifi]'cat,ion
set  in Fig. 3 explains  the catastrophic  ellergy  releases,

alld  collsequently  emissioll  bur'sts, dining  the luading
and  unloading  phases  of  cleavage.

  Although the fold cillve  is a  smooth  olle,  the bi-
furcation set  has a  sharp  point. The  cusp  point pru-
vides  a  critical  va]ue  for the material  parameter  E',
denoted  as  Eb.  Accordingly, a  criterioii  for the ma-

tcrial tu have  a  catastrephie  jump can  be  phrascd  by
the cemparison  between  E'  alld  E'cr

                     Er<Ea,  (32)
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 E'c =-O  
9675
 ,.m.a.xco [dd2.rp2 ({:'i)
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ddop.

 :IIS ] (33)
  Tab]e 1 1ists relevant  data  for several  representa-

tive materials  based  on  the present theory for slow

cracking.  The parameter  values  fbr the  interatomic

potentials ae,  Oe, E', A, and  s are  taken from the ex-

periment  data, [7,3g-41]. AEla.t and  AEh..1  refer  to

the  ellergies  released  in the extending  and  healing pro
cesses,  respectively.  Seme  materials  listed in the table

are  ductilc imder  normal  conditiolls  and  tbe fi'acture

precess {s mainly  cunirolied  by dislocation emissions.

Tlie results  in Tabie 1 indicate that we  cam  hardly  ob-

serve  fracte-emission in metallic  crystals.  The fracto-
eiviss;.en  for ionic and  covaleirt  crystals  can  be  etmsily

observed.  The  catastrophic  energy  release  imder  tlhese

illat,erjals  varies  from O.45eV to 1.IcV, siifficient  tv inr
duce  fracto-emission.

Fig. 4. Log-log curve  of  the fracto-emission intensity versiis  time for the after-peak  decay period.

                                    dimensionless fracto-emission intensity I(t) imder  the

4.3 Effect  of  a  Zigzag Channe!

 Tsai and  Me ¢holsky[42] studied  the fractal fracturc
uf  singlc  crystal  silicon.  The  selfsimllar  llature  uf  frac-
ture effers  a  way  that the relationship  between  bond

breaking at  the crack  tip and  the fracture surface  mor-

phology  can  be foimd. The llatirre  of  this phenomena
masr  be related  to thc selgsimilar  pre-fractirre zelle

gi'owth in the vicinity  of  the propagated  crack  tip.

Expcrimental obscrvations  shew  the relatien  between
the fuvet･iu'c toughness  and  fractal crack  [43-45]. Scan-

Jiing  tuimchng  micruscupe  observat,ions  of  LiF  fi/ac-
ture  surfaccs  hidicate that they  can  be  very  ruugh  en

nanoscupic  scale  [46]. A siinple  opiantitative descrip-

tiun  fur all  irregrilar surface  was  to model  it as  a  zigzag

sru'facc,  as  shown  in the schematie  profiles in l146]1.
  Using the zigzag  prefile modei,  Tall and  Yallg

[23] preseiited a  llmiierical  simiilation  of  the fi'actu-
emission  process  channclcd  by the cracked  si'trfaces.

The result  snggcsts  tbat  thc long-lastillg tail ubserved

bi t-he phuton  emissions  is caiesed  by the zigzag  char-

act･er  of  crack  surfaces.  Figure 4 shows  t･he simniated

zigzag fracture surfai  e  medel,  where  I(t) is the parti-
cle  beam  iutensity normalized  lry its maxin)illn  vahie.

The  results  are  presented  by  a  log-log plot of  the after-

peak  fracto-emission intensity versus  time. The  rela-

tion between log(I(t)) and  log(t/to) is roughly  linear,
which  suggests

i(t) DC (!it')fi ' (34)

in agreemeiit  to the experirnentai  observations  [24].
In the above  equatien,  to is the time  for a  particle to

fiy over  the crack  with  ideally fiat surfaces.  Fr'em the

slepe  of  the log-log curve,  we  estimate  that  ,S  =  O.63.

