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HARDENING AND RECOVERY OF QUENCHED GOLD

- Michael»Junichi Yokota

Inorganic Materials Research Division, ILawrence Radiation Laboratory,
Department of Mineral Technology, College of Engineering, -
University of California, Berkeley, California

ABSTRACT

Direct observations of interacfiorsbéfween stacking fault tetra-
hedra and loops with moving dislocatioﬁé in 99,99% purity gold were made
by tfansmission-electron microscopye The wide range of sizes and densities
of tetrahedra andvlbops studied were produced in polyérystalline specimens
75 microns thick by quenching from ﬁearvthe’melting point and aglng near
réom temperature.

Direct confact of a moving dislocation wifh a stacking fault tetra-
hedron produced one of pr reaction products depending on the Burgers
vectors and s?atial relationship between the quenching defect and the
interacting dislocations. In.the first case contact interaction resulted
in the collapse of the stacking fault tétrahedron and the production af
large Jjogs in the interacting dislécation; In the'second'case,,inter~
acfion resulted in the collapse-of the stadking fault tetrahedron into
a segment of a Frank sessile disiocation loop formedvfrom one of the
faces of the stécking fault tetrahedron.‘ Two~thirds of the tetrahedra
interactions observéd resulted in the products of case'one.w

Interactions of dislécations with stacklng fault tetrahedra withouﬁ
direct contact resulted in the collapse of the stacking fault tetrahedra
into triangular Frank sessile dislocation loops.

Direct contact of a moving dislocation with a stacking fault loop



PREFACE

This study is divided into two parts. In Part I, the processes
responsi.ble for quench-hardening of .gold containing stacking fault
tetrahedra and loops are investigated., The several mechanisms proposed
follow from direct transmission electron microscope observations of theb
interaction of dislocations with these defects.

In Part II, the processes responsible for the recovery of quenched-

- hardened gold are studied. From direct electron microscope observations

of the annealing of stacking fault tetrahedra and loops, the recovery
mechanisms by which these defects anneal out in thin‘foils of gold are
determined. An expression is derived for the kineties of the annealing

process based on the proposed mechanisms,
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PART T

I. INTRODUCTION

The dislocation substructure produced in quenched and aged gold

has been shown by Hirsch and Silcox (1959) to consist of tetrahedra of

stacking faults on {111} plares with % (110) typé'stair-rod dislocations
along the edges of the tetrahedré. These stacking fault tetrahedré are
expected tq interact with glissile dislocations and tobpresent obstacles
to their movement, - Their effectiveness in hindering movement of dislo=-
cations has been found to be éonsidefab1e by‘MEshii and Kaufmann (1959)
who have observed”as much as a six-fold increase in the yield stress

for polycrystalline wire specimens. The exact nature of'dislocation—

- . stacking fault tetrahedron interaction including the reasons for the

apparently high stresses needed to move dislocatiohs in the presence of
tetrahedra, can be studied by transmissioﬁ electron microscopy.
The singlé previous example of a direcﬁ obgervation of an interaction

between a moving dislocation and a stacking fault tetrahedron in gold was

made by Hirsch and Silcox (1959).  Their study was only of an explbratory

nature however and no detailed picture of the interaction was given. In

an analysis of the interactions to be expected there are many different

‘kinds possible, depending on the Burgers vectors and spatial relation~

ships befween the interacting dislocations and the stacking fauit.
tetrahedra. Kimura and Maddin (1965) have recently considered this prob-
lem and have proposed several possible mechanisms of dislocation-stacking
fault tetrahedron contact intéraction. From geometrical considerations. .
however, their meéhanisms should apply for only two among an almost

infinite number of cases. In the majority of cases, the interacting
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can then provide further direct evidence for the above mechanisms.

The subject of the present study is concerned with the phenomenon
of quench-hardening in golds Thls hardening is thought to result from
the interaction of dislocations with the defects (i,e. stacking faults
tetrahedra and loops) produced by the quenching and aging treatment.
The purpose of this investigation is to give direct experimental evi-
dence through transmission electron microscopy of these interactions.
This evidence will then be used to present theoretical models for the

interaction processes.
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IT. EXPERIMENTAIL PROCEDURE

A, Specimen Preparation

Polycrystalline gqld'specimens suitable for quenching were prepared
from 75 micfon thick sheet matérial obtained from Cominco Products Inc,
of Spok@ne, Washington. The.manufactﬁrér produced this sheet material
from one~half inch thiékvslabs of chemical reduction refined 99.999%
purlty gold by cold rolling at room teﬁperature approximately twenty
times without any intermediate annealing: The impurity content as given
by the manufacturer is listed in Table I. Specimens 25 mm long and

