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High-resolution electron microscopy has been used to study a [100] 45 ° twist/17 5 ° tilt grain boundary m aluminum This 
mixed-type aperiodic boundary ,s characterized by two fundamental structural units Each of these two units is a basic 
building block for the 45 ° tw,st/13 29 ° tilt and 45 ° twist/19 47 ° tilt grain boundaries, respectively Molecular dynamics 
simulations of blcrystals with the above two mlsorlentatlons have been performed Interatomic forces between aluminum 
atoms have been modelled by the use of density-dependent pseudopotentlals A new type of boundary condition has been 
used to allow for translational relaxation at the interface The results presented here show that the observed structural units 
are stable, with some relaxation occurring at the grain boundary core 

1. Introduction 

The study of grain boundaries Is crucial to the 
determination of many physical properties of 
polycrystalhne materials Recently, the atomic 
structure of a mixed-character grain boundary in 
aluminum was examined [1] The orientation rela- 
tion between the two abutting crystals (1 and 2) 
could be described by a [100] 45 ° twist plus a 17 5 ° 
tilt about a common (100)1[[(110)2 The grain 
boundary is parallel to (010) 1 for the lower crystal 
and (49§) 2 for the upper The authors concluded 
that this aperiodic boundary is best described by 
a structural unit model High-resolution electron 
microscopy (HREM) clearly shows the boundary 
to be composed of two basic structural units (fig 
la) Fig lb gives a schematic representation of 
the boundary, with the two basic structural units 
labelled as X and Y If the tilt angle of the 
boundary is changed from 0 = 17 5 ° to 0 = 13 29 °, 
the boundary can be described with a single 
structural unit, X Similarly, if the tilt angle is 
0 = 19 47 °, the boundary is completely character- 
ized by a unit Y Thus, 0 = 13 29 ° and 0 = 19 47 ° 
are the delimiting boundaries of the 0 - - 1 7  5 ° 

boundary, for example, the 17 5 ° boundary is 
composed of X and Y structural units in an 
approximate ratio of 1 4 

The purpose of this note is to provide addi- 
tional information on the 45 ° twist plus 17 5 ° tilt 
aluminum grain boundary, through the use of 
molecular dynamics computer simulations While 
H R E M  only provides a two-dimensional image of 
the grain boundary, computer simulations offer 
the advantage of being able to exactly specify 
three-dimensional structures Simulations also 
provide additional information such as energy It 
is because of this experimental shortcoming and 
the added benefit of simulation that the two 
delimiting cases of the above boundary are ana- 
lyzed 

2. Simulation specifications 

The current simulations have all been per- 
formed using the technique of constant-stress, 
constant-temperature molecular dynamics [2] The 
interactions between the aluminum atoms are 
described by a density-dependent pair potential, 
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d e r i v e d  f r o m  p s e u d o p o t e n t l a l  t h e o r y  [ 3 - 5 ]  T h i s  
m t e r a t o m t c  p o t e n t i a l  i n c l u d e s  s e v e n t h - n e a r e s t  
n e i g h b o r s ,  but  no t  e i g h t h  In o r d e r  to avo id  sur- 
face  e f f ec t s  and  s i m u l a t e  a s y s t e m  e m b e d d e d  m a 

b u l k  m a t e r i a l ,  p e r i o d i c  b o u n d a r y  c o n d i t i o n s  
( P B C )  w e r e  u s e d  B e c a u s e  the  s y s t e m  lS aperi -  
odic ,  h o w e v e r ,  m o d i f i c a t i o n s  to the  s tructure  a n d  
the  b o u n d a r y  c o n d i t i o n s  m u s t  be  m a d e  In t w o  
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Fig 1 (a) High-resolution electron micrograph showing [100] 45 ° twist plus 0 = 17 5 ° tilt grain boundary in aluminum Incident 
electron beam is parallel to [001] I and [01112 (b) Schematic representation of bicrystal showing two basic structural units labelled X 

and Y The triangles and circles represent successive atomic planes parallel to [001] 1 and [011] 2 
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dzrectzons, the bncrystal ns quaslpenod~c, and has 
been compressed to be periodic In the thzrd 
dlrectzon, normal to the gram boundary plane, a 
second boundary ~s introduced due to PBC Th~s 
artifact exists for all bzcrystals snmulated wzth 
PBC Because the second boundary may not be- 
have the same as the central one, all propert ies  of 
the central boundary have been calculated wnthm 
a slab, defined as the central half of the simula- 
tion cell 

