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DIRECT OBSERVATION OF GRAIN BOUNDARY DISLOCATION

CLIMB IN ION IRRADIATED GOLD BICRYSTALS 

by
++            *                   **

Y. Komem  , P. P troff and R. W. Balluffi

Thin-film gold bicrystals containing (001) low angle

twist boundaries, with twist angles in the range e=7-14°, and

high angle twist boundaries, with 0-37°, were prepared by

welding evaporated films together face-to-face.  All the bound-

aries contained regular orthogonal arrays of intrinsic screw grain

boundary dislocations (GBD's) as well as more randomly occur-

ring extrinsic edge GBD's having Burgers vectors essentially

perpendicular to the boundary. The specimens were irradiated

on one face with 2OkeV gold ions producing excess self-inter-

stitial atoms which diffused to the extrinsic GBD's causing

them to climb in the boundary. The extrinsic GBD climb, in

turn, caused the boundaries to act as overall interstitial

sinks. The climb motion was observed directly by transmission

electron microscopy. The intrinsic screw GBD's in the high

angle boundaries (and probably also in the low angle boundar-

ies) remained unaffected during the process, but possibly
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t.hey    a c t e'd --as s h o r t    c i r c u i  t i n g    p i p e s w h i c h d e l i v e r e d     i n t e r-

stitials to the extrinsic GBD's.  It is concluded generally

that both low and high angle boundaries may act as point de-

fect sinks (sources) by means of the climb of GB D 's having

Burgers vectors with components normal to the boundary plane.

This process is actually a form of internal crystal growth

(dissolution) with the GBD's acting as "internal crystal

ledges".



.

1.  INTRODUCTION

The ability of grain boundaries to act as sources

(or sinks) for point defects has been demonstrated on many

occasions (for example: Ballu f f i    and S eigle    1955, A l·exander

and Balluffi 1957, Norris 1971). Recently, it has been sug-

gested that the climb of suitable grain boundary dislocations

(GBD's) must be responsible for the point defect source (or

sink) action of grain boundaries(Gleiter 1969a,b, Schober and

Balluffi 1971b).

In the present work we demohstrate the essential

role played by GBD. c.limb in allowing both low and high angle

twist boundaries to act as sinks for excess self-interstitial

atoms (interstitials).  Thin-film bicrystal gold specimens

possessing grain boundaries containing edge GBD's with Burgers

vectors perpendicular to the boundary plane were bombarded on

one face with 2OkeV gold ions. This irradiation produced a

current of excess interstitials which diffused to the GBD's

causing them to climb. The GBD climb, in turn, caused the

boundaries to act as overall sinks. The GBD climb motion was

observed directly by transmission electron microscopy.

2.  EXPERIMENTAL

2.1  Specimen Geometry

The gold bicrystaT specimens, containing pure (001)

twist boundaries, were prepared by welding (001) evaporated

single crystal films together face-to-face usinga technique

described previously (Schober and Balluffi 1969, 1970).  Ex-
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tensive grain boundary areas were prepared by this technique

which could be readily examined at normal incidence in the

electron microscope.

Previous work (Schober and Balluffi, 1970, 197la)

has shown that (001) twist boundaries prepared by this method

contain the following twotypes of GBD's:

(1) Intrinsic screw GBD's. These GBD's are present in

regular orthogonal networks and are part of the equilibrium

boundary structure. So far, these arrays have been observed

only in ranges of misorientation centered around singular

misorientations corresponding to a high density of coincidence
sites in the unrelaxed boundary. The role of these GBD's is

to restore most of the boundary area to the relatively good

fit characteristic of the singular misorientation. The most

familiar example of such an intrihsic GBD structure is the

classical low angle boundary consisting of a network of ortho-

gonal screw GBD's possessing Burgers vectors 8 = a/2<110>.  In

this case the singular misorientation corresponds to zero twist

angle with all atoms across the boundary in coincidence (i.e.,

E=l, where I is the reciprocal of the fraction of atoms in co-

incidence). Similar intrinsic GBD networks have been detected

near the singular twist angles es = 22.6° (E=13), 28.1° (E=17)

and 36.9° (E=5). Even though such GBD's have not yet been de-

tected over the entire range of possible.twist misorientations,

we believe that they exist over most, if not all, of the total

range (Balluffi, Komem and Schober, 1971).

