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A B S T R A C T :  The gliding behavior of edge dislocation near a grain boundaxy(GB) 
in copper under pure shear stresses is simulated by using molecular dynamics(MD) 
method. Many-body potential incorporating the embedded atom method (EAM) is 
used. The critical shear stresses for a single disocation to pass across GB surface axe 
obtained at values of ~c=23MPa ,-~ 68 MPa and 137 MPa~274 MPa for ~=165 small 
angle tilt GB at 300 K and 20 K, respectively. The first result agrees with the exper- 
imental yield stress crv (=42 MPa) quite well. It suggests that there might be one of 
the reasons of initial plastic yielding caused by single dislocation gliding across GB. 
In addition, there might be possibility to obtain yield strength from microscopic anal- 
ysis. Moreover, the experimental value of ay at low temperature is generally higher 
than that at room temperature. So, these results axe in conformity qualitatively with 
experimental fact. On the other hand, the ~=25 GB is too strong an obstacle to 
the dislocation. In this case, a dislocation is able to pass across GB under relatively 
low stress only when it is driven by other dislocations. This is taken to mean that 
dislocation pile-up must be built up in front of this kind of GB, if this GB may take 
effect on the process of plastic deformation. 

K E Y  W O R D S :  molecular dynamics, grain boundary, dislocation, copper, yielding 

1 I N T R O D U C T I O N  

It is well-known that  the yield stress of metals is dependent upon grain size as shown 

by Hall-Petch relation[i]: 

cru = ad 1/~ (1) 

where cry is the yield stress, d is the grain diameter and a is a material constant. Equation 

(1) shows the importance of grain boundary(GB) in relation to plastic deformation. From 

the microscopic point of view, plastic deformation of polycrystalline metals is related to 

the sliding of lattice dislocations across GB and/or  other interfaces. Therefore, dislocation- 

GB interaction plays an important  role in understanding microscopically the mechanical 

properties of metals, which were reviewed by many authors [2'3]. 

Molecular dynamics (MD) method is useful in revealing the conditions and mechanisms 

of dislocation gliding near a GB. It  was found for example that  the lattice dislocation is 
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shown to be absorbed by ~--9 GB and dissociates into GB dislocations in a study on crack 
propagation in iron using MD method [41 . It is in agreement with the description based upon 
observations using electron microscopy[S]. In this article, we emphasize only one point: 
under what conditions lattice dislocations will pass through grain boundaries when external 
stresses are exerted. The effects of external load, GB structure and temperature upon this 
phenomenon are investigated. 

In MD studies, the treatment of border conditions is difficult when the computational 
cell is not characterized by periodicity. In this work, a mixed border condition is employed 
for an asymmetrical cell. Moreover, a many-body inter-atomic potential using embedded 
atom method(EAM) for copper is used. The computational model and method of calculation 
are described in II, the main results and discussions are given in III and the conclusions are 
given in IV. 

2 D E S C R I P T I O N  OF T H E  M O D E L  A N D  M E T H O D  OF C O M P U T A T I O N  

2.1 C o m p u t a t i o n a l  Cell  

Because of the complexity of dislocation gliding behavior near GB, it is too difficult 
to describe it with a relatively small number of atoms in computer simulation. Therefore, 
a rather simple model is chosen, in which the dislocation line is parallel to GB surface, so 
that  the interaction phenomena can be investigated in a two-dimensional model. It enables 
the slip transfer across GB because the two slip planes of both crystals and the GB surface 
have a common intersection line[ 6] . In addition, the slip planes and the slip directions of the 
incoming and transmitted dislocations are in small misorientation, so that,  such a model 
ensures that  the dislocation is able to pass across GB in an easy way. 
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Fig.1 Initial computational cell (,~---25, 13 522 atoms) 

Based upon the above considerations, a thin rectangular cell is chosen, which contains 
either about 13 500 atoms(at 20 K) or about 27000 atoms(at 300 K). A coincidence site 
lattice (CSL) tilt boundary with turning axis ~T2] is located at about the central part of 
the computational cell (Fig.l). The coordinate axes are set to be X-~10], Y - ~ I ~  and 
Z-~12] of grain 1. An edge dislocation of (111)/~10] is initially preset in grain 1 with 
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Burgers '  vector b = 1[110]. Two different GB structures axe considered. One is ~ = 1 6 5  

(T-08T)/1~2]15.50 ~ and the other is E=25(75T)/1~2]  156.93 ~ The normals to GB surfaces 

axe oriented at 7.75 ~ and 11.54 ~ with respect to the X-axis  for the E=165  and E = 2 5  GB, 

so tha t  the slip directions [110] of the two grains differ by 15.5 ~ and 23.07 ~ respectively. 

