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United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
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COMPUTER SIMULATION OF DISLOCATION GLIDE
* THROUGH FIELDS OF POINT OBSTACLES

by
Kenton Hanson, Sabri Altintas, and J. W. Morris, Jr.
Départment,of Materials Science and Engineering and

Materials and Molecular Research Division, Lawrence Berkeley Laboratory;
University of California, Berkeley, California 94720

ABSTRACT

The prob]em of dislocation glide through microstructure has been
simu]atéd in a model in which the dislocation is assumed to be a
string of constant tension and the microﬁtructural bafriers to glide
are taken to be immobile point barriers of giveh properties. The
construction of an efficiént and versatile simu]ation code capable of
handling the complex but interesting variants of this problem in
. reasonable computing time requires the use of sophisticated coding
procedures. Central prob]ems include: [1] storing the microstructure,
i.e., the Tocation dnd properties of obstacles, in easily retrievable
fo?m; [2] representing the dislocation éonfigurations so that complete
information is easily accessib]e and modifications in the configura-
tion are easily made; [3] constructing an efficient computer_algorithm
for advancing dislocations according to pre—se]eéted criteria without
loss of information. The solutions to these problems are described

and the capabilities of the code discussed.



| INTRODUCTION

The plastic deformation of a crystal is typica]ly accomplished by
the glide hotion of dis]ocations. The glide is driven by the app1ied'
- stress and Qpposed by mic}ostructural features such as so1utevatoms,
other dislocations, and precipitates or inc]usioné. Given the
geometric Comp]exity of the dislocation structure and the microstruc-
ture in the usual realistic case the treatment of dislocation glide
rapidly becomes analytically,intractab]e,.even when rather simplév
dséumptions_are made abouf the properties of the dislocations, the
obstéc]es, and their intekéctions. In analytic treatment of dislbca—
" "tion motion one is usually forced into idealizing assumptions concerning
bofh the critical events which govern glide and the mannér in which:
these events sum statistically to yield glide conditions or glide
rates.

The availability of large computers éddé a new dimension to the
study of dislocation motion. Since these are capable of rapid
vnumerica] calculation, of storing and recalling complex geometrical
information, and of modelling simultaneous interacting processes the
efficient use of computers allows the étudy of dislocation models in
much more elaborate detail. While computer models, like any theoreti-
cal mbde]s,'require initial idealizing assumptions the number of
these assumptions may be greatly reduced and the richness of the
resu]tsisignificantly enhanced.

Our own computer simulation research has concentrated on the
effects of the configuration of dislocétions.and the nathe and
distribution of microstructural barriers on the critica] ghear stress

and on the velocity of thermally activated glide. Given the intent of
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this work the properties of the dislocations and the microstructural
barriers have been modelled in the simplest plausible way so that the
full power of the computer could be devoted to providing the geometri-
cal structure needed to give good statistical detail.

In the basic problem studied here (1) the dislocation is modelled
as a flexible, extensible line of constant tension, T, and Burgers
vector of magnitude b. The dislocation is assumed to glide in a plane
containing a known (usually Poisson) distribution of point barriers (2)
of given properfies, whose density is characterized by the mean area
(a) per point.or by the characteristic lengfh L = (a)]/z.‘ A disloca-
tion segment pinned by two such obstacles under a resolved shear
stress, T, in the glide plane is bowed out into a circular area Qf

radius
R = T/(1b) | | (1)

or, in dimensionless form,

.
R = R/zS = F/(Tlsb) . _ (2)
It is possible and convenient to express the shear stress in a dimen-
*
sionless form, T , which simplifies its relation to the bow-out radius, -
*
R :
* *

T =1/2R = rzsb/zr . (3)

The interaction between the dislocation and a point barrier is
i]]uétrated in Fig. 1. The force exerted on the obstacle can be calcu-
lated (2) by resoTving the Tine tension of the two neighboring

- dislocation arms:



