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1. In~'oduction 

Electron microscopy studies of deformed metals have shown that the spatial distribution of dislocations is 
decidedly non-random. In most cases, the dislocations are arranged into definite patterns. The observed patterns 
are often in the form of dislocation cells/sub-grains which consist of relatively dislocation free regions surrounded 
by walls composed of dense tangles of dislocations. The cell size is known to depend sensitively on the 
conditions present during deformation (i.e. strain rate, temperature, etc.) If the conditions under which a material 
is being deformed is abruptly changed, transients in the stress/strain curve are observed which persist until the 
dislocation patterns appropriate to the new conditions are established. This indicates that dislocation patterns play 
a major role in determining the mechanical response of a material. 

The existence of dislocation patterns indicates the importance of dislocation-dislocation interactions. These 
interactions are of two forms: 1) long-range elastic interactions, and 2) short-range topological interactions (i.e. 
dislocation tangling). In the present paper, we focus on dislocation pattern formation in the framework of a 
simulation procedure which accounts for the interactions between a large number of dislocations (typically 103 
dislocations) at densities which are typical of deformed metals. 

Recently, Lepinoux and Kubin (1) and Ghonhiem and Amodeo (2) presented simulation procedures with 
similar goals. Lepinoux and Kubin (1) described the evolution of dislocation patterns in the framework of a 
cellular automata model, while Ghonhiem and Amodeo (2) developed a technique based upon the molecular 
dynamics method. Both studies accounted for dislocation interaction in terms of the elastic interactions between 
pairs of dislocations which they truncated at a predefined cut-off radius Rc. In our study, we have employed a 
molecular dynamics-type simulation method, similar to that employed by Ghonhiem and Amodeo (2), and have 
examined the influence of the elastic interaction cut-off procedure. The method by which the dislocation- 
dislocation interactions are cut-off is extremely important since the force one dislocation exerts on another decays 
very slowly (l/r). This suggests that a cut-off at any finite distance ignores most of the elastic interactions (i.e. the 
integral of 1/r from an inner cut-off distance to Rc is a poor approximation of the integral to infinity for Rc < ~). 
Such truncation of the interaction distance is known to introduce decidedly unphysical effects in simulations of 
ionic systems, where the forces decay more rapidly than in the present case (3). 

In the present paper, we determine the dislocation patterns formed when an initially random distribution of 
edge dislocations on parallel slip planes relaxes under the influence of their mutual interactions and with no applied 
stress. In the following section, the details of the simulation procedure employed are described and a new method 
for avoiding the interaction cut-off issue is discussed. The dislocation patterns for simulations both with and 
without a cut-off are shown in Section 3.  The dislocation pattern is then analyzed in terms of dislocation pair 
distribution functions. 

2. Simulation Method 

In the present model, the dislocation lines are assumed to be straight, parallel, and are of edge character. 
Under these condition, the simulation is essentially two-dimensional. The dislocations earl move both along their 
slip plane and normal to it by glide and climb, respectively. The simulation method can also account for arbitrary 
externally applied stresses. For simplicity, we restrict our attention to the case where all dislocations have parallel 
(or anti-parallel) Burgers vectors, the applied stress is zero and the temperature is sufficiently low that climb may 
be neglected. These simulations, therefore, correspond to low temperature, stage I deformation of single crystals 
(oriented for single slip). 
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The total force on one dislocation due to all of the others may be expressed in terms of its Burgers vector 
(bi) and the stress fields of each dislocation in the group (oj). The Peach-Koehler (4) equation yields such a force 
per unit length on dislocation i, which is given by 

L j,i  

where the summation is over all dislocations excluding dislocation i, oj is evaluated at the position of dislocation i, 
and ~ is the dislocation line direction. By resolving this force parallel to the Burgers vector of dislocation i, the 
glide force is: 

2 2 
Fig = Z  libibj xij(xiJ-YiJ) (2 )  

L 2~ (1 -v )  j~i (x2+y2) 2 

where we have chosen the x-direction to lic parallel to the Burgers vector and xij and Yij arc the components of the 
relative separation between dislocations i and j. 

The sums in Eq. (2) are difficult to evaluate duc to the long-range interactions between dislocations, which 
decay as the inverse of the intcrdislocation distance. Two alternative approaches are considered: I) truncation of 
interactions at some cut-off distance Rc or 2) infinitely repeating the simulation cell so as to fill all space and 
summing the interactions duc to all of the replicas. Employing the second option, the force on a dislocation, I, 
due to another dislocation, 2, and its replicas in the direction normal to the Burgers vector can be summed simply 
by noting that this arrangement is equivalent to a low angle grain boundary whose stress field can bc detcrmincd 
analytically (5). Since the force on dislocation I duc to the low angle boundary corresponding to dislocation 2 
decays very quickly away from the low angle boundary (i.e. nearly exponentially), only a fcw dislocation 2 
boundaries (spaced I unit ccli apart in the x-direction) must be included to account for the remainder of the two- 
dimensional lattice of dislocation 2 replicas. The extra computational burden associated with explicitly performing 
this sum is avoided by constructing a two-dimcnsional table of forces on one dislocation due to another dislocation 
(and all of its replicas) and interpolating. This method for calculating the force guarantees that all dislocation 
interactions out to infinite distance arc incorporated and ~ interaction cut-off distance, Re, is employed. 
However, solely for the sake of comparison with simulation methods which employ an explicitly interaction cut- 
off distance, a small number of calculations wcrc performed in which a cut-off distance was used (Re=0.5 cell 
length). 