The presence of a second boundary can also 
create a stress field within the btcrystal, prevent- 
mg full relaxation of the atoms To address thss 
problem, the boundary condmons have been 
modzfied based on a concept introduced by Lut- 
sko et a l ,  known as the t-vector [6] The t-vector 
~s a new dynamncal varmble whxch introduces 
another  degree of f reedom into the Lagrangmn 
Its purpose is to mmzmlze forces across the bor- 
ders of the szmulatnon cell by adjusting the panr 
potentml of particles near  the cell borders By 
doing th~s, the particles at the core of the central 
gram boundary are able to relax, free of any 

extraneous mfluences Imposed by PBC Thts new 
boundary condltton is only applned to the borders 
where PBC creates an extra gram boundary It 
allows decouphng of the snmulatlon cell from the 
penodzc Image cells 

All blcrystal systems have been szmulated wxth 
both types of  boundary cond~tlons (PBC and de- 
coupled t-vector) S~mulat~ons were run for sev- 
eral thousand ume steps at a temperature of 300 
K and a pressure of 1 atm The ~sothermal condl- 
Uon has been mamtamed using a momentum 
rescahng method The equatnons of motxon for 
the partzcles were calculated using a fimte differ- 
ence scheme, w~th an integration tsme step of 
2 53 × 10 -t5 s All distances and dsmensnons are 
expressed m umts of Bohr radu (1 Bohr radms 
= 0 529 ,~)  

3. Bicrystal construction 

The initial structure of the 45 ° twtst plus 13 29 ° 
ttlt ts characterized by a boundary composed of 
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Fig  2 (a) X Y  p ro j echon  of  lmt la l  s t ruc tu re  of  0 = 13 29 ° bncrystal (b) Z Y  projec t ion  of mltnal s t ruc ture  of  0 = 13 29 ° blcrystal  
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four X structural units (see fig 2a) Looking 
along the boundary m the x direction, there 1s 
only one true coinodence point (A), and three 
pseudo-coincidence points The pseudo-coinci- 
dence points are represented by atoms belonging 
to the lower crystal, whose positions are very 
close to the atomic sites of an extended upper 
crystal 

Because of the m~sonentation between the two 
crystals, they are incommensurate Thus, periodic 
boundary conditions (PBC) cannot be employed 
without some constraints A further complication 
m the x direction is that the choice of a simula- 
tion cell to match the upper crystal results in a 
plane mismatch for the lower crystal Thus, a yz 
(001) plane in the lower crystal has been re- 
moved, while the remaining planes have been 
proportionally spaced to fill the void 

For the 0 = 19 47 ° case, a good match can be 
made without removing or adding any planes 
The lower crystal yz (001) planes have a spacing 

1 (a is the lattice parameter) The pseudo- of ~a 
coincident points of the extended upper crystal 
have a linear x-direction spacing of ( 1 ~ / 2 ) a  
This gives a spacing ratio along the boundary of 
1 ~  Since the ratio is not an integer, an exact 
match for PBC cannot be made in the x dlrec- 

tion A good approximation, however, is to use 
thirty-four lower crystal yz (001) planes, yielding 
a near integer ratio of 09983 The resulting 
blcrystal is characterized by eight Y-type struc- 
tural units (fig 3a) As wtth the 13 29 ° case, there 
is only one true coincident point (A), and several 
pseudo-coincident points along the boundary 

In the z direction, the 0 = 1 3 2 9  ° and 0 =  
19 47 ° cases are identical The ratio of plane 
spacings for the upper crystal (110) versus the 
lower crystal (100) planes is ~ - / 2  Again, an 
exact match for PBC cannot be made A good 
approximation is obtamed by using ten xy (110) 
planes in the upper crystal and seven xy (100) 
planes in the lower crystal This ytelds a near 
integer plane spacing ratio of 1 0101 (figs 2b, 3b) 