'F = Zf cos(y/2) ' ‘ - (4)

where § is the included angle between the dislocation arms. This

force may be conveniently made dimensionless:
B = F/2Ir = cos (y/2) . , (5)

If F_ is the critical value of the force at which the disTocation will
bypass: the obstac]e,_the strength of the obstacle may be denoted by
-the'corrésponding dimension]ess force BC (0 E—Bc < 1). If the disloca-
tion i; allowed to bypass the obstacle through thermal activation then
a more detailed specification of the dis]ocatﬁon—obstac]evinteraction
must bévgiven. Itnis sufficient to specify the function G(B) giving
the activation barrier to glide as arfunction of the applied force. |

A solution to the problem of plastic defofmation in the simp]é
modé1 outlined above should predictyét least three'types of informa-
tion:A [1] the athgrmaj yield stress, or tritical'resolved shear
stress for afhermal g]ide.(T:), whiﬁh depends upon the distribution of
dislocations, fhe nature of dislocation interactions, and the strength
and distribution of thé barrfers; [2] the rate of deformation, which
depends additionally on the app]ied stress, the temperature (which may
also be set in dimensionless form (1)) and the specific nature of the
dis]ocation-obsfac]e inte}action (i.e., on G(B)); [3] sa]ienf
. morphological features of thé deformation process, including in
particular thé.temporal (“jerkiness“) and spatial heterogeneityvof
flow. The solution should, moreover, be phrased in analytic form,
either as the analytic solution to a well-posed subproblem or as an

accurate analytic fit to probative computer-generated data.
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Given thése desirable features a suitable computer simulation‘codé
should have at least the following capabilities: [1] the flexibility
to simulate a variety of interesting cases; [2] the ability to‘generate
accurate data on the critical resolved shear stress and the flow rate
for non-trivial models in reasonable computer time; [3] the ability to.
monitor the deformation process in sufficient detail that critical
mechanistic features may be identified and isolated for detailed study;
[4] the capability of computing and retrieving the specific data
needed to assess and criticize theoretical models. A code'Which'
generally satisfies these criteria has been in use at Berkeley for some
time. In the following section the central features of that code are
described. The conc]udiﬁg section briefly lists some of the problems

to which it has been addressed.

BASIC CODING TECHNIQUES

In the basic problem simulated in this research a dislocation (or
set of dislocations) is introduced into a glide plane (or set of glide
planes) containing a distribution of point barriers of specified
properties. A stress is applied and the dislocations are allowed to
move freely until they find themselves in obstacle configurations which
cannot be passed mechanically under the applied load (adjusted for
dislocation interactions).

‘Subsequent behavior depends on the process being simulated. In
simulating athermal glide the applied stress is increased until the
dislocation configuration just becomes mechanically unstable. The
dis]ocatioﬁs are then displaced through the array until a new stable

configuration is found. This process of raising the stress to the



minimum point of instabi]fty and advancing the dislocations until a

new stable cbnfiguration is found is continged until a value of the
stress is reached at which no further stable configurations occur. The
lowest such value is the critical resolved shear stress, T:. The
~salient feature of the athermal glide process is the strength-
determining‘éonfiguration, the configuration of dislocations and
obstacles which is most stable mechanically, and hence determines r:.

In simulating thermally activated glide the applied stress is held
constant and the activatidn barrier computed at each pinning point in
the configuration; The site for thermal activation is then chosen
using proper stétistical procedures (1) (or well-defined approximations
to them). The activated site is broken, and the dislocations advanced
until a new stable configuration is found. This process is iterated
and the velocity of glide computed from statistical formulae (1). The
-'sa1fent features of thermally activated glide is the sequence 6f stable
’configdrations encountered during passage through the obstacle afray;
the geometric properties of these configurations determine the relevant
activation barriers.

