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ABSTRACT 

The ju7;Sng c f .  vacancies i n  a bcc .iron..c = 5 t i 1  t boundary was 
simulated by cozpuzsr molecu1ar.dynamics; The data vielded a reason- 
able  value GS -1;7= act ivat ion energy f o r  migration and showed t h a t  the 
jump processes ar: kighly structure-dependent.. The use.of a tempera- 
t u r e  depende2t- t rzns i t ion  probabili ty matrix t o  describe. t he 'd i f fus ion  
of the vacanzizs i n  the grain boundary is ,sugyested.  Formation of 
one type of boundary i n t e r s t i t i a l  was observed which .was found xo be y ' 

immobi 1 e. . . 
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There has been considerable speculation(''*) that  the f a s t  

"short-circuit" self-diffusion which is commonly observed along grain 

boundaries (GB's) occur by the exchange of atoms w i t h  vacancies which 

are  present' ii the GB i n  thermal equilibrium. However, i t  is also 

conceivable that  a defect' exchange mechanism invol v i n g  sel  f- inter-  

sti t i a l s  present i n  thermal equilibrium, may be t h e  dominant mechanism, 

and i t  has. not yet been possible to  demonstrate the predominance of 

e i ther  mechanism Dxause of the di f f icul ty  of observing.the de ta i l s  

of the various jinping .processes a t  the atomic level . 
. I n  th i s  l e t t t r  we present the computer~molecular dynamics re- 

sul ts of a study of vacancy jumping jrocesses i n .  a bcc iron c = 5 

(36.9" [OOl 1 (31 9)  symmetrical t i 1  t boundat-:(. By exploiting the 

abi 1 i ty of :.his tzchnf que to simulate at--el evated temperatures the 

detai 1 ed atoni c mot ions  'associated. w i t h  vacancy jvmps , (3-5) we have 

obtained explici t  -i ilfortnation on the dependence of these thermally 

activated,processes on the specific GB structure,  and how they yary 

w i t h  temperature. Several additional thermally activated processes 

wcrc also observed i n  the GR core. d u r i n g  these vacancy diffusio; runs 

,which included the spontaneous formation of Frenkel pairs and the 

interchange of atoms by a. completely correlated r i n g  mechanism. 

Furthermore, the i n t e r s t i t i a l  atom-produced i n  the Frenkel .psi r 

formation was found to be completely immobile. 

The present results  have revealed mobile vacancies and immobile 

i n t e r s t i t i a l s  which lead .us t o  conclude that  GB se l f  diffusion occurs 

by a vacancy exchange mechanism. This p o i n t  i s  further discussed and 

reinforced i n  Ref. 6. Moreover, the molecular dynamics resu l t s  sug- 

gest t h a t  a complete description of the diffusion process be formulated 
. . 



i n  terms of a t rans i t ion  probabili ty matrix,which spec i f i e s  the  

vacancy jump frequencies.between various GB s i t e s .  

. The model system chosen f o r  study has been investigated recent ly 

by the method of m o l e c ~ l a r ~ ~ a t i c s . ( ~ )  . , . .  The system consisted of a 

stack o f  ten layers  of atomic pl.anes w i t h  t h e i r  'normal along the  [OOl ]  

t i 1  t axis. Each plane. contained 40 atomic sites. .  .The* equilibrium 

, . . " s t ruc ture  characterized by a ' f r e e  volume i n  the.boundary core corres- 
. . 

3 ponding t o  82.45 o f  an atomic vol'ume (0.34 ao, where a. i s  the l a t t i c e  

parameter) per period i n  each layer  is shown in Fig. 1-(a). A1 1 atoms 

were assumed.to i n t s r a c t  via an empirical central  force,  pairwise 

potential w i t h . 2  force .cutoff midway between second and th i rd  

(8) neighbors. 

The grain ~ ~ u n d a r y .  was simulated dyiidmi.ca1 l y  by applying standard 

molecular dyiami cs techniques t o  the model u s i n g  periodic.  border con- 

d i t i o n i n  tha [ O O l l  2nd [310] direct ions and fixed borders along t h e  
. . 