5 CHAOTIC  CLEAVAGE  PROCESSES

 It is wel]  known  that certain  $ystcms  exhibit  chaotic

behavior. Nip et  al. [471 coirstructed  eopiatio-s  of

atoniic  motion  in a  two-dimensional  crystal  latticc
and  studied  the  chaotic  phellemena.  Numerical anal-
ysis indicates that the system  int,egrabi]ity dcpends
on  its eners:y  level. The  breaking ef  the  crack  tip

at･omic  bond  is a  dynamic and  highly noniincar  prtr
cess.  Markwort-h  alld  Hirth [30] proposed  a  simple

atomic  medel  for a  crnck  tip, consisting  of  a  string

of  four atoms.  Markworth  later [48] described ccr-

tain  cat･astrophic  behavior this crack  tip model  may

exhibit.  Dynamic  calculations  are  carried  out  by pin-
ning thc twD  end  atoms  while  allowillg  the  two  imier

atums  to move  fireely. Upon  large {lepartiires  from the
state  of  mininnim  petcntial energy,  the inner atom

motion  was  shown  to be chaotic  [49,50].
  Moban  et. at. [51] extended  the abuve  model  tu

study  the effects  ef  dissipation aiid  excitation  on  thc

chaotic  dynamics  in a  c}eavagc  precess. Damping  
'is

 in-

troduced  by  dissipative mechaiiisms  occurring  at  the

cracl<  tip. Chaot'ic motion  is found umder  large ex-

citations  and  small  aamping  constallts.  The  moclels

by  Markwurth et. al. [/50] and  by  Mohall et. ntl.

7
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[511, however, only  consists  of  one  dimensional array

ef  four atoms,  coimected  by nearest-neighbor  imer-
atomic  bonds. Linking the atomrstring  medel  to a

continuiim  mechanical  field eharacterized  by KT,  Tan
and  Yang [22] prescnt a  model  to elucidate  that how
the  surroullding  continuum  mechanics  field contrels

the near  crack  tip atem  motioll.  Consider the four-
atem  string  model  for a  crack  tip. The  nonlineality

in the imcr-crtomic forcc law of  these atonts  will  be
shewn  to generate chaos  during a  cleavage  process.
By  the syinmetry  of  the problem,  enly  the two  atonrs

(labelled by smbscripts  1 and  2) above  the crack  exten-
sion  line need  to considered.  Let Ci =  vi, C2 =  mabi,

e; =  z,2 and  C4 =  mt'J2, ene  can  formulatc the atum
motiens  by a  system  of  first order  dfferential eq!ia-

tlOIIS

Ci =  felm,
C2 =  

-f(ao
 +  de -  g"i) +  f(ae +  2&  ),

Cls =  C4/7n,
C4 =F-kC3  +f(ao+C3  -Ci),

(35)

mnxveb'"?:Nuguxbs?Ah

sg･it:

4

3

2

1

o

-1

         O O,1 O.2 O.3 O.4

               Loading parameter a=KilKo

Fig. 5. The  maximum  Lyapimov  exponeiit  Ai
the  load parameter  a.

O.5

v ¢ rsus

where  the imeratomic force fis given by Eq. (5). Hu-
megcneous  initial condition  is assiglled  in the subse-

quei}t mmierical  simttlation.

  The above  dynamic  systeni  may  exeite  chaotic  be-
haviur. Lyapimov  expollents  illeasure  the expallsien

ur  contractiull  along  different directiens ill thc phase
space  and  are  amellg  the  most  usefitl  qualltities in
characterizing  chaetic  systems.  Given  a  contimons

dynamic system  in an  n-din}cllsional  phase  space,  an

infiTiitcsimal n.sphcrc  will  become  an  n-ellipsuid  in the
long-term  evulution  Denoting  the lellgth efthe  spherc

a]ong  the  i-th dimensien by pKt)  , onc  can  define th¢

LyapillioLr exponents  as

         i
At =

 
,ttn.,.

 I ieg2pi(t)p(o))i=1,2,･･･,n.(36)

Theii' algebraic values  are  ordered  from largc te sinall
as  Ai }.l. A2  }l ... }l A.. Wulf  et. n,l. [52] provided
an  algorithin  tu  search  a]1  Lyapimuv  cxponents.  A
pusitivc  Lyapuiiev  exponent  is the collchisive  evidence

fu]' chaos,  and  reflects  the time scale  uver  which  the
cvolution  ef  a  dynamic system  becumes impredictable.

