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ABSTRACT

Observations have been made by transmission electron microscopy”
on the interactions between faulted dislocation loops and moving dislocétions
in high purity aluminum. Thin single crystals were quenched from 650°¢C
and 540°C into water at 0°C. In both cases most of the loopé inclosed a
stacking fault. Their average diameter was 250 i in the first case, 900 K
in the second case. Surface orientation for all foils was (110) which
made possible éasy identification of Burgers vectors for both loops and
moving dislocations. When a moving dislocation came close to or in coptact
with a loop the stacking fault ﬁas always completely destroyed and part

or all:of the loop was brought to the surface of the foil by prismatic glide.
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1. INTRODUCTION

Clustering of vacancies in quenched or irradiated fcc metals leads
to the formation of spherical voids, stacking'fault tet:ahedra, or dislocation
loops. Thése defects éan cause'moderate increases in the yileld stress
whichlare explainéd in order of magnitude by the theoretical models of
Seeger (1958) and Friedel (1963). In some cases there is also a concomitant

decrease in the strain hardening rate during the initial stages of plastic

 deformation (Maddin and Cottrell, 1955). This might be expected because

it is known that small amounts of plastic deformation after quenching and

.éging of pure aluminum can completely‘femove the dislocgtion loops (Vandervoort

and Washburn, 1960).

Difegt observations of interactions batween moving dislocations and
loops in aluminum and with stacking fault tétrahedra in gold have been made
by Hirsch and Silcox (1958). There are many different kinds of interactions
to be expected dépending oﬁ the relative Burgers vectors and spatial
relationships between the loop and the moving dislocation. Soﬁe of these
have been considered for the fcc structure by Saada and Washburn (1963):
Contact interacfions between moving dislocations and large imperfect loops
of Burgers vector % {111} aye_of two differentltypes:

(case 1.) When the loop does not lie on either of the two possible glide
planes the moving dislocation can dissociate in the stacking fault of the
loop into a Frank sessile dislocation and a Shockley partial. The étacking

fault .is éwept awvay by the glide of the Shockley partial and the dislocation

line acquires a segment that does not lie on the original glide surféce.

.. The following reactlons take place:
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. Dissociation of the moving @1slocatién.iﬁvthe stacking fault of the loop:

o  lf_ I R S 1. -

3 [.1_101_ —> 3 [111]._ ‘ +‘_ 5 [1}2]
fReéombinatiqh'of‘the Shcékiey~§artialiwith;the“Frank sessile‘at the . °
| perimetef,pf thélloop2  »

% [1I2] + % [1I1] - V-El-'[lio]..'
* (case 2. ) When the loop lles on cone of the two poss1ble glide planes of

the moving dlslocatlon, the latter dissociates 1n “the stacklng fault of

o the loop into two Schockley partials which remove the stacking fault eachw -

 [ on 1ts side.: The dlslocation reactions are:

Dlss001ation of - the mov1ng dlslocation in the stacking fault of “the loop.'

[lio], — % [131] + % (211] K

-mn4

Recombination at the perimeter:

Moy

=
O
}_J

b« o -
and.

[oI1]

NISE

- % [_YJ‘.lL-L] + %[211] ->

The loop becomes:two disiodation segments of different Burgers'Véétor

that may or_mayvnot lie in the glide plane aﬁd are connected-to“the'moving

dislocation:at.two nodes. Thlo conflguratlon should act as'a strong

" 'anchor point on the mov1ng dlslocatlon°
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The purpose of this paper is to give some direct experimental evidence
for the above interasctions and to consider further the'conditiohs under

which a Frank sessile loop will be eliminated by a moving dislocation.
2, EXPERIMENTAL PROCEDURE

Frank sessile_loops’were obtéined in 99.999% aluminum éingle erystals
by quenching from 650°C or 540°C followed by aging at 20°C. The fbrmer
treatment produced a high density of small loops (2504 average diameter)
and the later gave large loops (800& to 12004 diameter). |

Use of single crystals near (1io) orientation facilitated the determination
of thé Burgers vector of loops ‘and moving dislocations. In this orientatioh
two of the four {111} planes, (I11) and (111), lie approximately at right
" angles to the foil surfaée so_that loops lying on them are seen edge-on
with the BurgersAvector at right‘angleé to the projection of the loop.
Dislocationsvthat move to produce slip traces‘alwayé lie on one of the
other two glide plénes, (lll).or (111), and have one of the four Burgers
vectors % [Io1], % [011], % [101] Or-% [011]. The diffracting planes for
a (110) foil surfacé are (ill),‘(lil) and (001). Nore of the four sets
‘of Frank sessile lQops.have Burgers vectors that lie in any of these planes.
Therefore they are always in contrast;regardleés of which piane is in dif-
fracting'posifion.