7 mm wide were prepared from this material and annealed in alumina boats

at 900°C and 1000°C for 24 and 48 hours in alr and then allowed to cool

slowly within the furnace. The resultingbspecimens had a (001) preferred
orientation which is cdnveniént because it allows easy differentiation
betwéen triangular Frank sessile loops and stacking fault tetrahedra,
Triangular_Frank'seséilé disloecation loops appear in this projection as
triangles, while stacking‘fault tetrahedra appear as squares.

The specimens were next placéd in quartz specimen holders and sus-
pended in a vertical tube.fUrnace open to the atmbsphere. Specimens
were Quenched ffom'a temperature of lOOQdc. ngnching was performed by
releasing the weighted specimen holder into an ice-water bath fixe&

a Tew centimeters below the specimen. Thé specimens were then aged for
1, 2, 3, and 4 hours at one of the following temperaturest O, 50, 100
or 150°C # 2°C. The time spent in transferring the specimen from the
quenching bath to the aging bath was kept congtant at 30 seconds.  Both

sillcon oil and water were used as heat transfer mediums for the aging
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Table I

Impurities ppn
Platinum 2.0
Lead 1.0
Silver 05
Copper 0.3
Silicon 0.2
Iron Ol.1
Magnesium 0.1

‘«



bath, After completion of the aging treatment, the specimens were stored
in absolute ethyl alecohol at 0°C. The different sizes and densities of
tetrahedra that could be obtained by varying the aging temperature are

shown in Fig. 1l.

B. Thin Foll Preparation

Thin foil samples suitable for observation under the electron micro-
scope were prépared by electropolishing utilizing a modification of the
standard window technique. The specimens Were mounted in noncorrosive
holders so as to minimize plagtic deformation of the specimens due to
handling during the electrothinning step. A controlled rate of flow of
the polishing solution past the two faceé of the specimen>was achieved by
the use of a pair of parallel plate stainless_steel'cathodes of adjustable
width and a magnetic stirrer. The ﬁemperature of the cell was controlled
by a constant temperature bath. The experimental get up used is schematic-
ally illustrated in Fig. 2. |

A two step electrothinning-prdcednre was used. fThe'compositions:of
the two polishing golutions as Well'as the temperatures and current densi-
ties used are listed in Table II. The more reactive hydrochloric acid-
solution was used to thin the specimens down to approximately a micron Whiie
the less reactive, more controllable chromic-oxide acetic acld solution was
used to produce the final thin foils. At no timé during the entifé thinning
process was_the specimeﬁ subjected to temperatures higher than room tem-
perature. Near fﬁe final stages of the thinning process the current was
switched on and off repeatedly. This caused small flakes to separate at
the edges of the specimen whigh were then recovered from the solution,

rinsed and stored in ethyl alcohol at 0°C.



Fig. 1

(c) (d)
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Stacking fault tetrahedra size distributions
and densities obtained for several aging
conditions a) 0°C; b) 50°C; c) 100°C;

d) 150°C for two hours
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Table IT

Electrolytic Solution Nos 1

Hydrochloric acid - HC1 (37.5%)

Ethyl alcohol - 02H5(0H) (200 p)

Glycerin - C5H5(OH)3 (95.0%)
Temperature:  -30°C

Current Density: 0.7 cm/ﬁme

Electrolytic Solution No, 2

Glacial Acetic Acid - CH,COOH (99.8%)
Chromiuwm Trioxide CrO3
Water HéO

Temperature: 10°C

Current Density 0.25 Cmpa/cm?

200 cc
175 cec

125 cec

465 ce
87.5 gms

25 ce

X
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C. ZElectron Microscope Technigue

A Siemens 1 electron microscope operated at 100 kV with a beam
current less than 20 pamp was used to make all of the microscope obser-
vatlons. Tilting experiments were facllitated by the use of a Valdre-
type double tilting stage. Observations were made at a working magni—I

fication of 20,000x and recorded on Kodak Projector Slide Plates,

D. Initiation of Slip

In order to initiate slip in the thin foil samples while under ob=
servation in the electron mieroscope, the foils were first firmly
attached to copper microscope grids with a solution of polybutene., The
specimen~-grid assembly'ﬁas then slightly heated by the electron beaﬁ
producing differential expansion of the copper-gold assembly. The
resulting stresses developed are beliequ to be‘responsible in large
part for the movement of the'greét numbérs of dislocations produced
during observation..