The final consideration for blcrystal construc- 
tion is the second boundary created by PBC at 
the y borders of the simulation cell To avoid 
direct interaction between the two boundaries, a 
minimum cell size of four times the range of 
interaction is required m the y direction With all 
of the above taken into account, the initial di- 
mensions of the simulation cell for the 45 ° 
twist/13 29 ° tilt are x = 47 17, y = 108 79, and 
z = 5 4  1 ° Bohr radii The 45 ° twis t /1947 ° tilt 
dimensions are x = 1 2 9 8 5 ,  y = 8 7 9 9  and z =  
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Fig 3 (a) XY projection of Imtlal structure of 0 = 19 47 ° blcrystal (b) Z Y  projection of initial structure of 0 = 19 47 ° blcrystal 
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54 10 This  yields  2404 and  5338 par t i c les  in the  
s imula t ion  cells of  the  0 = 13 29 ° and  0 = 19 47 ° 
bicrystals ,  r e spec twe ly  

4 .  R e s u l t s  

A f t e r  ad jus t ing  the  t e m p e r a t u r e  to n e a r  300 K 
the  45 ° t w i s t / 1 3  29 ° t i l t  was s imula t ed  with  PBC 
at cons tan t  energy  for  a s equence  of  7000 t ime 
s teps  The  resul t ing  equ i l ib r ium t e m p e r a t u r e  was 
301 K Because  of  its l a rge r  sine, the  0 = 19 47 ° 
case could  only be  run  (at  cons tan t  t e m p e r a t u r e )  
for 2000 t ime  s teps  T h e  average  s t ruc tures  a f te r  
equ i l ib ra t ion  are  shown in figs 4 and  5, for  the  
0 = 13 29 ° and  19 47 ° bicrystals ,  respect ive ly  Fol -  
lowing the  PBC s imula t ions ,  bo th  bicrys ta ls  were  
s imula t ed  using d e c o u p l e d  t -vector  b o u n d a r y  
condi t ions  U n d e r  the  cons t r a in t  of  cons tan t  t em-  
pe ra tu r e ,  the  0 = 13 29 ° case  was run  for  3700 
t ime steps,  while  the  0 = 19 47 ° case  was run  for  
2000 t ime s teps  

A n  examina t ion  o f  figs 4a and 5a d e m o n -  
s t ra tes  tha t  the  s t ruc tura l  uni ts  of  the  b o u n d a r i e s  
r ema in  in tac t  T h e r e  are  no f u n d a m e n t a l  changes  
in the  in ter faces ,  such as d i so rde r ing  or  res t ruc-  
tu r ing  Only  local r e laxa t ion  in the  vicinity of  the  
gra in  b o u n d a r i e s  occurs  S imula t ion  with the  t- 
vec tor  has also shown no f u n d a m e n t a l  changes  in 

the  b o u n d a r y  s t ruc tures  Whi l e  the  t -vector  al- 
lows t r ans la t iona l  r e laxa t ion  of  the  boundary ,  
none  was obse rved  This  ind ica tes  tha t  the  
quas ipe r iod lc  in te r faces  a re  in the i r  lowest  energy  
s ta te  with r e spec t  to t r ans la t ion  pa ra l l e l  to the  