Single cfystal strips were grown under vacuum from 99.999% ﬁure'aluminum
in a graphite mold packed with graphite powder. 'Seedvcrystals were welded
vﬁo the polycrystalline blanks:ﬁo produce the desired (110) surface orientation.

Mechanical polishing was necessary to provide a suitable surface for

uniform chemical polishing. The following solution was used at 90°C to
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3ﬁdth1n the crystals to 0. 25 fim.

Phosphoric acid (86%) R fi‘850 ¢m3iﬁ*
Sulfurlc acid (96%) ' 3;_ 130 oms
| Nitric'acid (TO%) . " véO om3::

 The 'strip was then siriedled at'6hO°C in air for 2L hours and furnace
g cooled.' Repid quenching was achieved by pulling the specimen inﬁo‘a lr7__

vtfmeter deep Water quenchlng bath from a spec1al furnace hav1ng its hot

' zone only about one 1nch from the surface of the water.. )

After an. aging period of l to 20 hours at room temperature, the crystal';‘v'

_was electrochemlcally pollshed at M°C in a 20 80 perchlorlc acid- ethyl
757alcohol solution to which 5 cm /lOO cm3 butylcellosolve was added.; |
Flakes were obtalned whlch were washed thoroughly Wrth 200 proof

falcohol before drying.

Spe01mens were observed by transmiss1on electron mlcroscopy 1n a
'fSlemens Elmlskop I operated at lOO kV. Use of the Stereo—tlltinc stage
”genabled various dlffraction contrast condltlons to be obtalned.

'3. RESULTS AND DISCUSSION

3.1 General features of slip traces

Most of the dislocation lines that were seen moviug in the thin foils
had a relatively high velocity (> 5x 10 -3 cm/sec). Hence, details of the
1nteractlons between loops and mov1ng ‘dislocations were rarely observed |
dlrectly. However, the slip traces leftrbehlnd them exhlbiued-features that
resulted_from rheSe:dnteractdons. Most ofvthe interpretations propcsed in

this paper have been deduced from this evidences
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A variety of slip trace contrast effects, which depend on.the |
diffraction condifions, are observed when dislocations in thin foils move
duriﬁg observation. Tpe,eptife,projection_of the siip plgne usualiy
becomes darker (Fig.l) or lighter (Fig.7.) than the background, the
greatest contrast being near the intersections of the glide surface with the
top and bottom surfaces of the foil. The edges.of a slip trace mark the
paths of the dislocation ends along opposite surfaces of the foil; The
, persisténce of slip trace contrast varies greatly from metal to metal;..
traces last only a few minutes in aluminum. ’It has been suggested (Hirsch,
1959; Whelan, 1959; Howie and Whelan, 1962) that these contrast effects
may be due to the presenée of a surface layer of alumina or other compounds
. left after the electropolishing treatment used to prepare the tﬁin‘féil.
This layer may prevent the slip step caused by the moving dislécation froﬁ
reaéhihg as a Wwhole and immediately,the'surface of the foll. What is
effectively a long dislocation must therefore be left in or just under the
oxide layer.

Slip traces'are also left by dislocations that inﬁersect only one
surface of the foil. For example, the imperfect loop P (Fig. 2) has
been converted into a perfect one which has subsequently moved alohg its
glide cylinder to one surface of the foil leaving thebslip trace at P!
- (Fig. 2).. See Fig. 2..
When moving dislocations react With loops, the slip trace of the

" dislocation generally shows indentations like E, F, J (Fig. 1).

3.2 Interpretation‘of the observed interactions

Wnere dislocations that have moved are visible at one end of a slip

trace, the most common orientation is near pure screwv. Somevwnat less



’Vfrequently the dlslocatlon takes the orlentation of the close packed <110>
o direction which lles in 1ts gllde plane at 60° from 1ts Burgers vector.