The dislocations were found to originate either at the edges of
the foils or at tilt or grain boundaries. From_the.cur&ature of the dis-
location images between pinning poinis the stresses needed to move the
dislocations were estimated to be about G/1000 where G is the elasfic

gshear modulus.

E. Foil Orientation

‘As mentioned earlier, polycrystalline sheet specimens having a {(001)

~ preferred orientation were found to be very sultable for the needs of the

present experiment. The (001l) orientation allows easy identification of

both the triangular Frank sessile loop and the stacking fault tetrahedron



as shown in Fig, 3. In this orientation the triangular Frank sessile

dislocation loop aﬁpears»as a triangle (A) while the complete stacking N
fault tetrahedron appears as a square (B). A stacking fault tetrahedron
which is cut by the surface of the foil appears as an elongated hexagon

(C). Where possible, orientations.slightly off the (001) orientation were
chosen to facilitate the determination of the orientations and Burgers
vectors of the stacking féult tetrahedron and loop, and the interacting
dislocation. This is écéomplished by tilting off the exact (00l) orien-
tation a.few degrees along one of the {002} Kikuchi pairs. Figures 4

and 5 illustrate how the stacking fault tetrahedron and loop and the
dislocation slip traces appear in such an orientation., In order to determine
exactly the Burgers vector of the moving dislocation, a cross slip trace

of the movihg dislocation needed to be observed before or after fhe

- interaction.

F, Formation of Stacking Fault Loops in Gold

Mori and Meshii (1965) found that the size distribution and density
of stacking fault tetrahedra iﬁ quenched and aged gold were very sensi-
tive to the preaging and aging times and temperatures. They found that
the higher aging temperature conditions prqdﬁced the larger average sizes
and lower densities of stackihg fault tetrahedfé. Invthe present in—u

vestigations this trend was also observed. Figures la, b, ¢, and d are

-

micrographs ofzrepresenﬁative areas showing the stacking fault tetrahedra
gize distributions and dehsities obtained for several aging conditions.
Note that for the 150°C aging condition that a good percentage of the

stacking fault tetrahedra have collapsed to form stacking fault loops.
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IM 2328

Fig. 3 Stacking fault tetrahedra and Frank sessile
dislocation loops as they appear in the (001)
orientation: A-triangular Frank sessile
loops; B-complete stacking fault tetrahedra;
C-stacking fault tetrahedra truncated by
the foil surface.
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C I A (a)

MUB-12141
The two p0551ble orientations of stacking fault tetrahedra as
they appear in nearly (001) orientation.
Widths of slip traces for the o, B, v, and & planes as they
appear in nearly (00l) orientation.
Cross-slip traces for the dislocations of Burgers vectors BC,
CD, BA and AD as they appear in nearly (00l; orientation.
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C | (a)

(b)

(c)

- MUB-12803 .
The four possible orientations of the stacking fault
loops as tliey appear in nearly (001) orientation

Widths of slip traces for the &, B, 7y, and & planes

"as they appear in nearly (001) orientation.

Cross slip traces for the dislocations of Burgers vector
BC, CD, BA, and AD, as they appear in nearly (O0l,) orientation



The collapse of stacking fault tetrahedra to trlangular Frank segsile
dislocation loops has been recently conflrmed in a study by Washburn
and Yokota (1967) in which they performed annealing experiments both
inside and outside the microscope on thin foils of quenched and aged

gOlda
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ITIT. - RESULTS AND DISCUSSION

A, Stacking Fault Tetrahedron-Dislocation Interactions

1s Intérpretation of the Observed Interactions

a. Experimental Parameters, A number of paramefers must Be considered
in the analysis of the dislocation-stacking fault tetrahedron interaction.
Figure 6 illustrates the geometrical situation where the top and front
views of a stacking fault tetrahedron, lying on one of its faces, are
presenteds Consider the primafy.slip plane to -be parallel to the face
ABC of the stacking fault tetrahedron. Thomson's notation will be used
to désigﬁate the Burgers vectors of the various dislocations.