2.2 Equations and Units  
The EAM potential  of copper is represented by the following formulas[7]: The potential  

energy of a tom i is wri t ten as 

N 
1 

U, = - f ( p , )  + ~ ~ Y,j (2) 
j#i  

where Vii is a central pair potential  function, f(Pi) is an embedding function which takes 
the form of a square root function and 

N 

p, = ( 3 )  

Vii and r are functions of inter-atomic distance rij, which are writ ten as 

6 

Vii = Z ak(rk -- rij)aH(rk - rij) (4) 
k----1 

2 

r = Z Ak(Rk - rij)aU(Rk - rij) (5) 
k=l 

respectively, where r~ and Ru are chosen as knot points such tha t  r l  > r2 > r3 > r4 • r5 > 

r6 and R1 > R2. g ( x )  = 0 for x < 0 and H(x)  -- 1 for x > 0. Hence, rl(= R1) represents 

the cutoff distance Rc of ~ j  and r The potential  energy of the system is 

N N I N N  

/ = 1  i=1  i = 1  j~ i  

and the force exerting on a tom i is 

From Eqs.(1),,~(6), we get 

Fi = -gradi(U) (7) 

N 

(r,j)] (s) 

where V'(rij)  and r are derivatives with respect to rii. The equation of motion of 
a tom i is 

d2ri 
m-d - = (9) 

which can be solved with given initial conditions by using central difference method [sl. The 
system of units has been chosen to be: 
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[energy] - -  i eV(=1.60207x 10 -19 J), 

[length] - -  crystal constant corresponding to the given temperature,  which is 3.607 4 
x 10-1~ at room temperature,  

[mass] - -  atomic mass of copper =1.054 658x 10 -25 kg. 

The crystal constants at different temperatures are calculated with the standard value at 
293.16 K and the coefficient of linear thermal expansion c~=1.7x10 -5 K -1. From these fun- 

damental units, other units can be derived: 
[time] - -  2.913 318• 10 -13 s, 

[velocity] - -  1.232 494x 103 m/s,  
[force] - -  4.440 550x 10 - l ~  N. 

Thus, all of the calculations are performed in terms of dimensionless quantities and equa- 
tions. 

2.3 B o r d e r  a n d  In i t i a l  Condi t i ons  
In general, for periodic border conditions it is required that  the size of the computa- 

tional cell A1 should be chosen to be at least twice the cutoff distance Re of the potential 
function. If this is satisfied, it is quite easy for an atom to find its neighbors within a sphere 

of radius Re. In this case, only one nearest image of the atom of main cell needs to be taken 
into account. If Al < 2Re, at least two atomic images have to be considered. Likewise, 

if Al < Re, four or more atomic images need to be considered. In the present model, the 
lattice structure in Z direction has a natural  period containing six atomic layers. Thus, 
periodic border condition can be used reasonably. To save computer  time, we would rather 
use the least thickness in Z direction Alz. Therefore, we take such a natural  period as the 
thickness of the cell in the case of low temperature  (20 K). The length of such a period is 
only Alz = 4.397 6 A ( I ~ =  10 - l~  m) at 20 K (the effective Alz will reduce to 4.363 1]tarter 

solid translation). In this case, four nearest atomic images should be considered, because 

Alz is smaller than the cutoff distance Re(Re = re = 4.418,1/~). However, at 300 K, two 
natural  periods are considered because of larger thermal fluctuation. So, Alz is definitely 
larger than Re and two atomic images are sufficient for the periodic condition. 

The sizes along X and Y directions are chosen to be about  50 and 40 times the 
crystal constant, respectively. The cell is not periodic in these directions, so that  periodic 
border condition is inapplicable. Moreover, the flexible border condition designed for fitting 
the elastic strain field of an edge dislocation [9'1~ is not convenient due to the movement 

of dislocation. Therefore, we adopt a mixed border condition for the X and Y borders. 
This border condition is now explained in detail. The cell is divided into 5 regions in X 

and Y directions as shown in Fig.1. Region 1 is an inner region, in which atoms move in 
accordance with Eqn.(9) during atomic relaxation. Regions 2,-,5 are outer regions (borders). 