  In Fig. 5, thc largest Lyapimov  exponcnt  of  the dy-
iiamic  system  (35) is calculated  for the luad parametcr
c) 

=
 KJIKo  varying  fi'oni O te O.5, where  Ke  =  E'  xfiEl.

Thc  largest Lyapunov  exponcllt  call  be eva]uated  di-
rectly  fi'um the expunential  grewth on  the scparatioii

of  initial]y neigliburing  trajecteries. The  whule  sim-

nlation  comsists  of  enc  milliun  Lyapimov  restartillg

steps.  The  Lyapullov  exponellt  analysis  on  the eqiia-

tion system  governed  by Eq. (35) is drawn  in Fig. 5.
As the load parameter  a  i.ncreases, the  crack  tip atonms
exhibit  four typcs ef  dynarnic  responses.  For an  dv

vahie  in regillie  I, atoms  vibrate  {ndividually near  the
balanced pesitiu' ms.  In regime  II, nonlinear  effect  dom-
illates and  atoms  couple  together to approach  a  state

uf  bond  breaking. The  maxilliimi  Lyapimov  exponent

rises  suddcniy  at  an  ct value  (about O.1) considerably
smallcr  than  the  one  of  the  static  fracti.rre touglmess

(dv =O.235).  Consequent]y, the crack  tip chaotic  atum

motion  is a  precursor of  cleavage.  In regime  III, belld
breaks from the static  poiirt ofview,  but the weakelled

imeraction still helds the  atom  pair togcther. At  even

higher load in section  IV, the  1inearity of  the system
is recovered  and  the  llonlinear  bond{rtg betwecn  the

atem  pair is completely  lost. The  two  bru]<ell atem
strmg  segrllents  arc  hooked to the irpper  and  lower
erack  fhces and  vibrate  with  Lhe  contimiiim.  1]he craclc
moves  to the next  atom  pair.

  The  result  in Fig. 5 suggests  that  the dynamic fi'ac-
tirre prucess is a morc  coniplex  procediire thall the
static  one.  K;"t" is the value  of  Kl  at  which  the  crack

tip atum  Jimips catastrophically  to cxtend  the  crack.

Flr'om the figure we  can  gct two  additional  paramet,ers
for dynamic  eleavage,  namely  the K;h"['" va]ue  at  the

transition from s. ection  I to section  II and  the ff}e]M
value  at  the trai.isitien fi'om sectioll  ITI tu IV. K:h""s
refers  to the  birrst of  chaos  in a  dynarnic  proccss.
"caen K7h"OS  >  KI,the  crack  is absolutcly  stable

and  remains  statiollary  Whell Kpt["'S <  KI  <  K7[`t"

, chaotic  atom  motieu  eccurs  prier tu complete  cleEw-

age  separation.  Small disturballces (sllch as  the  load-
ing rate  fluctuations and  tcmperature  induced  fluctua-
tioiis en  the  phase  trajectories threugt) Brewnian  mo-
tion) may  havc  significallt  inHuenccs  oll  the dynamic
mutioll  ef  crnck  tip atoms,  amd  thc spatial  regioll  for
atems  imder  chaetic  motioll  may  spread.  This  cor-

responds  to a  difftisive fi'acture precess. K
±

le'TTi refers

te tbe terniination of  chaus  in thc dynamic prucess of

the crack  tip atoms.  NVheii the  strcss  intensity factur
exceeds  this value,  disastroims fracture eccm's  with  the
crack  moviiig  ahead  without  stop.

  Bcsides its illeambg  in niakheuiatics,  chaos  has cer-

taiii meanings  in a  cleavagc  process. As a  precursor
to cleavage  fracture, chaetic  motion  charactcrizes  a

period  of  tblle un  the clcavage  process when  thc  inter-
atuinic  bolld disintegrates under  certain  cohesion.  The
critical  values  for the chaus  to occur  nnd  to recede  link

8
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Fig.6. DisIocation eniission  band modeL

to various  fracture parameters, and  their  meanings  te

a  dynamic  cleavage  process  are  yet to be  explored.