[i30] d i r e c t i ~ n . ~ ~ ' ! ~  Each simulation r u n  was car r ied  out a t  constant 

volume;., howevei-, the system volume was adjusted a t  each temperature t o  . 
ensure- tha t  the system pressure remaincd essen t i a l ly  atmospheric: , A 

number of.isotherma1 "diffusion runs" were t h e n  made i n  the  range 

.900"~ t o  1.21 0 0 0 ~ .    he G B  s t ruc ture  was found t o  be s t a b l e  up t o  

~1650°K on t h e  bzsis of time-average atomic configurations and the 

local densfty d is t r ibut ion  i n  t h e  GB region. The vacancy f r e e  volume 

based on a ,hard  sphere model was found t o  be grea ter  than 60% of an 

atomic volume' during most of the time between j u m p s ,  and consequently, 

there was no d i f f i cu l ty  i n  locating the  vacancy. In the  following only 

r e su l t s  a t  temperatures up t o  1550°K wi 11 be reported. 



D u r i n g  a typical "diffusion r u n "  las t ing  %2700 l a t t i c e  vibrd- 

, t ion periods, some 190 t o  360 vacancy jumps were observed depending 

on the temperature. To define a vacancy jump each atomic s i t e  was 

assigned a spherical volume n equal to .  the atomic volume a t  the  

simulated temperature. An atom undergoing only thermal vibrat ions 

therefore would not move out of n. A volume a was a lso  assi'gned t o  

an empty s i t e  ( i  .2., a vacancy), .and a successful vacancy jump  

occurred when an atom was found.to move in to  the,ss assigned t o  a 

vacancy . s i t e  and remain the re '  f o r  a t  l e a s t  two. vibrat ion .periods. 

The .mijcr charactePistics of the  vacancy jumps maybe summarized 

by considering the s i t e s  labeled in ~ i g .  1 (a)  and- the  data given i n  

Table 1. , Each r u n  began w i t h  a vacancy a t  s i t e  B i n  .the:middle of the  
-. 

system. A t  the lower temperatures the en<uing jumps were confined 

mostly. t o  the f ~ u r  s i t e s  labeled.A, ' B ,  C; and D. (We note t h a t  the  

s i t e s  A ' ,  6 '  , i ' ,  and 0' a re  equiva lent . s i tes  because of the  boundary 

symmetry. ) However, a s '  the tqmperature was increased jumps t o  . s i t e s  

fur ther  from the boundary.midplane became more s ignif icant , ,  indicat ing . 
t h a t  they required nore thermal activation. Th i s . r e f l ec t s '  the  tran- 

s i t i o n  in the grain boundary diffusion kinet ics  from the  so-called 

"Harrison Type C" regime t o  the "Harrison Type B" regime. ( 1 1 ) .  A 

ty.pica1 vacancy jc;mp path is  shown on the r i g h t  hand side of .  Fig. l ( a ) .  

I t  is  c l ea r  .from Table 1 tha t  .the vacancy migration . i n '  the.GB ,shows a 

strong s t ruc ture  dependence, par t icu1ar ly .a t  the lower temperatures 

.where GB and l a t t i c e  diffusion ra t e s  a re  s ign ' i f icant ly d i f f e ren t .  

Another noteworthy feature o f  our data i s  t h a t  the vacancy t r a -  

jec tor ies  took place predon~inantly along the t i l t  ax i s  r a the r  than 



perpendicular t o  i t .  This behavior can be understood qua1 i t a t i v e l y  

by considering the direction of maximum f ree  volume. -There was a lso  

s igni f icant  correlat ion between successive jumps' i n  cont ras t  t o  

simple random walk events. The d is t r ibut ion  of jump d i rec t ions  rela-  

t i v e  t o  the preceding jump showed a forward bias  s imilar  . to  t h a t  f o r  

(3) . . vacancy jumps,  in a s ingle  l a t t i c e .  . .  . . 

The e f fec t ive  act ivat ion energy  for':^^ vacancy j u m p i n g ,  $, was : .  

determined by p: o t t i  ng the t o t a l .  vacancy jump frequency' (summed over 

a l l  types of jumps), ? i n  the form of an Arrhenius p l o t  in  Fig. 1 (b). 