For regions 3 and 5, fixed border condition is used, whereas for regions 2 and 4, a movable 
border condition is suggested. As the atomic relaxation process of the inner region takes 
place, atoms in the movable borders are relaxed with the same displacements as average 
values of their neighbors of inner region. Such a border relaxation works at each time step. 

Moreover, the force acting on an atom is affected by the nearby atomic configuration within 
a sphere centered on this atom with a radius Rk (Fig.l), which is equal to the double cutoff 
distance Re of EAM potential, so tha t  the thickness of all the borders must be larger than 
Rk. Thus, we take the dimensions of the border regions 2, 3 and 5 to be Rk plus a small 
length. Since the dislocation finally moves out of the right border, a larger size in X direction 
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of region 4 is considered. 
The initial velocities of the atoms in the inner region are randomly given to be in a 

Maxwellian distribution according to the given temperature To. 

2 . 4  S o l i d  T r a n s l a t i o n s  

Before atomic relaxation, solid translations between the two grains are performed by 
shifting grain 2 in X, Y and Z directions until the potential energy reaches its minimum. 
In the case of ~165 and ~25, the solid translations result in reductions of grain boundary 
energy about 0.06 and 1.0 J /m 2, respectively. 

2 . 5  S h e a r  S t r e s s e s  

Two ways of exerting shear stresses to the dislocation are used. The first one is to use 
fixed border condition on the left border of the cell, so that there will be an effective shear 
stress cr~ arising from the interaction between the fixed border and the dislocation. It is a 
repulsive shear exerting on the dislocation [111. The calculation of the exact value of a~ is 
rather complicated, but it can be roughly estimated as an repulsive shear stress originated 
from its mirror image as shown in Fig.2. Thus, from dislocation theory, ae is easily found, 
which decreases with the increase of the distance Ax between the dislocation center and 

Fixed borders 

r I "1 

the left border. It reduces to ao=137MPa 
when the dislocation reaches GB surface. 
(Young's modulus of Cu is taken from Hand- 
book of Chemistry and Physics, 37th edi- 
tioin. The Poisson's ratio of brass is used as 
0.37 approximately.) The second way is to 
give an additional shear strain e of the whole 
cell by giving every atom an X displacement 
proportional to its Y coordinate. The ad- 
ditional shear stress al  originated from the 
shear strain can be estimated by linear elas- 
ticity theory. Sometimes, both ways have 
been used simultaneously, i.e. the total stress 
exerting on the dislocation is a,,=a~-4- al. It 
is a pure shear stress along [110] in the slip 
plane (111) of grain 1. 
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Fig.2 Dislocation and its image 

2 . 6  R e l a x a t i o n  

After solid translations, relaxation of the atomic configuration in the inner region is 
performed by solving Eq. (9) with the central difference method. The time step is usually 
chosen to be 0.01. The temperature is kept constant during atomic relaxation by using a 
"heating" procedure [12] in which the atomic velocities are adjusted according to the average 
temperature in a short time interval, e.g. 10 time steps. By this procedure, the average 
temperature is kept nearly constant with an error of about =t=1%. 

The atomic configurations are obtained after each time step. Since the temporary 
atomic positions fluctuate due to the atomic vibration, in order to get an approximately 
stationary atomic configuration, the positions of atoms are averaged over 50,-100 time steps. 
From these average configurations, the dislocation gliding behavior near GB is displayed 
quite clearly. 
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3 R E S U L T S  A N D  D I S C U S S I O N S  

3.1 G B  as  an  O b s tac l e  t o  t h e  D i s l o c a t i o n  Gl id ing  

A single edge dislocation gliding process approaching a ~ = 2 5  CSL tilt GB is simulated 
at T = 20 K under shear stress from the mirror image. The number of atoms is 135 22. 
Figs.3(a)~(f) show the 100 time-step averaged atomic configurations at different time t when 

the dislocation glides from its initial position(about 95.~ apart  from GB) to GB. It can be 
seen from Fig.3(a)~(d) that  the dislocation center approaches GB surface closer and closer, 
and reaches it at t = 20.0 as shown in Fig.3(d). Thereafter,  it fluctuates near GB surface 

with a distance of about 2~3 crystal constants as displayed by Fig.3(e)N(f). It shows that  
the dislocation is unable to pass through ~25 GB under cr~=a0=13?MPa and grain 2 is 
not disturbed. Fig.4 gives the time evolution of the positions of dislocation core (1) in the 
presence of GB, and (2) without GB surface (3). From these curves, it is clear that  ~25 
GB serves as an obstacle to single edge dislocation under ~ = 1 3 ? M P a  at 20 K and does not 
have significant migration. 