6 CHAOTIC  DISLOCATION  EMISSION

atoms  in the celltral  p]arie

n(ut)=::,ttrv.

"

.,f(Ertjs)rij･･elIrij'l
 

' (37)

  Rice [53] disciissed the equilibrinrm  (or static)  pro-
cess  of  dislocatioll emission  from a  crack  tlp based  un

the Peierks concept.  A  slip plane with  periodic shear

stress  and  sliding  displacemerrt relation  is embedded

in an  elastic  contiiiuiim  to incorporate the continuiim

elasticity  with  an  atomistic  dencript･ion of  the di$lo-
catien  cere.  Ricc's static  analysis  intruduces a  new

solia  state  parametcr:  the m.ustable  stacking  energy.

Recently, Sull et  al. [54] extended  this  model  to the

case  of  tension-shear coiipling  i] the disIecatiell iiu.

cleation  from a  crack  tip.

  The above  inodels  for dislocatiell emissiun  at  thc
crack  tip does llot  incorporate the d.vnaniic atonnno-

tioll. It is the patterll of  this dynamic ]notion  ncar

t,he crack  tip that dictates thc failure modes  of  solids,

and  provides more  accurate  description for thcir  brit-

tle versu$  dzuctile behavior. Thc  dislocation rmcle-

ation  at  the  crack  tip was  sti]died  by  Doy[mia  I155] 1ry
means  of  molecular  dynamics  rnethod  with  an  aiia}yt-

ical model.  For the complete  procedure  of  atomistic

dynamic emission  of dislocations, a  siniple  mudel  is

fornndatcd as  follews, Tan and  Yang [56].
  Ill the subsequcnt  analyses,  the erack  is viewed  as

a  sellri-infinite  slit  in an  otherwise  umboimded  sulia,

lunded  at  the infinity throiigh a  crack  tip sillgular-

ity field. Comsider the anti-symmetric  mede  II load-

ing by the stress  intcirsity fhctvr Kn.  Ahead  uf  the
sellii-iniinite  crack  in the continuum,  a  number  ef

atom  celiumiis  (comiecting each  other  by inter-atomic
bunds)  is positioncd and  embedded  in the cracked  con-

tintuim.  "'c tcrm  this strip  a  dis]ecatiun emissiun

bancL  One  possible configrll'ation  uf  the dislucatiun
emission  band  is shown  in Fig. 6. N  culunms  of  atoms

ahead  uf  the  crack  tip are  included. We  attempt  t,e an-
alyz ¢  t,he dyllamic  motion  ef  a  dislocation core  along

t,his dislocation cmission  band.

  Denote the  horizontal displacerllcrrt of  atom  
･i
 in the

sliding  plane  S as  ui. The  shear  stress  acting  oll  the
at,om  in thc  balanccd  configuratiell  is the summatiun

of  horizontal components  of  forces exert-ed  from all

where  rij･ =  ri  
-

 rj.

  The  Peierls concept  gives rise  to all  alternative  way

to obtain  the shear  stress  T  along  the slip  plallc. The
function Tz(ui)  would  assilllle  the same  furm fur any

atem  i if the presence  of  the crack  has negligible  in-
fluence on  the slide  petentiaL Accordingly, a(ut) can

be appreximated  as T(ut),  a  periodic fimctien of  the

atomic  displacemciit ut wirh  the period  aD.  The  sim-

plest fbrni of  T(ui)  is thc  fi'enkel simusuidal  fimction

T(Ui)  =tLslip2Tsin(2ruilae)･ (38)

  When  ui  is sinall,  T(tti)  degenerates to -tL.liptLt/ao.