b o u n d a r y  
Us ing  the bicrystal  slab, ene rgy  ca lcula t ions  for  

the  cen t ra l  in te r face  ind ica te  s t ruc tura l  s tabi l i ty  
A n  average  en tha lpy  pe r  par t i c le  was ca lcu la t ed  
over  the  f inal  5000 and  1500 t ime steps,  for  the  
0 = 13 29 ° and  19 47 ° cases,  respect ive ly  F r o m  
these  values ,  the  en tha lpy  p e r  par t i c le  of  a (256 
par t i c le )  per fec t  crystal  was sub t r ac t ed  The  re- 
ma in ing  va lues  were  d iv ided  by the  a r ea  of  the  
gra in  b o u n d a r y  in te r face  (i e ,  X x Z,  the  a r ea  of  
the  base  p l ane  of  the  s imula t ion  cell)  The  resul t -  
lng values  a re  the  excess en tha lp i e s  of  the  in ter -  
faces, given by 711 m J / m  2 for  0 = 1 3 2 9  °, and  
528 m J / m  2 for  0 = 19 47 ° These  are  r ea sonab le  
values  for  gra in  b o u n d a r i e s  in a luminum,  and  
ind ica te  the i r  poss ib le  exis tence  in real  samples  
F u r t h e r m o r e ,  s tabi l i ty  IS d e t e r m i n e d  by the  f ree  
energy  and not  the  en tha lpy  T h e  add i t i on  of  the  
negat ive  t e rm (-TASexcess)  to the  en tha lpy  will 
make  the  excess f ree  energy  lower  A n o t h e r  fac- 
tor  making  the  excess f ree  energy  art i f icial ly high 
is the  p re sence  of  e las t ic  energy This  ar ises  due  
to the  stress f ield impose d  by PBC on an aper i -  
odic  system If  this is accoun ted  for, the  excess 
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These ratios are the first two rational approxima- 
tions to the actual irrational plane spacing ratio 
of ~ This is in agreement  with experimental  
findings where it was shown that in a 45 ° [100] 
t w i s t  boundary, the ( 0 1 0 )  2 and (011) i planes 
match each other after 2 and 3 plane spacings, 
respectively [7] 
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free energy is lowered even further, increasing 
the hkehhood of a more stable boundary This 
may be particularly true in the case of  the higher 
stress 0 = 13 29 ° bicrystal Thus, a structural unit 
model for a 45 ° twist plus a 0 = [13 29 ° to 19 47 °] 
tilt is validated 

Comparing figs 4a and 5a to the mlcrograph 
of fig la,  relaxations along the boundary appear  
to be similar In all three cases, the (111) planes 
of the upper  crystal and the (010) planes of the 
lower crystal appear  to bend and align with each 
other near  the boundary This relaxation results 
in a minimization of empty space (or excess vol- 
ume) in the grain boundary core The relaxation 
is more pronounced in the case of  the longer 
structural unit, Y 

Figs 4b and 5b reveal the third dimension of 
the structures Plane matching between the two 
crystals in ratios of 1 1 and 3 2 can be seen 

5. C o n c l u s i o n  

Interfaces in materials extend over only a few 
atomic layers Thus, their study requires tech- 
niques capable of atomic-level resolution Atom- 
ic-level simulation methods have been extensively 
used to investigate the structure, energy and other 
propert ies  of internal interfaces The limitations 
of simulation techniques are well known, but not 
always fully understood, and include finite time 
durations, the approximate nature of atomic In- 
teraction, and the fmlte size of the simulated cell 
(the boundary condition to embed it in a bulk-type 
surrounding) Atomic-level experimental  tech- 
niques such as H R E M  have already provided a 
wealth of information concerning the structure of 
interfaces Severe constraints, however, limit the 
applicability of H R E M  to the resolution of low- 
index planes Moreover,  imaging of the interface 
structure places stringent requirements on the 
alignment precision of these planes, and also 
places restrictions on the grain boundary plane 
inclination Finally, the method only provides 
two-dimensional projections of the interfacial 
s t r u c t u r e s  

In view of the advantages and limitations of 
computer  simulation and atomic-level experimen- 
tal techniques, a joint approach combining both 
methods offers great value for progress in interfa- 
cial research This note has given additional evi- 
dence to support  the structural unit model for 45 ° 
twist plus tilt grain boundaries in aluminum The 
authors hope that this paper  demonstrates the 
benefits of using molecular dynamics computer  
simulations as a companion to H R E M  in the 
study of gram boundary structures When per- 
forming simulations, however, caution must be 
used as to the choice of boundary conditions and 
other computational  considerations, such as in- 
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t e r a tomtc  po t en tml s  A p r o p e r  choice  of  b o u n d -  
ary condt t lons  IS pa r t i cu la r ly  ~mportant  when  ape -  
r iodic  btcrystals  a re  be ing  s imula t ed  

D e p a r t m e n t  of  Ene rgy  u n d e r  con t rac t  n u m b e r  
D E - F G 0 2 - 8 7 E R 4 5 2 8 5  
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