Curve (3) shows the dislocation gliding process without GB. The coincidence of curve 
(1) with (3) before t = 18 indicates that  GB surface does not give important  effect to the 
dislocation gliding until it is very close to GB. It confirms that  GB produces a short range 
stress field, which agrees with the analysis in the li terature [1]. 

3.2 T h e  Effect  o f  Shear  Stress  

Increasing the shear stress gradually, one can see how large a local shear stress is 

sufficient for the single dislocation to pass across a GB. The runs are carried out for ~--25 
GB at 20K under different shear stresses. The stress varies from 2?4MPa t o  685MPa. 
Curves(1)~(4) of Fig.5 give the time evolution of dislocation gliding, which correspond to 
the shear stresses ~-- -2?4MPa,  342MPa, 411 MPa, and 685 MPa, respectively. Curve(5) 

shows the GB migration process in the case of 274 MPa, which is not significantly affected 
by the value of shear stresses. From Fig.5, it is seen that  the dislocation is prevented by GB 
under a~=342 MPa, but  it can pass across GB under large stresses. From curves (2) and 
(3), it is concluded that  the critical stress ac lies between 342 MPa and 411 MPa. 

In Fig.5, the coincidence of the portion of curves (1)~(4) before t --- 18 gives another 
evidence that  GB surface produces a short range stress field. 

3.3 T h e  Effect  o f  Di f ferent  G B  S t r u c t u r e s  

In order to test the dislocation gliding behavior affected by different GB structures, 
the following runs are carried out for a E=165  CSL tilt GB at 20 K. The number of atoms is 
134 76. aa takes the values of 137 MPa, 274 MPa, 533 MPa and 930 MPa, respectively. Fig.6 
gives the results under different stresses with curves (1)~(4). From these curves, it is seen 
that  the general picture of the dislocation gliding is similar to that  of ~=25 ,  except tha t  
the critical shear stress ac is lower, which lies between 137 MPa and 274 MPa as indicated 
by curves (1) and (2). 

Comparing curve(2) of Fig.6 and curve (1) of Fig.5, it is seen that  the dislocation 
is able to pass across ~=165  GB but not across ~ = 2 5  GB under the same shear stress 
~ = 2 ? 4 M P a .  It  shows that  ~25 GB is a stronger obstacle to dislocation gliding than the 
~165 GB. Tha t  is to say, E25 GB produces a stronger stress field. It is due to its shorter 
CSL period and higher GB energy It3] 
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(a) /=2.0(xO.291ps) (b)/=8.0(x0.291ps) 
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(c) /=14.0(xO.291ps) (d) t =  20.0(><0.291ps) 

(e) /=40.0(><0.29 t ps) 

t . . I J + . , . U t ~ l l l l  

(f) t= 154.0(x0.291 ps) 

i + 
Fig.3 Atomic configurations at different times 

(~ = 25, T -- 20 K, 135 22 atoms) 

( shea r  s t ress  c r a = 1 3 7 M P a )  
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Fig.4 Dislocation gliding processes (1) in the presence of GB, and (2) without GB 

(~  25, T : 20 K, 13 522 atoms) 
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Fig.5 Time evolution of positions of dislocation center (1)~(4) 

and GB surface (5) under different shear stresses 

(~  - 25,T ---- 20K, 13 522atoms) 

(1) ~ ---- 274MPa, (2) a~ --- 342 MPa, (3) a~ ---- 411MPa, (4) era ---- 685MPa 
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Fig.6 Time evolution of positions of dislocation center (1)~,(4) and 

GB surface (5) under different shear stresses 

(~7 = 165, T ---- 20 K, 13 476 atoms) 