~ For example, the movlng dlslocatlon 1n_F1g. 5 has Burgers vector BA‘ ;

"~ : Dboth itSuprimary and cross—slip planes can be deduced from FlU >5§!

er:Segment NM lles approx1mately parallel to its Burgers vector. and segment ‘ML

~:71s at 60° to 1t. These two orlenuatlons can be. taken as llmlts for our 8
, ﬁodels. . | |
Thompsoufs notation (1955) will be used.to represent the Burgers vectors
v7aﬂa-”lide"PlaﬁeS-<?18?u3)-.1n~the scﬁematiC'drawingS’AD will'bevtsken
-f:as the <llO> direction which lles approx1metely at rlght angle to the plane
of the f01l. To describe the d1fferent kinds of 1nteractlons BD- and a arev‘
assumed as the Burgers vectortand gliae plane of the moving dlslocatlon.

'iThe dlslocatlon is- assumed to move on 1ts glide plane from the left to the

_ Hr1ght.

3.3 Interactions in which the loop doss not lie on

either glide plane of the moving dislocation -

" In this case, the stacklng fault 1s removed by a singlie Shocxley
epartlal that has to sweep accross the wnole area of the loop. and reach uhe_
: edge;wnere 1t‘comb1nes with the Frank sessile dislocation. Experlmental
obsenvatlons suggest that this process can takevplace in three differ cnt
Ways.

'*(s) Formation of one turn of a helix on a screw dislocations:

jDifferent stages of this process can be seen onvFig.'4av bJ c. d, where

" the dlslocation llne Iuclose to screw orientation, was seen moving slowiy

and coming 1nto contact with the perfect loop P which must have had the
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same Burgers vector as the moving dislocation. Later it came in contact;
iwith imperfect loop I (Fig. be). One turn of a helix was formed each f
:time the dislocation line touched a loop - the final sha?e of the dislocation
‘line reveals two‘turns of a heiix‘(Fig. 4d). The same interaction is shown
by Fig. 5a, b and described schematically in Fig. 5c;

If the moving dislocation cames into cdntact with the half of the lcop
for which the two Burgers vectors are at an acute angle (liké D§ and Dg on
Fig. 5c), the Shockley partial’ -~ can bow out and sweep the stacking fault as
shown in (111) projection in‘Fig.‘5é~ Subsequently the line tension acting
von the dislocation line tends to extend the helix which becomes elongated
as shown in Fig. 5a on segment MN. If the applied stress continues to move
the dislocation the helix will not remain within the foil but will be pushed,
along its glide cyiinder'toward the surfaces. As parts of the helix reach
the foil surfaces both indentations and chahges in the glide plane of the
meving dislocation can be prqduced as at C'C't (Fig. 5b).

This kind of interaction seems to be the most common one in aluminum
;thin_foils. The following casés can be considered as modifications.

(b) Interaction vwhich destroys énly part of the loop:

Wnen the angle between the Burgers vector ED of the moving dislocation
and the Burge}s vector ﬁg of the cne half of the loo§ that is involﬁed in
the reaction is obtusé, the Shqékley partial must glide across the loop
as shown on Fig. 6. This gedmetry is less favorable to the formation of
an elongated turn of a helix and regardless of its orientation the dislocation -
edge or screw - will tend to‘cut through the loop leaving a smaller loop.
behind, The othex part of the loop becomes a part of one turn of a helix

on the dislocation and leaves an indentation on the slip trace where it

reaches.the surfaceo.



Thls kind of 1nteraction occurred with loop F (Flg. 7a) Wnlch gave ;::

.. rise to indentation 1 in the sllp trace (Flg.‘Tb) and a-smaller loop P -

' fwas left bchind., Similarly loop G (Fig. Tb) gave rise to 1ndentatloq J

“dn the slip trace_(Flg. Te), adsmaller loop‘Q was left behindvand had-partlyv

treached'one of thevsurfaceS'of the foil when'the pictureIWas taken. Notev |

1:that residual loop, P v151ble on Flg. Tb has already vanlshed on Flg Te

- -& few seconds later. This suggests that smaller loops may often be left
:a?ter an interaction but since; they are. always perfect loops they usually f
gllde to one of .the f01l surfaces. Re51dus were hardly ever observed for'
ﬂinteractions witn‘small loops (diameter < 300 A).' N and Q (Flg..Ba) simply |
gave rise to indentations N"and Q! (Fig. 8b).'. | o -

( ) Interactlon without d1rect contact. .