(2) Extrinsic GBD's.  These GBD's are extra dislocations
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which happen to be present in the boundary and which are not

part of the equilibrium structure.  They are generally dis-

tributed in a rather disorganized fashion, and their strain

fields do not cancel at large distances. These GBD's have

been foundto be essentially edge dislocations with their Bur-

gers vectors perpendicular to the boundary. The most likely

sources of such GBD's in the present specimens were lattice

dislocations which entered the boundaries during plastic de-

formation during the welding operation, or else (002) atomic

steps which were present on the surfaces of the evaporated

films prior to welding (Schober and Balluffi, 197la).

In the present work two types of boundaries were in-

vestigated:  i.e., low angle £=1 (es=0) boundaries having twist

angles 0, in the range 0=7 to 14° and high angle E=5 (0s=36.9°)

boundaries having twist angles within a few degrees of 37°.

Examples of the initial appearance of the GBD struc-

tures in these boundaries are given in figs. la, 2a and 3a.

Here, the extrinsic GBD's.appear as wide images exhibiting

either symmetric "black-white-black" (BWB) or "whitd-black-
white" (WBW) contrast. This contrast was produced using a dif-

fraction vector, 3, lying in the boundary plane so that  ·% = 0,

and 3.8x1 0 0 where 8 .is the Burgers vector and & is the dis-

location line tangent vector. A full discussion of this type

of contrast has been given elsewhere (Balluffi, Woolhouse and

Komem, 1971). The grids of intrinsic GBD's were generally ob-

served as part of the background structure of the high angle

I=5 boundaries as seen in figs. 2a and 2b. The grid spacing,
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d, varies inversely with the deviation,from the singular twi·st

angle 0s = 36.99 and is .given by

d= 1;

les-el '    (1)

The corresponding intrinsic.GBD grids in the low angle I=1

boundaries w e r e     n o t      clearly o b s e r v a b 1  e   ·  i  n     m o s t     c a s e s      s  i  n c e

their spacings, according to eqn. (1), were in the rahge 12-

24A.

A detailed analysis of -the manner in which the ex-

trinsic and intrinsic GBD's interact has been described else-

where (Schober and Balluffi, 197la) and is illustrated in'fig.

4.  If we imagine that an extra dislocation with the lattice

Burgers vector % = a/2[1OI] becomes imbedded in an initially

uniform grid of intrinsic.screw GBD's in either a E=l or E=5

boundary, the structures shown in fig. 4 result when the dis-

location lies at either 0 or 45° with respect to one set of

the intrinsic GBD's. Various interactions occur which produce

the complex line structures shown along AB and CD. The Bur-

gers vectors of the different segments which are involved are

as follows:
I

*
81   a/2[1 Io]

 

G2   a/2[110]
E=l boundary <  3 a/2[011] (2)

 4   a/2[011]

  5   a/2[101],

+.
th*The position of the i segment corresponding to each b. is

1indicated in fig. 4.
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 1 = a/10[I 30]

82 = a/10[310]
E=5 boundary< %3 = a/10[215]    (3)

84 = a/10[2 I51

 5 = a/10[125]\

In addition, it is readily shown (Schober and Balluffi, 197la)

that the effective Burgers vectors of the line defects along
*

AB and CD are just a/2[OOI] when p = 1.5d in fig. 4 .  (See

distance p in fig. 4.) These defects are therefore effective

edge dislocations (of rather complicated structure) with ef-

fective Burgers vectors normal to the boundary plane.

2.2  Irradiation and Microscopy

Prior to irradiation, the specimens were mounted in

electron microscope specimen holders, and four or five typical

grain boundary areas were selected and photographed in the

microscope.  Dark field images of the GBD structure in each

area were obtained using a strong two-beam condition exclusively

in the crystal facing upwards in the microscope and also in

the crystal facing downwards (see below).  Extensive discus-

sion of the GBD contrast to be expected under these conditions

has been given elsewhere (Balluffi, Woolhouse and Komem, 1971).