(1) aa = 137MPa, (2) cr~ = 274MPa, (3) er~ -- 533MPa, (4) aa = 930MPa 
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3.4 Temperature Effect 

The above simulations are all performed at 20 K. It is known that  at low temperature  

the yield stress is higher than that  at room temperature.  It is because the dislocation 
glides across GB more difficultly at low temperature.  In order to check if the critical shear 
stress is lower at room temperature  than that  at 20 K, a series of runs are carried out at 
300 K. Because of large thermal fluctuation of atomic movement, the MI)s imula t ion  at 

300 K is rather  complicated. In this case, a thicker computational cell is used which has a 
thickness of two natural  periods along Z direction (Lz = 8.795.~= 2.44949 times the crystal 

constant) and includes 26952 atoms. The results are shown by curves (1)~(5) in Fig.?, which 
co~espond to the shear stresses aa =23, 68, 137, 930 and 1720 MPa, respectively. Curve (6) 
shows the GB migration process in the case of 137 MPa, which is not significantly affected by 

the value of shear stress, similar to the case of ~725 and 20 K. From curves (1),..(5) of Fig.?, 
it is seen that  the dislocation can pass across GB under large stresses, but  it is prevented by 

GB under aa=23MPa .  From curves (1) and (2), we conclude that  the critical shear stress 
ac lies between 23 MPa and 68 MPa. 

120. (6) 

lOO, 

ioi 
0 ' ' ' ' I ' ' ' i I i r , , I ' ' ' ' I , , 

-20 -10 0 10 2O 
position x (• nm) 

Fig.7 Time evolution of positions of dislocation centers (1)~(5) 
and GB surface (6) under different shear stresses 

(~ = 165,T = 300K, 26952atoms) 
(1) cr~ = 23MPa, (2) cr~ = 68MPa, (3) a~ = 13?MPa, 

(4) a t  ---- 930 MPa, (5) ~r~ _-- 1 720 MPa 

It is interesting that  the experimental yield stress of copper ay is 42 MPa [14]. Therefore, 

the simulated critical stress of ~165 at 300 K agrees with a u quite well. In a polycrystalline 
material there must be a lot of different GB. Therefore, when yielding starts, it must be 
some dislocations in easiest conditions to pass across some GB and result in yielding. The 

above agreement shows that  ~165 appears to be one of such GB. It suggests that  one of 
the reasons of the initial plastic yielding might be the single dislocation gliding across some 
GB in the easiest slip planes and the easiest slip directions. In addition, it appears that  
there exists possibility to obtain the yield strength of metals based upon the microscopic 

computer  simulations. Any way, this is only a preliminary point of view and needs further 
studies, because the results are rather  limited. 

Fig.8 shows the experimental yield shear stress and the simulated critical shear stress 
vs. temperature.  As indicated above, at 300 K the simulated ac agrees with the experimental 
da t a  quite well, but  the experimental da ta  spread only to T = 100 K, so  tha t  we can not 
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compare the simulated result at 20K with the measured one directly. Nevertheless, the 

experimental yield stresses increase with the reduction of temperature  and the simulated 
data  are in conformity with the experimental fact qualitatively. 
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200- 

150- 

~ 100- 
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0 . . . .  i . . . .  i . . . .  i . . . .  i . . . .  I . . . .  ~ �9 " " 

0 50 1 O0 150 200 250 300 
temperature / K 

Fig.8 Experimental yield stresses and simulated critical stresses 
(1) experimental (Ref.[141, p.20) (2),(3) s~mulat~d (th~ work) 

3 . 5  T w o  o r  M o r e  D i s l o c a t i o n s  

As the results described in w show, •25 GB is a stronger obstacle to the gliding of a 

single dislocation. It seems that  E25 GB can not make contribution to the initial yielding. 
However, it is weU known that  dislocation pile-up plays important  role to dislocation sliding 
in facing an obstacle like GB. A much larger local shear stress is exerted on the leading 
dislocation of dislocation pile-up even when the external shear stress is small. Actually, the 
leading dislocation is driven by subsequent dislocations, so that  it glides more easily across 

GB surface than the single one does. Thus, E25 GB may also make contribution to the 
initial yielding, if there is dislocation pile-up in front of it. The simulation of gliding process 
of one dislocation driven by other dislocations is helpful for revealing the gliding behavior of 
the leading dislocation in a dislocation pile-up. Thus, a simulation is carried out, in which a 

second dislocation is added while the first one is close to GB, and then,  a third one is added 
again while the second one is close to GB. By this procedure, it is hoped to simulate what 

happens when dislocation is driven by others just like the situation in a dislocation pile-up. 