Flgure 5b at Q! and Flg. 8b at E‘ show a pecullar klnd of contrast .
,which;seems to be a superpositlon of a regular slip trace and a trace like.
:zﬁthat shown in Fig. éb where_a perfect&loop has reached the surface'by prismatic

| glidetf This suggestspthat sometimes.an imperfect loop is converted to a .
bperfect oneiand glides to'the‘surfacegwithout actually'comingrlnto contact

with the moving dislocation.

3.4 Interactions in wﬁich'the plane of the loop is parallel

to the Burgers vector of the moving dislocation

- In thils case there is no long range interactiorn between the loop and
moving dlslocation because thelr Burgers ‘vectors aré. at rlght angles.
Two dlfferent s1tuatlons can be- dlstlngulshed

(a) The loop does not 11e on the glide plane of the dislocation:

When a dislocatlon of Burgers vector BD 1ntersects a loon lylng on
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plane C, it will split into two partialss
B) - 'B? + fﬁ

B whlch will combine separately with £ YC of the . loop.

on ohe side and
.CF + fﬁ - D

" on the other side. The.reaction:results‘in formation of nodes Nl and N2
~as shown by Fig. 9a. A dislocation ﬁhat has been held ﬁp by this type
of interaction can be seen at G7in'Eig.“l;

If the dislocation line ié thenvpulled away'from the loop, the ?esult
of the interaction is to change the loop from a Frank sessilé to one
of the perfect prlsmatic type.‘ The nodes N and N and the segment Joining
them will tend to glide toward the nearest edge of the loop. (Flg. 9¢) .The final
. Burgérs vector of the loop will be either BC or CD. Fast moving dislocations
usually left no trace of this kind of'interaction.- They simply passed
.around the loop leaving it as a perfect loop but not causing it to glide to
the surface. This inte:action;is prqbably illustrated in Fig. Tc and d
‘where imperfect lopp S becomes perfect loop‘S‘ when the dislocation causing

slip trace T interseéted ite

(b) The loop lies on a piane parallel to the glide plane of the
- dislccation:
In this case there is little probablllty of direct econtact batween loop

and mov1ng dislocatlon because they would have to lle on the same atom layer.

However, if the dislpcation‘passes close to the loop, its stress field can

i
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. cause nucleatlon of a Shockley partlal in the loop (Yoshlda, Kirlt*nl

-.;'and Shimomura, 1903) Wnlch has the same result as dlrect nontact. Thlsv":f5

nteraction may have taken place in Flg. 8 where the dlslocatlon L on
~the left ol Flg. 8a passed by loop M whlch 1s seen 1n good contrast The -
fsllp t*ace due to motion of dlslocatioh L to “the rlght is seen 1n Fig, 8b.

‘,The'loopmwhich 1s still present at M' now has & dlfferent BurgerSA‘vector e

and is almost completely out of diffraction contrast.
.’ CONCLUSIONS

Large Frenk.loopo'lnteract Wlth mov1ng dlleeatlons in two alfLerent
b‘ways.; Both lead to a complete.removal of the stacklng fault and change in f*
the Burgers vector of the loop from = 3 <1ll> to. = 5 <11Q>.

When the loop lies on one’ of ‘the rrf!.:v.de pl anes of the mov1ng dlSlOC&thn,
" the latter reacts with the loop 50 as_to leave a perfect loop:w1th a
Burgefs vectbr.tﬁat is not parellel te>the£ of the meviﬁg{die;ocat;en;
 whenian imperfect'looﬁ does no;'iierdn.eithef élide.plane ofvthe noving
';dislocatioﬁ; the latﬁer cpmbines”witb the.lobp;wﬁich becdmes a helical -
.segmeht on the meving'dislocation. g |

fhese ebseryations showvthat.whenever a_moving dislocatieﬁ_intersects
| 10: neerly intersects a large imperfecit ldop in.aluminum the stacking feult.