' M A reasonably s t r a igh t  1 ine obeying the re la t ion  ? = Yoexp(-$/k~) was 
M 'L 13 -1 obtained w i t h  $ = 0.51 eV -and - r0  = 4.85 x 1 0  sec . The pre-exponen-, 

t i a l  f ac to r  i s  seen t o  - be of 'about the expected magnitude, s ince,  
- - - - -.-, . 

ft4 i f  we wri te  i t  i n  the form Yo = zv  , where '1 = e f fec t ive  coordination . . 
0 

'I, 'I# number and^^ = effec t ive  "attempt frequency", we obtain vo =6.06 x '  
12 -1 'b 10 sec w i t h  z = 3. T h i s  frequency.is of the  same magnitude as  the  

1:2 -1 \ 

Debye frequency, 7.1 x 1 0  sec . , corresponding to the Debye tempera- 

tu re  of 464°K for  bcc iron. 
- \ ' .  

The simulation data revealed .an in teres t ing  in te r s t f  t f a l  fornla- . . 

t ion  a t  the I locations where there was considerable f r e e  volume 

(cf .  F i g .  1 ( a )  ) . Atoms in B s i t e s  were occasional l y  observed t o  jump 

in to  P s S  t es ,  .the process occurring more frerl~.!ently as the  temperature 

was increased. T h i s  process -il lustra'ted i n  the center of  Fig. 1 (a) may. ' 

be regarded as  the spontaneous formation of a vaca-ncy-intersti t ial  p a i r ,  

i . e . ,  a Frenkel pair.  The vacancy formed i n  t h i s  way often diffus,ed 

away leavSn'g the  i n t e r s t i t i a l  behind .,at I Furthermore, the. in t e r -  

s t i t i a l  a t  I remained completely immobile and could only be eliminated 



by. mutual annihi lat ion w i t h  a neighboring vacancy. These resul ts 

indicate  tha t  an i n t e r s t i t i a l  i n  the GB will  be s t rongly t r apped ,a t  

the  I s i t e s  and Therefore will be incapable. o f .  promoting self-diffusion.  

The dynamical ,simulations a lso  revealed the  interchange of  atoms 
, 

a t  B and B '  i l l u s t r a t e d  in the  sequence on the l e f t  s ide  of Fig. 1 ( a ) .  

In this process  an, atom in s i t e  B jumped in to  site.i.1 t n  the,  adjacent . . .  

boundary plane, followed by an atom in-.si t e .  B' j'umpi.ng in to  t h e .  newly ... :., . :  . :  . 

created vacancy i n  the  s i t e . 6 .  .The sequence was.then completed by 

the i n t e r s t i t i a l  in t h 2  s i t e . 1  jumping.into the  vacancy s i t t i n g . i n  

s i t e  B ' .  T h i s  process also .occurred more frequently a s  t h e  temperature 

increased; i t  does not contribute t o  se l f -d i f fus ion  because the  two 

atoms involvod refizin trapped.in the same pair  configuration, t h u s  
- 

-.% . . . .  
producing DO net matter t ransport  r e l a t ive  t o ' t h e  other  atoms.. . . . . 

. A t  t e ~ g e r a t ~ r e s .  close t o  the me1 t ing  point,  a number of inf re-  

quent events, .  which were not observed. a t  lower temperatures, .were de- 

tected. Incl uded were the doubl e jump,. which had been observed in  

previous. molecular dynamics s tudies  of vacancy migrati.on i n  sing1 e 
-1 

l a t t i c e  systems,'?) and jumps over distances g rea te r  tha.n the  nearest 

neighbor separation ei ther .  across the  boundary midplane i n  the. same 

atomic plane cf the stack (e.g., jumps  between C and 6' i n '  Fig. I ( a ) )  

or .through the b ~ u n d a r ~  midplane hetween two d i f f e r e n t  a tomic  planes 

From the foregoing data i t  i s  c l ea r  t h a t  dif-ferent  boundary s i t e s  

f o r  vacancy migration are  not equivalent,  t h u s  suggesting t h a t  a proper 

. theore t ica l  ti-eatment of the diffusion of  vacancies i n ' t h e  GB a s  a 

,random tlal k process requires the use of a s e t  of t r a n s i t i o n  p robab i l i t i e s  



'ij between s i t e s  i and j. Each GB s t ruc ture  would than be character- 

ized by i t s  t rans i t ion  probabili ty matrix which will not be symmetric 

and which. possesses elements which will vary w i t h  temperature. 