The specimens, while still clamped in the electron

microscope cartridge, were then transferred to a heavy ion

accelerator (Scanlan, Styris and Seidman, 1971) and were bom-

barded at room temperature on:one face with 2OkeV gold ions as

* .We note that this result shows that the horizontal component
of the original extra dislocation has been eliminated ex-
actly by-interactions with the intrinsic.GBD network.

a                                                                                                 ]
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shown schematically in fig. 5. The specimen was oriented with

the [001] direction (i.e., surface normal) about 15° away from

the incident beam direction in order to minimize channeling

effects.  We note that it was found experimentally that less

microscope contamination formed on the face of the specimen

which was facing -downwards in the electron microscope, and the

specimens were therefore irradiated on this face. Crystal 1,

which was the crystal facing away from the ion beam (fig. 5),

was therefore always the upper crystal during electron micro-

scope observation.

Previous work (Thomas, Schober and Balluffi, 1969)

.x,  has shown· that under such bombardment conditions the 20keV ions

are stopped in displacement cascades in a region well within
0

4200A of the surface, and that vacancy-rich depleted zones are

produced in the cascades. The depleted zones form as a result

of the ejection from the cascade regions of a net number of

interstitials by means of long-range focused replacement col-

lision sequences (Beavan, Scanlan and Seidman, 1971; Pdtroff

and Seidman, 1971, 1972). The net result in the present speci-

mens is the deposition of interstitials well within Crystal 2

with the vacancy defects left behind essentially.at the sur-

face as indicated schematically in fig. 5. Since the inter-

stitials are certainly mobile at room temperature (Schilling,

Burger, Isebeck and Wenzl, 1970) .this experimental arrangement

exposed the grain boundary to a flux of excess mobile inter-

stitials.

After irradiation, the specimens were.again placed

--1



in the microscope, and the previously photographed areas were

again located and photographed. A substantial fraction of the

depleted zones caused by 2OkeV ions is known to be visible in

the electron microscope in the form of dislocation loops or

"black spot defects" (Thomas, Schober and Balluffi, 1969;

Merkle, Singer and Wrobel, 1970), and these were readiTy visible

in the present work when the two-beam diffraction condition was

established exclusively in the lower crystal (Crystal 2) as

seen in fig. 6b. These effects generally obscured the struc-

ture of the boundary. However, when the corresponding dif-

fraction condition was established in the upper crystal (Crys-

tal 1) none of the vacancy defects were imaged, as expected,

and the grain boundary structure could be observed clearly as

seen in fig. 6a. All of our grain boundary observations after

irradiation were therefore·made with only the upper crystal in

a strong two-beam diffraction condition.

3.  RESULTS

The following results were obtained:

3.1  High Angle (E=5) Boundaries

3.1.1.  The extrinsic GBD's which were·widely spaced in
0

the boundary (i.e., >1GOOA) cliinbed over large distances in

the boundary plane as a result of the irradiation as seen in

figs. 2 and 3. The average climb distance, w, was defined as

WE L- , (4)
,·                                                                                                                               0

where A is the area swept out by the climbing GBD, and L  is0
0

.the original GBD length.  Values of·Q in the range 200-650A

-
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13
were obtained for ion doses in the range 0=2 t o 4x10'- ions

-2
cm

3.1.2.  When the spacing of the extrinsic GBD's was less
0

than '62OOA, the climb distance became small and difficult to

measure with any accuracy.

3.1.3.  The direction of the climb of the extrinsic GBD's

was correlated with the BWB or WBW nature of the diffraction

contrast calculated previously for such edge dislocations

(Balluffi, Woolhouse and Komem, 1971), and it was verified

that the-climb occurred by the absorption of interstitials

rather than vacancies; i.e., the climb always occurred in a

direction away from the position of the "extra plane" as de-

termined from the nature of the contrast. A case where GBD's

with opposite Burgers vectors (as revealed by a reversal of

the sign of their triple contrast) climbed in opposite direc-

tions is seen at B and C in fig. 3.

3.1.4.  The climb distance of the widely spaced(i.e.,
0 <

51000A) extrinsic GBD's decreased monotonically with an in-

crease in the intrinsic GBD spacing (fig. 7).

3.1.5.  In areas free of extrinsic GBD's the intrinsic

GBD's remained unaffected.

3.1.6.  .The regular arrangement of the intrinsic GBD net-

work was disturbed in regions which were swept out by the

climbing extrinsic GBD's.

3.2  Low Angle (E=l) Boundaries

3.2.1.  The extrinsic GBD's climbed over large distances in
0

the boundary plane (fig. 1).  Val.ues :of Q i.n the ranga 100-3OOA
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were obtained for 0=2 t o 4x10 ions cm13.      -2

3.2.2.  The extrinsic GBD's tended to adopt kinked con-

figurations during climb with individual segments oriented

along <110> directions (fig. 1).