:is deétroyedl the lebp beingicenverteh to a perfect idop. If the Burgers

.'vectbp of the'resulting loop is thelsame as that of the moVing,dislocatien
then the loop often becomes a helical;segment of the'moving dislocation.
In a ﬁhin fOil perfect loops and helical dislocation segments cen be easily
'eliminated~by“prismafic glide to the ﬁqil sﬁrface._ The'results seggest
fhat in a bulk crystal they woﬁld'be swepf into thevsubgrain boundaries

‘or into the regions of highest ‘dislocation density where they would become
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a8 part of the three dimenéional dislocation tangle or would be left as

perfect loops.

A¢know1edgements

The authors are pleased tb acknowledge the financial support of the
United States Atomic Energy Commission through the Inorganic Materials
Research Division of the Lawrence Radiation Laboratory, University of

: J
California in Berkeley. R



._612;__v3._

References:

:7;FRIEDEL J., 1963, Electron Mlcroscopy and Strength of Crystals, Johnfnblgxff*v

Wiley and Sons, New York, P.. 605. o

:jHIRSCH P. B., 1959, Metallurg. Rev., g 101, 7

',_;HIRSCH P. B., and SILCOX, J’., 1958 a, Phll Mag., 3, 897, 1959’_»1),_ .
‘Phil. Mag., b, 72. i -

;HOWIE,_A., a.nd WEELA.N M. J., 1962 Proc. Roy. Soc. A, 267, 206., y

' MADDD\T R. and COI'I'RELL A. H.,‘ 1955, Pnil. Mag,. u6 735.

SAADA G. and WASHBURN, J., 1963, Jour. Phys. Soc. Japan, ;8 Supplement 1, S

p. 43..

'SEEuER A. K., 1958 Second Geneva Conference on the Peaceful Use of Atomic
Energy, 6,-p. 250. I . | .

_ THOMPSON N., 1955, Proc. Brlstol Conference, London.-.

VANDERVOORT R. and WASHBURN, J., 1960, Pnll Mag., 5, 2h

”WHELAN M._J., 1959, Jour. Inst Metals 87, 392

;YOSHIDA 8., KIRTTANT, M., ‘and ;S:IIMOMURA, Y., 1963, J.‘ of Phys. Soc. Ja’pan,_

18 175.

Mo e gt ey e v Ea

TR s Avine o mems e h



Fig.

1

Plg. 2.

Fig.

Fige

Fig.

Fig.

Fig.

Fige

Fig.

T»

8.

3=

Figure Captions

Typical slip traces in a 50008 thin foil from a (110) single
crystal quenched from 650°C into 0°C water. Slip traces

exhibit indentations dus to interactions with loops at E, F, and J.
a and b. Prismatic glide of loop P towards one surface of the
foll after its Burgers vector has been converted from % <111> to

S <o |
c. Sketch showing prismatic glide of a perfect loopi

Tetrahedron of {111} planes showing notation for Burgers vectors

and planes.

a, b, ¢, de Successive stages of interactions between dislocation
line L and loops I and P.

a and Db. Inferaction between a moving dislocation IMN and imperfect
loops which do not lie on either glide plane of the moving
dislocatian. Ses text for explanation.

c. BSketch showing how the interaction taking place in Fig. 5 a, D
leads to the formation of a helical segment Qn a moving dislocation.
Interaction between a moving dislocation and a Frank sessile loop

in which a smaller perfect loop is left behind.

a, b, ¢ and d. Examples of the interaction described schematically
in Fig. 6. |

a, b. Interactions with small loops produced by quénching from
650°C into 0°C water.

a, b, ¢c. Interaction in which the Burgers vector of the moving
dislocation is parallel to the plane of the loop. Ncdes Nl and N2
are formed and tend to be eliminated by glide towards one edge of

the loop. A possible example of this case is shown at G in Fig. 1.



-14.- UCRL-10959

ZN-3978



)

UCRL-10959

ZN-3980

Fig. 2
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MU-30933

Fig. 3
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(e) l o v ‘ ‘ (d)

ZN-3979
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(a)

ZN-3981

Fig. 5
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MU-32021

Fig. 6
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(a) (b)

ZN-3982

Fig. 8
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MU-32022

Fig. 9
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