The precise code used to simulate the processes described above
depends on the spécific case under study, e.g.,vwhethef we ére treating
an isolated dislocation or several dislocations which interact with
one another, whether the obstacles are assumed to be athermal or
thermally acfivated. 'These varibus specific codes are, however,
théined by varying the peripheral features of a code which depends
upon three central techniques: [1] a method for storing obstacle
arrays so that local subsets can be easily accessed; [2] a data

“structure for dislocations which carries all relevant information in a
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compact form and allows efficient modification as the dislocation is

moved; [3] a consistent algorithm which advances dislocations efficiently

and without loss of information.

1. Storing the Obstacle Array

Clearly any algorithm for locally advancingva dislocation need
consider only the obstacles in the immediate vicinity of the portion of
the dislocation currently being advanced. It is hence efficient to
store the obstacle array in subarrays such that only the relevant
Tocal subarrays need to be accessed and considered when locally

“advancing the dislocation. If a subarray has an area, A, containing
randomly distributed points of density one then the prbbability,
o(n,A), of finding n points in the subarray is

AP
p(n,A) = = exp(-A) . (6)
Inverting this function, a random number generator can.be used to
determine the number of points in each subarray. Thus by choosingvthe
dimensioné of the subarrays each subarray can be constructed‘
individually.

The subarrays may be filled in one of two ways. If the total
'size of the array is relatively small so that computer storage is not
an issue one may simply fill the subarrays by using a random number
generator to establish the x and y coordinates of the points contained.
The x and y coordinates of all points may be stored in ordered one-
dimensipna] arrays with additional ordered one-dimensional arrays, as
needed, containing the stkengths and other pertinent properties of the
individual obstacles. Two additional arrays of dimension two are used

to store the start and end location of each subarray in the x and y



arrays. Thus a directory is created for finding the necessary local
subregions of the entire array:. The directory a}so allows efficient
storage of the x and y arrays. Finé]]y,'each obstacle is marked with
. a digit indicating whether it is behind, ahead of, or on a given
dislocation.

'when the simulation considers either glide through large arrays .
or simultaneous glide in several arrays computer storage becomesb
re]evanf. A straight-forward and useful a]ternatfve method may then
be used. .Rather than storing the entire array the seeds for the randem
number generator fbr each sebarray are stored in the-directory on
construction of the subarrays previously described. Then no subarray
need be retained in storage since each can be constructed consistently
as heeded; Arrays can be recorded and reprodueed in separate
experiments by simply recalling (or eonsfstent1y_regenerating) the
sUbarfdy structure and the associated seeds.

If the subsequent reproducibility of the pafticu]ar obstacle array
is not neeessary to the simulation experiment an even more efficient
technique may be used. The ohly a'priori infokmation.known about a
random array of obstacles is its density, which is, in this problem,
identica]]y one if the unit of 1engfh is taken to be zs. It is hence
statistically permissable to construct random subregion§ as they are
needed when the dislocation isvadvanced. ance the dislocation does
not know what\is.in front of it, and does not remember what is behind
1t,'fhe only obstacle information which ever need be actively in |
storage is the nature and 1dcation.ef the'obsfac]es which are actually
in contact With the dis]qcation and the nature and location of the

obstacles immediately in front of the specific local section of the
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disTocation which is currently being advanced. In this way the glide
of an isolated dislocation through an array of'very large size may be
efficiently treated with minimal demand on computer memory.

These are the basic algorithms used in the simulation code to
efficiently create, store, and retrieve the obstacle arrays. The
modification of these techniques to treat non-random distribution is

straight-forward.

2. Representing the Dislocation

To optimizé the information obfained from the simulation of glide
it is important that the dislocation (or dislocations) be stored.in the
computer in a simple array which contains all relevant information and
can be easily accessed and updated. These criteria are efficiently met
by a data structure in which a dislocation is represented by a two-
way chained list. The centra] element of this structure is a simple
ordered list of the x and y coordinates of the obstacles in current
contact with the dis]ocatibn. Each obstacle in this list is then
connected to two identifiers which give tbe location in storage of the
obstacles to its immediate left and right; and to a mark which indicates
whether the mechanical stability of the dislocation segment to the
right of the obstacle has been verified. The configurations of several
dislocations may be simultaneously stored by adding a list of pointers
to one obstacle on each dislocation; given periodic boundary conditions
the sublist representing a single dislocation wf]l be closed under the
operation of left and right connection.