3.2.3.  No observations of the behavior or influence of the

intrinsic GBD's were made, since these GBD's were generally

too closely spaced to be observed conveniently.

4.  DISCUSSION

4.1  High Angle (I=5) Boundaries

The present results show directly that the high

angle twist boundaries acted as sinks for the mobile inter-

stitials as a result of the climb of the extrinsic disloca-

tions*.  The extrinsic GBD climb added atoms to the lattice

structure in the grain boundary region thereby causing the two

crystals to move apart. The grid of intrinsic screw GBD's re-

mained unaffected (except in the direct vicinity of the climb-

ing extrinsic GBD's) and evidently did not act as interstitial

sinks.  This behavior is to be expected, since a screw dislo-

cation can only absorb point defects by increasing its projected

area on a plane perpendicular to its length. Since the Burgers

vectors of the intrinsic screw GBD's are not lattice vectors,

it was.topologically impossible for them to absorb point de.,

fects by climb.

*  Previous work by Schober and Balluffi (1971b), and addi-
tional,control experiments in the present work, proved that
the observed motion of the extrinsic GBD's could not have
been due to thermal or mechanical effects during handling
but could only have been due to interstitial-induced climb.



-10-

All of the observed results appear to be consistent

with a model in which the extrinsic GBD's actedas relatively

efficient sinks for the mobile interstitials. For example,
0when the ·extrinsic GBD's were closer than about 200A their

diffusion fields evidently overlapped, and their climb dis-

tances decreased correspondingly.

The detailed manner by which the complex extrinsic

GBD line structures shown in fig. 4 translated by climb is

not entirely clear.  The various segments labelled 3, 4 and

5 (fig. 4) all have strong edge character and would be expected

to climb approximately in the manner of edge dislocations

(Balluffi, 1969). In the general case when the extrinsic GBD

was not parallel to one of the intrinsic GBD sets (e.g., AB in

fig. 4) continuous translation of the line would require con-

siderable distortions of the regular arrangement shown in fig.

4 to occur periodically during the motion.  Such distortions

were undoubtedly responsible for the disturbed regions in the

intrinsic GBD network found in the wake of the climbing extrinsic

GBD's.

The observed increase in extrinsic GBD climb distance

with decreasing intrinsic GBD spacing is of considerable in-

terest and could conceivably be due to either:

(a)  increased transport of interstitials to the climb-

ing extrinsic GBD's by short-circuiting along the

increased number of intrinsic GBD's which acted as

fast divergenceless transmission pipes.

(b) an increased climb rate due to the increased
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number of nodes in the extrinsic GBD configur-

ation (fig. 4) which acted as heterogeneous

sites for jog nucleation (Ba··lluffi, 1969).

Unfortunately, it does not seem possible to distin-

guish «between these possibilities on the basis of our limited

knowledge of the present system.

Finally, we demonstrate by means of a simple order-

of-magnitude estimate that the observed climb distances are

not inconsistent with the previous model and discussion. The

number of interstitials deposited within the specimen per unit

area of surface may be estimated as

N = f01 = 1015cm-2
2 Ed

(5)

where,

13.      -2
0 = dose = 3x10 ions cm

4
E = incident ion energy = 2x10 eV

Ed = displacement energy = 35eV (Wollenberger, 1970)

f = fraction of interstitials which survived their cas-

cade and were ejected in the forward direction   4.

Here, we have employed the model of Kinchin and Pease (1955) in

order to estimate the number of interstitials produced. The

value f e 4 is not inconsistent with current ideas about inter-

stitial survival and also available ·field ton microscope obse.r-

vations of in.terstitial dis'tributions around cascade regions

in tungsten ·and platinum (Beavan, Scanlan and Seidman, 1971;

Pdtroff and Seidman, 1971, 1972).  The extrinsic GBD climb dis-
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tance is then

2
-   m Na D      °W c:

' 2    = 3OOA  ,          (6)

where,
0

a = lattice parameter = 4.08A
0

D = average.extrinsic GBD spacing - 1500A

m = fraction of deposited interstitials which reached

the extrinsic GBD's = 4.