From Fig. 6‘we can see that the approach of the interacting disloca~
tion toward the stacking fault tetrahedron can véry over a range of 120
degreefla It should also be noted that in all but two cases where the
approaching dislocation is parallel to AB and BC, the interacting dis-
location would first contact the stair rod DB and not the faces of the
stacking fault tetrahedron ADB or BDCa |

Second, the glissile dislocation can have aﬁy Qf the three possible
Burgers vectors AB, BC, and CA, Note that‘dislocations having Burgers
vectors AB and'BC ecan cross glip in the planes associated with the stair
rod'yx along DB while dislocations having the third Burgers vector CA
cannot. The significance of the precéding statement wlll become clear
when the two cases of stacking faultvtetrahedron-dislocation contacf
interaction are discussed in Section 20

A third iﬁportant factor 1s the size of the stacking fault tetra-

hedron, £, especially with regard to its stability in relation to the
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MUB-12142

Fig. 6 Top and front views of stacking fault tetrahedron showing
geometrical relationships between stacking fault tetra-
hedron and the parameters: & - angle of approach of the
glissile dislocation toward stacking fault tetrahedron;
b.b, and b, - Burgers vectors of the glissile dislocation;
v -"locatidn of the slip plane of the glissile dislocation
from face of stacking fault tetrahedron that is paralle
to it. :
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other possible vacancy defects (i.e., Frank sessile disloéation loop,
perfect prismatic dislocation loop).
A fourth factor results from the fact fhat the primary slip plane
of the moving dislocation can intersect the stacking fault tetrahedfon
anywhere along a distance Jé/3£. Thié parameter is introduced in
Fig. 6 as y with the origin at the base of the stacking fault tetrahedron.
The speed of the interacting dislocation is a fifth factor which
may be important.
And finally, the temperature must be included as a sixth parameter
in that it affects the exponential factof included in the vafious,ex-

pressions for the activation energy for resction.

‘b. Experimental Approach, Because of the nature of the experimental

technique and of the phenomenon beingvstudied only'several of the para-.
meters listed in the preceding section can by systemétically studied in
dny'way; The temperature for example can be controlled in the microscopev
to about #20°C., The size of the stacking fault tetrahedron can be varied
by a factor of iO through use of varying.aging temperatures. Third, thev
spatial relationship of the Burgers vectors between thé gligsile dislocaf
tion and the stacking fault tetrahedron can be determined by selecting
suitable roeintations of the foil and/or by'a number of tilting expefi—
mentses . The speed of approach of the interacting dislocation and the -
exact geometry of interaction between the glissile dislocation and the
stacking fault_tétrahedron however cannot be easily controlled and

therefore studied.
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In all, approximately 100 interactions between glissile dislocations
and stacking fault tetrahedra were observed., Edge lengths of stacking
fault tetrahedra observed to interact with glissile diélocations varied
from 1502 to 15OOR; in this size range a tetrahedron can lower its
energy by transforming to a triangular Frank loop. For those interactions
observed, only one parameter, the geometrical relationship of the
Burgers vector of the interacting dislocation and the stair rod of the stacking
fault tetrahedron appeared to Influence the results of the dislocation
reactions This observation will be elaborated further in Sec. III.2;

together with the proposed mechanisms of interactions.

¢« General Features of Slip Traces. The analysis of dislocation-stacking

fault tetrahedron interactions by transmission electron microscopy is
made possible by the fact that moving dislocations in gold leave behind
contrast effects marking the path taken by the dislocation in its

slip plane. Flgure 7 illustrates the two types of slip trace contrast
effects that have been consistently observed. Immediately after passage
of a dislocation and lasting several minutes the entife projection of
the slip plane either becomes darker or lighter than the background with
the greatest contrast exhibited near the intersectibn of the glide
surface with thevtop.ana bottom surfaces éf the fbil. As can be seen

in Fig. 7 both types of contrast effects can be produced in.different
parts of the same slip trace by reversal Qf g« Here g is reversed as a
result of a bend'contour. These contrast effeéts are thought to result
from a layer of surface contamination which pfevents the slip step
caused by the moving dislocation from reaching as a whole and immediately

the surface of the foil (Hirsch et al. 1965). What results then is in



.