The  modulus,  p.lip , refers  to  the sheirr  resistaiice  of

centrai  atom  plalle cr against  Lhe sliding  atom  p]ane
S. Matching  thc amplitudes  ef  the periedic functiulls
(37) and  (38), wc  g¢ t k･;. ==  3.040o/ag  .
  Now  we  determine  the  forces P; and  coristrai-ts  ki
exerted  from the  eoiitininllti  to  the  i-th sliding  atom,

imdci'  the framewurk oflinear  fracture mechanics,  The
horizontal displacement  can  be expressed  by the fol-
lewing  superposition

ui  (t) =  u,", +  u7- (t), <39)

wherc  ?t,K･ is the baclcgroimd  displacement  camsed  by

the stress  intellsity facter KiJ,  and  ul  (t) is the crack

tip atum  vibratien.  u,K- is givcn by the  wcll-kllown

K-field,

u,K. ..2KiJ

 2(N+1-i)ao

Et T
(40)

The  term  uT･ (t) is indiiced by a  pair uf  trallsvertial
concentrating  forecs 71(t)aZ applied  on  the itpper  and

lewer slit  faces of  the  cracked  contiimum.  A  remarl<-

able  result  by Freuiid [57] iiidicated (see alsu  Tan
and  Yhng  [22,56]) that thc relatioll  between Z(t) and

ui  (t) can  be appruximately  expressed  by  their quasi-
static relation  at a  time  scale  illuch  larger than  O.2ps.
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Namely

                  1 TE,
                          uT- (t),       71(t) =  -                                   (41)
              6(N+1-i)  ao

where

         6(n) =2  4n2+2n

         t2lnIE3Small 
+4n+i)

 (42)

         +hi  (2Jin2 -  2n  +  4n -  1) .

Conibining the above  three expressions,  one  gets the
force acting  on  atom  i as

             2(N+1-i)
                       KllV7Fd5ae  (43)       il =2

            6(N+1-i)

and  the continuiim  confinement  to atom  i is

                  1
                       TE'ao.                                   (44)          ici =
              6(N+1-i)

 Fbr a dislucation emissioll  band  ahead  of  the crack

tip, the systern Hailliltonian is

  H  =  tY., (Smi`?- - 4ut +aoi"fgU3:igEsEQi ;,h 
a

 sin2  2i:,ti)

        N

      +  :l] fp(tLi 
-

 Ui-i)･
       i=2

                                   (45)
The simimatioll  in Eq. (45) is earried  over  al]  atom

colunms.  Denote C2i-i =  ut,  C2i =  mthi,  one  can  write

a  $ystem  ef  differential equatiolls  by

  Ci ==  C21m,

  4'2 ==  
-
 ge. (ki +  FL.L,pao) sin  (27r 21,/)

     -f(ri2)+a,

  62i-i=C2ilm, 2t. ig  N, (46)

  4'2t =  
-
 ge,, (A;i +  F`,lipao) sin  (2Te2.'gi )

     
-f

 (ri,i+i) +  f(ri7i,t) +  4, 2 S i S N.

 At the end  uf  the dislecation emissien  band, equi-
librhmi conditions  are  eitfbrced

             UN+1  ==  O,
                                   (47)
             f(rN,N+i) =  O.

Namcly  atoms  along  the tail of  a  dislocation elliission

ba]id arc  hcld in the llndeformed  lattice.
 VYJc irivestigate the critieal  value  fbr aislucation
emissien  K??it when  the  numbcr  of atom  coluinns,

N,  in the dislocation emission  band  varies  from 1 to
several  tens. K7?it cau  be  cvaluated  froin a  static

analysis.  Taking  thc lcft hand  side  of  Eq. (46) to

be zeru,  we  get N  eqnatioiis,  with  IV+1  unknewns  Ci
, C3 i･･･,  C2N-i , and  Kll.  Selccting a  seopience  of

Cl values  from  O to ao , one  can  solve  the nonlinear

equationfis described above  ana  predict the values  of

KJi  at  specific  Ci values.  The  peak  value  uf  the Kii
versus  k'1 curvc  gives the  value  of  K7iJ":'t. If one  prtr
ceeds  in this way,  each  N  will  lead to  a corresponding

value  of  KS7]'. When  the atom  column  mumber  N
in the band  becomes  Iarger, the critical  K  value  for
dislecation emission,  K7}"it, decreases alld  eventually

approaches  an  asyml)tote,  sce  [[bn aiid  Yang  [56]. This
caleulation  jllstMes, in some  eXtent,  the colrvergence

ef  the present  model  te the actita1  atomistic  assembly.