The value of m is, of course, difficult to estimate, since the

mobile interstitials may: 1) recombine with vacancy defects;

2) diffuse to grain boundary voids; 3) diffuse to the front

surface; 4) diffuse to the back surface; 5) diffuse to the ex-

trinsic GBD's by means of short-circuiting along the intrinsic

GBD network or along the singular (I=5) interface; 6) diffuse

directly to the extrinsic GBD's. In addition, we do not have

much reliable information about the range of the focused re-

placement collision sequences*, the short circuiting behavior

of the intrinsic GBD network or the singular interface, the

line sink efficiency of the extrinsic GBD's, or the diffusive

characteristics of the mobile interstitials. Nevertheless,
0

the value of·w= 3OOA estimated on the basis of m= #i s close

to the observed values, and we conclude that our previously

developed picture of the climb process is not inconsistent with

the observed climb distances.

\ /

*  Venables and Thomas (1970) argue that the range at temper-.
atures well below 25°C must be in the neighborhood0of #lOOA,
whereas Seeger (1970) claims that it must be '61000A.
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4.2  Low Angle (E=l) Boundaries

Considerably less information was. obtained regard-

ing the geometry of the climb processes in the E=l boundaries,

since the intrinsic GBD networks were not resolved clearly.

However. the magnitudes of the observed climb distances may

again be understood on the basis of the estimate given above

for the E=5 case. Again, it seems likely that large scale

climb of the intrinsic screw GBD's did not occur, since in

this case such climb would have produced a large interaction

energy between these closely spaced and parallel dislocations.

The tendency to form extrinsic GBD segments along <110> di-

rections was evidently due to a marked anisotropy of the line
 

tension in the boundary plane.  This conclusion is supported

by numerous other observations in our laboratory which have

shown that extrinsic GBD's in annealed E=1 boundaries tend to

lie in segments parallel to <110> directions.

5.  CONCLUSION

We may conclude, in general, that both low and high

angle boundayies may act as point defect sinks (sources) by

means of the climb in the boundary plane of GBD's having Bur-

gers vectors with components normal to the boundary plane.

Tbis process is actually a form of internal crystal growtb

(diss.o.lution) with:the GBD' s acting as "internal crystal ledges".
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FIGURE CAPTIONS

Fig. 1: Low angle (2=1) twist boundary. 8=14°.

(a) GBD structure before irradiation. (b), (c) and

(d) Same area after successive irradiations with
13.      -220keV gold ions to final dose of 2 to 4x10 1 On S cm

All· are dark field images using 3=(200)1-  Note climb

of extrinsic GBD segments at, for example, A and B.

Circular and oval-shaped regions are voids in the

grain boundary resulting from the.welding process.

Fig. 2: High angle (E=5) twist boundary. 0=37°.

(a) GBD structure before irradiation. (b) Same area

as (a) after irradiation with 2OkeV gold ions to a
13.      -2dose of 2 to 4x10 Ions cm Both are dark field

images using 3=(200)1·  (c) Schematic drawing showing

climb of the extrinsic GBD's. at A, B and C.

Fig. 3: High angle (E=5) twist boundary. 0-37°.

(a) GBD structure before irradiation. (b) Same area

as (a) after irradiation with 2OkeV gold ions to a
13       -2dose of 2 to 4x10  ions cm Both are dark field

images using g=(200)1.  (c) Schematic drawing showing

climb of the extrinsic GBD's at A, B and C.

Fig. 4: Schematic diagram of extrinsic GBD structures along
....'AB and CD. Values of the subscript i in the expres-

sioh 8. for the Burgers vector are indicated for the
1

dislocation segments bounding several cells of the

network [see eqns. (2) and (3)].

1
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Fig. 5:  Schematic diagram of the damage distribution in the

ion irradiated bicrystals. The arrows leaving the

depleted zones near the surface represent the paths

of the long-range focused replacement sequences.

Fig. 6:  High angle (I=5) boundary after irradiation with
13       -2

20keV gold ions to a dose of 2 to 4x10  ions cm

0=37°.  (a) Dark field image using 3=(200)1·  (b)

Dark field image using j=(200)2.

Fig. 7:  Average extrinsic GBD climb distance, w, as a func-

tion of the intrinsic GBD network spacing, d, for

high angle (2=5) twist boundaries irradiated to
13       -2doses of 2 to 4x10  ions cm Extrinsic GBD spac-

0

ings 51000A.
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Figure 2.
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Figure 3.
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