E25 GB is used at T = 20 K under shear stress by mirror images. Time evolution of the 
positions of first dislocation, second dislocation, third dislocation and GB is shown in Fig.9. 

Curve (1) shows the behavior of first dislocation without pushing of other dislocations. In 
fact, it is similar to curve (1) in Fig.5. Curve (2) of Fig.9 shows that  the first dislocation 
starts to pass through GB after the second one has been added at t = 30. Thereafter,  the 
second one glides as curve(3) and is also prevented by GB after t --- 50. It  starts to pass 

across GB when the third one is added at t = 65. Curve(4) shows the gliding process of the 
second dislocation pushed by the third one. Finally, the third dislocation glides as curve (5) 
and is also prevented by GB after t = 95. 

In this simulation, while the second dislocation has not been added, the shear stress 
exerting on the first one is ~%, which originates from the mirror image of the dislocation 
and becomes 137MPa when it approches GB. As shown by Fig.5, the critical stress ac is 
over 342 MPa, so that ,  it is certainly unable to pass across GB. However, after the second 
dislocation has been added, the stress exerted on the first one increases by several times, so 
that  it excesses ac- It  is the reason why the first dislocation starts to pass through GB at 



Vol,12, No.1 Chen Zhiying: Molecular Dynamics Studies on the Dislocation Gliding 83 

t = 30. But,  when it arrives at the right side of GB, the gliding behavior of the second one 
on the left side has the same feature as tha t  of the first one before t = 30. Thus, the second 

dislocation is still prevented by GB. So does the third dislocation. 

20 '  
! 

0 ' . . . .  I . . . .  I . . . .  i . . . .  T ' ' 

,20 -10 0 10 20 
position x (x0.359 am) 

Fig.9 Time evolution of positions of dislocation Centers 
while they are added one after another 

(~165,20K, 137MPa, 13476 atoms) 
(1) 1st dislocation only, (2) 1st dislocation after 2nd one added, 

(3) 2nd dislocation, (4) 2nd dislacation after 3rd one added, (5) 3rd dislocation 

The phenomenon in the above simulation is not the same as tha t  of a dislocation pile- 
up. In a dislocation pile-up, there exist a lot of dislocations simultaneously. It can not be 
simulated by so small a computational cell. However, the simulated phenomenon is similar 
to the dislocation pile-up ki one point: the first dislocation is driven by others. Therefore, 
this work just  shows that  for some strong obstacle(GB) the sliding of dislocations across GB 

might happen in dislocation pile-up. 

4. C O N C L U S I O N S  

The above results can be summarized into the following conclusions: 

(1) MD shows that  GB produces a short range stress field aud serves as an obstacle to the 
dislocation gliding. A single edge dislocation in the easiest slip plane and the easiest slip 
direction is able to pass across some CSL tilt GB, while the local shear stress excesses a 
critical value. 

(2) At 300 K, the critical shear stress ere lies between 23 MPa and 68 MPa for ~=165(T081) / 
~T2]15.50 ~ CSL GB. It coincides with the experimental yield stress er~(=42 MPa) quite 
well. It suggests that  the initial plastic yielding might be caused by the single dislocation 
gliding across some GB as one of the reasons. In addition, it appears tha t  there exists 
a possibility to obtain yield strength of metals based on the microscopic analysis, even 
though it needs further studies. 

(3) The value of cre for ~=165  at 20K lies between 137MPa and 274MPa, which is higher 
than tha t  at 300K. Tha t  is to say, ere increases with the temperature  reducing, which is 
in conformity with the experimentM fact qualitatively. 

(4) For ~=25(75T)/~r2]156.93 ~ CSL GB, the value of critical shear stress ere of a single dis- 
location is between 342 MPa and 411 MPa at 20 K. But,  when the dislocation is followed 
by other dislocations, it passes across GB quite easily. It is similar to what happens 
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in  the case of a dislocation pile-up. It suggests that  for some strong obstacle (GB), 
the sliding of dislocations across GB during initial yielding might happen in dislocation 
pile-up. 
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