  The  nonlinear  atoni  motion  governed  by the abeve

dynamic system  controlled  by  Eq. (46) reties  on  a

Ioading parameter  a  =  KiJ/Ko,  where  Ko  ==  EtvZi5.
The  phase  trajectories of  the first atom-pair  at  the

crack  tip were  plotted [56] at  various  levels of  a.  It is
observ ¢ d that the phase  diagrams become more  and

more  chaotic  as  a  value  incrcascs. As a  precursor of

the dislocatioll emission  fro]n the crack  tip, the chaotie
atom  motion  intervelles and  dominates the early  re-

sponse  near  defects. Similar cenclusions  are  reachcd

by uther  meafsures  on  chaotic  metion.  For examp]es,
strange  attracter  appcars  in the Poincar}  section  dia-

gram  of  the same  dynamic system,  and  the Lyapunov
index  takes  a  pattern  shown  in Fig. 7.

  In Fig. 7, the largest Lyapimev  expenent  ofEq.  (46)
is calculated  for the luad parameters  dv =  K[I/Ko
vaiying  from O to O.09, whe]i  N  is takeil as  2. Tbc
Lyapunov  expenent  ana]ysis  en  thc equation  system

(46) reveals  its chautic  characteristics.  As thc load
parameter  a  increascs, thc crack  tip atoms  exhibit

distinct dynarnic responses  in the  two  regimes  of  dv

vafues.  For all  a  valuc  in reginie  I, atoms  vibrate  in(li-
vidually llear  the balanced  pesitions and  their  motiens

are  almost  harmonic. In regirnc  II, nonlinear  effcct

dominates and  atums  coirple  together tu appreach  a

state  to nucleate  dislucations. The  regiuus  I allct  II are
separated  at  au  a  value  of  O.066, at  which  t,he maxi-

miun  Lyapunov exponeiit  rises  sudden]y.  That  a  valuc

for chaotic  atom  motion  is less than  onc  half of  the  a

value  fbr the static  fi'acture teughness  {a =  O.139)

[56], correspondiJtg  te K77'i  ̀in Fig. 7. CollEiequclltly.
the crack  tip chaotic  atom  mutioll  is a  precill'sor ef

dislocatien rmcleation.

 Thc  result  in Fig. 7 suggcsts  that  the  dynantic  dis-
location emission  process is more  intricate thall the
static  enc.  Frem  the figure wc  obtain  one  additional

parameter  for the dynamic  dislocation emissiull  pro
cess,  namely  the K;ts"S valuc  at  the transitiun  from

regime  I 'Lo regime  II. K7)i"'S refers  to the bui'st of

chaes  in a  dynamic  pruccs6. Befere  reaching  the  value

of  K:}a"'ti, the crack  tip remains  stationary  and  is absu-
hrte]y stable  agaimst  thc diislocation emissieu.  "Jhen
Kll  >  K71r-'OS, chaetic  atom  mution  occurs  prier te
dislucation micleatioii.

 The  chaotic  nature  of  dislocation emission  is shuwii
by the oscillation  uf  dislocatien center  alollg  the  atom

strip. At all  intermcdiate level of  Kll,  dislucatiuims
imclcated  at  the crack  tip will  drift in thc disloea-
tion emissiun  band  instead of  staying  at  a  fixed luca-
tion. Wl] call  this dynamic pheneTnenen  as  disio[;cLtinn
cloted.  Because  of  the  fast drifting uf  dislocation cure,

one  can  hard]y  give  a  deterministic description ell  thc
dislocatioll lecation. A  probabilistic description wil1

be  attempted  instead. We  denote  Prob(xi)  as  thc

prebab-ty  density for a  dislecation to be  deteeted  at

the position xs. In thc precess of  integrating Eqs.

10
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CHAOTIC  ATOM  MOTIONEXCITEDBY  FRACTURE

    4utAxe-

£

-

 =3Ku882tsE}1

eaos}

   Tlo
        0.03 O.06 O.09

     Load  parametev, a=Kii!Ko

maxiim]rn  Lyapimov  expenent  Ai versus

        cr. The ciuve  reveals  suddell  ap-

      in thc  crack  tip  atom  motion  when

load exceeds  the critical  value  K;?ao"

location positions at  cvery  t,en integration
       [[ttking the  total  recording  llumber

     the  probability as

                 n(xi;Axi)

         
=Axliseo

 noAxi  ' (48)

Axi) is the recordings  of  dislocation cores

   region  lxi -  agL,xi +  
4ge-].