For purposes of if lus t ra t ion ,  a t rans i t ion  probabi1.i t y  matrix 

obtained from:the 1300°K data is shown i n  Table 2. .Here, the  matrix 

h a s  been d ras t i ca l lys impl i f i ed  by. including s i t e s .  B ' ;  C'  and D '  i n  

B, C and D,  so tha t ,  for.example, jumps between B and B and-between . ., 

B and B '  a r e  included , i n  the element PBB. Also, the  elements a r e  
. . 

= 1 I t  is in teres t ing  t o  note the  i n -  normalized so t h a t - L .  PgB , , 

,J 
. . I . .  . 

equal i t y  PC. > PBC which must be due t o '  a difference between "down-hill1' 

and "up-hi1 1 " juips between s i t e s  w i t h  d i f f e ren t  energies. I t  i s  

worthwhile notin: tha t  although. t h e  r e l a t ive  magnitudes of the  P i j  may 

be. estimated ap~rox ina te ly  from s t a t i c  cal.culations of .vacancy binding 

energies,  inolecliljr dynamics simulation appears t o  be t h e  only prac- 

t i ca l  means c f  2etermining t h e  absolute values. of the  Pi and t h e i r  

temperature dependences 'for different. s i t e s .  \ 

In-conclusion, we believe the present r e s u l t s  provide t h e  f i r s t  

de ta i led ,  n~icl-oscopic evidences of the migration of vacancies i-6 G B ' s .  

In Ref. 6 these rriolecular dynamics data a re  combined w i t h  molecular 

s t a t i c s  calculations to  demonstrate fur ther  the vacancy exchange 

mechanism for  GB s e l f  diffusion. Further simulations can be expected 

t o  y ie ld  additional information regarding t h e  cha rac te r i s t i c s  of d i f  - 
ferent  GB s t ruc tures ,  and the  dependence on.  interatomic potent ial  . ' .  : 

funct ions .of the diffusion dynamics and s t ruc tura i  s t a b i l i t y  a t  various , . 

temperatures. , . 
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Table 1 . Distr.ibution of observed vacancy jumps i n t o  the  
various s i t e s  (see Fig .  ' l ( a ) )  of a c = 5 t i l t  
boundary i n  bcc iron a t  three temperatures. 
(All the unlabeled s i t e s  i n  the  model' a r e  
considered t o '  be. L s i t e s .  The . ra t io  o f  t h e  . . 

, . number of each s i t e  in the model i s  
A:B:C:D:E:F:G:L = 1 :2:2:2:2:2:2:7,) - . . ,  . . . . . . 

. . 



Table  2 E l  ements o f  t r a n s i t i o n  p r o b a b i l i t y  m a t r i x  Pi f o r  
. . vacancy jump from s i t e  i t o  s i t e  j i n .  a E = 5 

t i l t  boundary i n  bcc i r o n  deduced from m o l e c u l a r  
, 

dynamics s i m u l a t i o n  d a t a .  



. . 
. 

. .  . 

Fig. 1 (a) Schematic drawing of the GB model system. Only 3 . . 

of the 10 atomic plans and half of the  atoms in  each 

plane (which contains 4 coincidence s i t e  l a t t i c e  c e l l  s)  
. . 

. . a r e  shown. The sequence on the  r igh t  indicates  a 

. , t yp ica l  vacancy jump path. ,The arrow.in the center  shows , . . A 

, . . .  . , .  . ,  an atom a t  B jumping i n t o  the i n t e r s t i t i a l ;  s i t e  I. The . . , . . .  . . 

' ,  sequence in the upper l e f t  shows.the observed interchange 
. . 

of atoms a t  'B and B '  via a r i n g  mechanism. The r a t i o  of  

the scale used i n  the drawing is [i30]:[310]:[001] = 1 :1:5. 

(b) Temperature dependence of observed ef fec t ive  vacancy 
-1 .. 

jump frequence ? (sec ) i n  a r = 5 t i l t  boundary i n  bcc 

iron. Error bars denote the standard deviation assuming a 

- , . Poisson d is t r ibut ion .  .- -- . . . 