A1l relevent information concerning the dislocation, such as the
shapes of inter?obstac1e segments, the forces on the obstacles, and the

mechanical stability of the configuration, may be easily computed from



the information contained in this double-chained Tist. When the
dislocation is advanced:the by-passing of an obstacle is accounted for
by simply de]etjng it from the list and updating the relevant c0nhec;
tions; contact with a new obstac]e is achieved by simply adding it to
the Tist. Interesting configurations, such as the strength determining
configuration may be»stored for later stﬁdy by simply copying the list

in storage.

3. Advancing the Dislocation

The dis1ocatioh is advanced in the code by’the analytic equivalent
of the'fo1fowing procedure. A dis]ocatioh'configuration becomes
unstable by bypassing an obstacle along it, either because of mechanical
1nstabi]ity of the segment to the left or right of the'obstac1e due to
:1ncreasing stress or because the obstacle hasvbeen passed by thermal
activation according to some criterion; This obstacle fs appropriately
marked and removed from the list representing the dis]ocatibn; the
obstacles to its left and right.are connected in fhe 1ist and the
associated segment is marked to indicate that its stability has not
been verified.

The new dislocation segment will bow out between its terminal
obstacles toward equilibrium. This bow-out process will be terminated
by the first of three events: [1] the dislocation encounters a new
‘obétacle of the array; [2] the dis]bcatibn violates the angle condition
Y >y, = > B < B, ét one of its two end points; [3] the dislocation
segment bows into the equilibrium radius.R*(= 1/2 T*). To determine
the first of these events we utilﬁze a geometric relation (Fig. 2): if
a circular arc is drawn through two points A and B, and if a third

* point, C, is located on this arc and connected to A and B by lines AC
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and CB, then the angle, o, measured clockwise between the extension of

C and TB is given by

| Rp—

a = sin”' (RB/2R) | (7)

where AB is the distance from A to B and R is the radius of the arc.
Using the terminal conditions [2] and [3] a maximum value, o, may be
found at which the bow-out process necessarily terminates. The area
of the array associated with bow-out to o, may then be identified and
the values of oy computed for each obstacle, Ci’ witnin this area.

If there are obstacles having a; <o then the particular obstac]e
having the minimum value of o would be the first contacted by the dis-
location in a continuous bow-out process. The obstacle is added to the
-dislocation and the list is updated to correct for its connections to
left and right. The corresponding sections are marked and their
stability or possible further subdivision is tested in turn.

If there are no obstacles having ay <o then the appropriate
terminal condition [2] or [3] is invoked. If condition [2] pertains
then the unstable end point is by-passed by properly Tarking it,
removing it from the 1list, and updating the list. The update defines
a new segment whose stability must be tested. If condition [3]
pertain§ then a stable segment has been found. When the list repre-
senting the dislocation contains only stable segments a stable
configuration has been‘found.

When the dimensionless applied stress is high (T*‘§ 0.5) an
additional check must be made for possible instability due to self-
intersections of the dislocation and e procedure must be provided to

decompose the dislocation list to account for the formation of stable .
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loops from self-intersections during glide. The procedures for handling
fhese cases are Straight—forward using the ‘data structure and search -
algorithm described. At lower values of T*’sucﬁ intersections are
extremely uncommon, énd may usually be ignored.