In the present simulations, the magnitudes of the constants in Eq. (2) were chosen to rcprescnt copper 
(tt=5.5x10 I0 N/m 2, v=0.324, I b I=2.5xi0 -I0 m). The computational cell was a square with cdgc length 10 -6 m 
and the dislocation density was fixed at I015 m -2, corresponding to I03 dislocations. Periodic boundary 
conditions were assumed, implying that a dislocation that moves past the right edge of the cell reappears at the left 
edge. The starting configuration was obtained by randomly placing edge dislocations in the computational cell 
with an equal density of parallel and anti-parallel Burgers vectors. The equilibrium dislocation patterns were 
obtained by moving the dislocations to positions where the total glide force on each dislocation was zero (i.e. the 
dislocations were not allowed to climb). This was accomplished by employing a large frictional force on the 
motion of each dislocation within the framework of our Molecular Dynamics procedure. In order to guarantcc that 
the dislocations were at minimum energy positions, the Pcierls stress was set to zero in the present calculations. 

The equilibrium (no climb) configuration of the dislocations is non-random due to the dislocation- 
dislocation interactions. The relative arrangements of the dislocations can be characterized in terms of dislocation 
pair distribution functions. Since the stress field (and hence the interaction force) of an edge dislocation is 
anisotropic, two-dimensional distribution functions are most appropriate for analyzing the dislocation patterns. 
We define the two-dimensional pair distribution function F(x,y) as the difference in the local density of like (f+) 
signed (i.e., parallel Burgers vector) and unlike (f-) signed dislocations as a function of their relative position 
(x,y), F(x,y)-[f+(x,y) - f-(x,y)]/p, where p is the mean dislocation density, f+(x,y) dxdy is calculated as the 
number of edge dislocations, with the same Burgers vector as the dislocation at the origin, that fall into the grid 
element (x-4x+dx, y~y+dy)  normalized by the dislocation density times the area of that grid element and 
averaged over all possible dislocations as origins. The distribution functions displayed in the next section have 
been averaged over the relaxed configurations from 8 simulations corresponding to a total of 8,000 dislocations. 
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3. Results 

Dislocation patterns found using the relaxation method described for the infinitely repeated cell (i.e. no cut- 
off) are displayed in Fig. la. In this figure, each dislocation is represented by either z or T, depending on the 
sign of the Burgers vector. While a well ordered structure is not observed, short-range order is clearly present. 
The two main features observed in the microstructure are: 1) the presence of dislocation dipoles and 2) dislocation 
walls consisting of vertically aligned edge dislocations with the same Burgers vector. A significant fraction of the 
dislocations have formed very closely spaced dipoles which are extremely stable in the absence of climb. The 
dislocation walls which are observed are similar to that seen in low angle grain boundaries. However, these walls 
are of only finite extent and are not nearly as narrow as would be expected of true low angle grain boundaries. An 
additional, albeit less pronounced feature, of the dislocation pattern observed is the presence of dislocation walls 
lying at 45 ° . Unlike the vertical walls, however, these walls appear to consist of equal numbers of dislocations 
with positive and negative Burgers vectors. No particular order is noticed in the direction parallel to the Burgers 
vector (i.e. the x-direction). 

For the sake of comparison, additional simulations were performed without the infinitely repeated cell and 
with an interaction range cut-off (Rc) equal to half the cell size. Figure lb shows the dislocation pattern observed 
under such conditions shortly before complete relaxation. The completely relaxed configuration is very similar to 
the one showed in Fig. lb, but with dislocation walls so sharp that the individual dislocations could no longer be 
distinguished. Under these conditions, the dislocation walls extend over the whole vertical dimension of the 
simulation cell and contain dislocations which are almost entirely of the same sign. Four dislocation walls are 
observed and the sign of the Burgers vector ahemates from wall to wall. This is very similar to a polygonized 
structure. Further calculations with different values of Rc, however, show that the spacing between walls changes 
with the value of Rc. In particular, it appears that the system tries to adjust the interwall spacing to be equal to 
Rd2. 

Since the dependence of the interwall spacing on Rc makes the simulations with finite interaction distance 
cut-off suspect, only those simulations performed using the infinitely repeated cell (no cut-off) method (e.g. Fig. 
1 a) were further analyzed. The two-dimensional dislocation pair distribution function is F(x,y) is shown in Fig. 
2, where the dark regions indicate high densities of dislocations with the same sign as that at the origin and the 
white regions indicate high densities of oppositely-signed dislocations. This distribution function shows a strong 
attraction between unlike dislocations at small x, particularly at 45 ° (the 45 ° line corresponds to the equilibrium 
positions of a pair of anti-parallel edge dislocations). (The extension of this region along the y-axis is attributable 
to the ,mall but finite grid size used in creating the contour plot.) There is a strong propensity for like-signed 
dislocations along the y-axis, consistent with our observations of dislocation walls in the microstructure, Fig. la. 
The strong preference for like-signed dislocations along the y-axis is balanced by parallel, nearby regions of 
oppositely-signed dislocations. Along the x-axis, the net dislocation density appears to show some oscillation, 
going from near zero to reasonably large densities of like-signed dislocations. 