 Qir  cal-

      that after  t,he tbiie evolutiou                                    for
the  curvc  Prob(xi)  approaches  a  steady

   What  we  observe  in the coiwent･ional

 measurement･  is the time  average  of  the
cloud.  The  dislecation cloud  niodel  ])re-
       core  regiell  along  the dislecal,ien
 where  the Tecurded  data ef  niicrescupic

 are  actually  the  time  average  of  a,he os-

        core.  Indeed t･he recent  nanome-

  
'
 revealed  all  extellded  core･region

 contimllmi  elasticity  field is severeiy  per-

shows  the probability functiolls Probi{xi)
    for the occurrence  of  twe  dislocations

   from a  crack  tip and  drift aheadi  of

    load;mg of  a  = O.11. The  fuiLcti.ons

   the first diis]ocation and  Prob2(xi)  for
one  are  normalized  sirch  that, for the  first
has a  total probability of  olle,  namely

      =  1. There  is a  segrneirt  aleng;  xi

 of  thc crack  tip where  the twe  prc;ba-
     ovcrlap.  Both  dislocations may  en-

    ing zone,  either  at  diffk}rent tinies or

 locations. Under  a  macroscopicall:  ob-

Fig. 7. The
the load parameter
pearance  of  chaes

thc applied

(46), the dis
steps  are  rccorded.

as  rzo,we  define

          Prob(xi)

where  n(xi  ,

lecated in the
culations  shuwed

abuut  50ps
configrrratiun.

mlcrosceplc

dislecation
dicts an  cxteiidcd

glide plane,
deformation
cillating  dis]ocation
chanics  exper]ment

in wbich  Lhe
tin'bed.

  Figrll'e 8
ai)d  Prob2(xi)

that micleate

lt. at  a  remete

Prebi(xD  for
the  second

dislocation

J6ouProbi(xi)dci
axis  ahcad

bility fullctions
ter the overlapp

at, differeTrt
served  time  scale,  the overlapping  dislocation clouds

would  manfcst  themse}ves  as  ceimected  cores.  Ra-
tio uf  the covered  areas  bjr two  probability fuictions
shews  the occurrillg  rate  of  the  two  dislocatio]is. Since

eaxsx"SJ.Dokpaa.9"vptpt-h･=s

 aA

 e
 -pt

O.2

O.IS

o.i 

   

O.05

  o
    O 6 12 18 24 30

          Distnnce frorn crack  tip xt, ao

 Curves show  the probability imctiolls of  the

 
''

 for the  fust and  the  secend  dislocations

  from the crack  tip.

          >  JG'OProb2(xi)dxi, the first nucle-
islecation woidd  occasionally  drift back te the
-
 and  deplete the second  dislocatien.
 dcscription of  the iiiLer-atomic potelltial cer-

influences the possible chaotic  motien  at  the

   Depending  on  the nad/ure  of  the intcr-ateinic
ial, disiocations can  emit  from the crack  tip like

   of  solitone  or  a  passage  of  cloud.  Thc  brit-

    chretile behavior  of  materiais  is decided  by
     atom  motion  near  the crack  tip. It is thc

 cempetition  between the emissioll  of disloca-
      ana  the chaotic-to-dctcrmmistic  separa-

         that decides the fracture toinghness of
      Related issues, such  as  thc temperature
   effects  on  the brittle versits  dirctile trarmsi-

   akso  be  addressed  by the chaotic  nature  of

       ion near  thc crack  tip.

              REMARKS

  ic atoiri  n!etion  near  a  crack  tip excited

      are  studied  in a  combined  atu'mistic-

     appreach.  Niurnerical slillulatioiis  are  fa-
     a  atoni-coniinillum  overlapping  belt which

asseml)ly.  The  defects transmission across  the

    inuum  interface are  easily  addressed.  Th]'s

    put  no  extra  constraint  on  the atem  asscm-

     ed  analytical  atom-ceiitinuum  models  put
on  nunlinear  effects  of  the ci'ack  tip ateni  mo

 They  shuw  effects  uf  the inacroscopic  control-

         on  the  inicroscopic  atom  behaviors.
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