A stable configuration may be broken by either increasing the
stress or selecting an.obsfacle for thermal activation. The stfess ét
which the configuration first becomes unstable may be precisely
calculated, and corrected for possibie contact with additional
obstacles during bow-out as the stress is raised. The athermal critical
resolved shear stress is that value of - which is just sufficient to
insﬁre that no stable configurations are found. It may be found by
continuously increasing T* until no further stable confiqurations are
encountered. ‘

This data struchre and search algorithm combine to yield a code
whose efficiency is -sufficient for our own research purposes. In
current use on the CDC 6600/7600 system at the Lawrence Berkeley
Laboratdry the code requires 25 computer units (8 seconds) of running
time to determine the athermal resolved shear stress for glide through
an array of 104 points together with a geometric analysis and TV-graphic
plot of the strength determining configuration. The simulation of
thermally-activated glide is only slightly less rabid. The simulation
of glide throUgh very large arrays is re]ative]y time-consuming, but
6

not prohjbitive]y so.  Analysis of glide through a square array of 10

points reqhires 1500 computing units (v7-1/2 minutes).
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APPLICATION
The coding procedures described above have been used to conduct
simulation stddies on a variety of problems in dislocation glide. Many
of the central results of these studieé have, or shortly will be,

published elsewhere. Research to date includes the following.

1. Glide of a single dislocation through an array of 1ike obstacles

The athermal critical resolved shear stress for glide through a
random array of like obstacles was previously investigated by Kocks (3)
(for the particular case of impenetrable obstacles) and by Foreman and
Makin (4). 1In the preéeht program these studies were extended to
include the statistics of the athermal glide stress and the detailed
features of the particular obstacle configurations which determine the
glide stress (5). Based on the insight provided by these studies
analytic equations were developed to estimate the athermal glide
stress and the geometric properties of the strength-determining config-
urations whichvdetermine the glide stress (5). Based on the insight
provided by these studies analytic equations were developed to estimate
the athermal glide stress and the geometric properties of the strength-
determining configqurations in the 1limit of large array size (6). To
test the validity of these equations it was necessary to simulate glide
through very large arrays (7). Fig. 3 is taken from this work, and
presents the athermal critical resolved shear stress as a function of
array size for square arrays of up to 106 obstacles of strength BC =

0.01.
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The thermaiiy activated giide of a dislocation thfough a random
distfibuﬁion of point barriers was investigated in mechanistic detail
(5). 1In earlier theoretical work (1) the statistics of‘thermally,

_acfivated.g]ide were deve]oped and'useful approximations.identified.
These‘approximations were studied through simulétion and tﬁeir range of
accuracy identified (5,8); The work was extended (8) to investigate
the rate and morpho]ogy of_the thermally activated deformation of an
idea]ized:crystai deforming through the p]anarig]ide of non—iﬁteracting

dislocations.

2. Glide through fields of unlike barriers.

The analytic procedure developed in reference (6) to estimate the
critical resolved shear stress for glide through an array of like
~barriers was extenaed to treat the case of simultaneous random distri-
butioné of_obstac]es'of different properties (9). The predictions of
the equations were cohpared to the-resu]ts of simulation experiments on
 glide through arrays containing both strong and weak obstacles.
Relevant properties of tHe strength-determining configurations were
’ determined, ihc]uding thevdistribution of angies and segment lengths
éhd the relative fractions of strong and weak obstacles. More recent
work'(7) has included simulations of thermally activated g]ide’throdgh
mixed arrays of strong and weak'obstacles, studies of the athermal
glide stress in arrays containing distributions of obstacle properties,
and large array simulations probing the initial effect of a small
admixture of relative]y étrong obstacles on glide through an array'of

relatively weak obstacles.
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3. Simultaneous glide of interacting dislocations.

The coding procedures described here can be directly used to
simulate the simultaneous glide of interacting dislocations so long as
the internal stress due to dis]ocafion interaction can be reasonably
approximated as constant over each dislocation segment. Recently the
code has been used to simulate the glide of both planar and vertical
arrays (low angle grain boundaries) of Tike dislocations (7). Athermal
glide stresses have beenldetermined as a function of dislocation
density (Qrain boundary angle) in both these cases and the strength-
determining configurations have been identified and studied. Examples
are presented in Fig. 4. The simulation of the éVo]ution of distribu-
tions of unlike dislocations distributed over parallel glide planes is

within our capability, and will be done in the near future.
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FIG. 1
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FIG. 3
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FIG. 4

EXAMPLES OF INTERACTING DISLOCATIONS
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