4. Discussion and Conclusions 

When a dislocation interaction cut-off distance is employed, oppositely-signed dislocations are pushed 
outside the cut-off range leading to a buildup of sharp like-signed dislocation walls at the cut-off distance. The 
formation of such walls prevents the formation of low-energy dislocation dipoles. In the present calculations, this 
artefact has been removed by the introduction of an infinitely repeated unit cell with no interaction cut-off. Similar 
observations have been made in the simulation of ionic fluids (3) and have been overcome by the introduction of 
an Ewald summation method or by properly employing a screened long-distance interaction formalism. 

The dislocation microstructures observed in the infinitely repeated simulation cell calculations demonstrate 
that equilibrated dislocation spatial distributions are correlated. Both the microstructures and pair distribution 
functions show that dislocation walls and dislocation dipoles constitute the preferred low-energy structures. The 
separation between the dislocations in the dipoles are limited to spacings of order the mean interdislocation 
separations (i.e. 0.03 on the length scales of Figs. 1 and 2). The dislocation wall structures, on the other hand, 
extend over distances of order ten times the mean interdislocation spacing. The oscillations in the dislocation 
density in the direction parallel to the Burgers vector are rather weak and are much more easily observed in the 
dislocation pair distribution function plots than in the microstructures. The wavelength of this oscillation is of 
order the mean interdisloeation spacing. However, due to our limited statistics, it is not possible to determine if 
this oscillatory behavior is real or purely statistical. Assuming the dislocation at the origin is positive, nearby 
negative dislocations are attracted in toward the origin leaving a net increase in positive dislocations behind. This 
positive region attracts its own cloud of negative dislocations and hence the oscillations continue away from the 
origin, albeit with decreasing amplitude. 
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FIG. 1 Simulated dislocation microstructurcs with a dislocation density of  1015 m -2 corresponding to 10 3 edge 
dislocations in a 1 gm x 1 grn simulation cell using (a) the infinitely repeated simulation cell (i.e. no cut-off) and 
(b) the truncated interaction distance (Pc = 0.5 cell size) methods. 
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In order to determine the effects of dislocation density, simulations were performed for p = 1011, 1013, 
and 1015 m -2. The dislocation pair distribution functions F(x,y) for these three densities yield nearly identical 
structures when the x and y axes are scaled by the mean interdislocation spacing, p-l/'2. This result is expected 
since there is only one length scale in this problem, i.e p-l/2. 

Since the pair distribution function indicates the presence of dislocation walls of finite extent and a 
periodicity in the direction perpendicular to these walls, we may view this structure as consisting of ill-formed 
dislocation cells. Within this interpretation of the microstructure, the observed scaling of all lengths by the 
dislocation density implies that the dislocation cell size varies with the mean dislocation density as p-l/2. Such a 
scaling has been predicted on theoretical grounds by Holt (6) based upon a spinodal decomposition-like theory. 

Comparison of the present dislocation patterns with those observed in deformed metals is difficult since 
real dislocation cell structure depends sensitively on the deformation conditions (e.g. strain rate, temperature). 
However, careful etch-pit studies of dislocation patterns in silver single crystals have been performed by Worzala 
and Robinson (7). The micrographs obtained using etch pitting show a remarkably strong correspondence with 
our simulated microstructures. Both the simulated and silver micrographs show the presence of a rough cell 
structure consisting of both dislocation clusters and crude dislocation walls. The applied stress driving 
deformation will sharpen the cell structure by overcoming local barriers to dislocation motion. Additionally, 
application of an external stress effectively cuts off the dislocation interaction at a finite distance. This can be most 
easily seen by examining the case of dislocation dipoles, where the application of an applied stress reduces the 
maximum separation between bound dipoles from infinity at o-=0 to a distance which decays as t /o  for finite o (8). 
[Additionally, the presence of additional dislocations tend to destabilize dipoles (9).] Therefore, flae application of 
an external stress results in a stress-dependent dislocation interaction range cut-off. Our finite cut-off distance 
results (Fig. lb) show that this leads to the formation of much sharper dislocation walls. 

Since dislocation cell structure is sensitive to deformation conditions, future work in this area will focus on 
the effects of applied stress, climb (i.e. temperature), and obstacles on dislocation structure, its evolution and the 
plastic properties of crystals. 
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FIG. 2 Contour plots of the dislocation pair distribution function F(x,y) averaged over 8 simulations. Figure b 
was produced with twice the resolution of Fig. a. The x and y axes have been scaled by the simulation cell size. 
The light (dark) regions correspond to high concentrations of dislocations with Burgers vectors opposite to (same 
as) the dislocation at the origin. The distribution function was determined in one quadrant and rcflccw, d. 