IM 2252

Micrograph in (001) orientation showing slip
traces crossing a bend contour where the
operating reflection vector g changes sign
resulting in reversal of contrast of the slip
traces.
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effect a long dislocation dipole of mainly edge orientation which is
left behind the moving dislocation front. Contrast effects expected from

such a dipole agree with that observed in slip traces.

de Types of Interactions Expected Between a Stacking Fault Tetrahedron

and the Moving Dislocatione The interaction between a stacking fault

tetrahedron and a moving dislocation can take place in a number of ways.
The first type of iﬁteraction can éccur through direct contact of the
tetrahedron with the interacting dislocation. In Section 2, .four
mechanisms result in two types ofbreaction productss

The second type of interaction can océur wiﬁhout direct contact of
the tetrahedron with the moving.dislocatioﬁ. In this type of interaction
- the stress field of the moving dislocation aids in the nucleation of
one or more Shockley partial dislocations in a part of the stacking
fault tetrahedron which then interacts with the rest of the stacking
faﬁlt tetrahedrons In Sec;«fif, the three méchanisms of stress induced
collapse of stacking fault tetrahedra to Frank sessile dislocation loops
are described. After collapse of the stacking fault tetrahedron, further
réacfion can éccur between the triahgular Frank loop and the intersecting
. dislocation.

| Three ofher types of ihtéractions are'possible‘Eut'were not

observed. They aret

i+, cross-slipping of dislocations around the stacking fault
v tetrahedra,
ii. bowing out of dislocations around the staéking faﬁlt tetra-

hedra leaving dislocation loops around the tetrahedra, and

~
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iii. cutting of the stacking fault tetrahedra by the moving disloca-
(

tions leaving ledges in two faces of the tetrahedra.

2. Contact Interaction Between a Moving Dislocation and a Stacking

Fault Tetrahedron

Direct contact interaction of a'moving dislocation with a stacking
fault tetrahedron results in one of two reaction products depending on
the Burgers vectors and spatial relationships between the tetrahedron
and the moving diélocation. In the first case contact infteraction re-
sults in the collapse of the staéking fault tetrahedron and the formation
of a paii of jogs on the interacting dislocation. In the second case,
the‘interaction results in the coliapse of the stacking fault tetrahedron.
These two results can be seen in Figs,_8 and 9 where two dislocations
of the same Burgers. vector have inté;acted with two stacking'fault
tetrahedra having orientations rotated 180° from each other, Figures
10 and 11 are more examples illustrating the two types of reactions
observed. | |

Each of the reaction products, the jogs in the interacting disloca~-
tion and the Frank sessile loop, can be formed by two different
mechanisms depending on whether_the moving dislocation first contacts
a face or an edge (i.es., stair rod) of the stacking fault tetrahedron.

These mechanisms are discussed with the aid of Figs. 12 through 15.

8« Face Interaction. Figure 12 illustrates the sequence of dislocation
reactions that probably occdrs when the moving dislocation first
‘contacts a face of the stacking fault tetrahedron that lies in the

cross slip plane of the moving dislocation.
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(a) (b)

IM 2334

Fig. 8a-b Interaction between a moving dislocation and a
stacking fault tetrahedra resulting in the
formation of a Frank sessile dislocation loop.



Fig. 9a,b

A2

o (b) IM 2333

Interactions between moving dislocations and
stacking fault tetrahedra resulting in the
collapse of the tetrahedra and the formation
of jogs in the interacting dislocationse.



Fig. 10a,b
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(a) (b)

IM 2335

Interaction between a moving dislocation and a
stacking fault tetrahedron resulting in the
collapse of the stacking fault tetrahedron and

the formation of Jogs in the interacting
dislocation.
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Fig. lla,b

AT

Interaction between a moving dislocation and a
stacking fault tetrahedron resulting in the
formation of a Frank sessile dislocation loop.

IM 2332
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(d)

(e)

MUB-12148

Fig. 12 .a-f The sequence of dislocation reactions that take place
when the moving dislocation first contacts a face of
the stacking fault tetrahedron that lies in the cross-
slip plane of the moving dislocation,
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is The moving dislocation first must constriet from the extended
form AB + BD in the plane of the stacking fault (Fig. 12b)
48 + D = AD | (1)
ii. The constricted segment of the interacting dislocation can then
dissoclate into two Shockley partial dislocations Ay and yD. Two con-
striction points are needed.

AD = Ay + D (@)

iii. The stacking fault is swept away;by the glide of the Shockley
partials in the face ABD. The Shockley partials next react with the

stair rods to form Shockley partials on the faces ABC and DAC (Fig. 12c).

Ay + VB = AB | (%)

1l

i

Dy + Y8 = DB, etc. (h)
ive The Shockley partials on adjacent faces of the tetrahedron

interact with the common stair rod to form & perfect dislocation of

the Burgers vector AD (Fig. 12d).
A5 + BB + BD = AD, etc. . (5)

ve The final result-is One.turﬁ of é helical dislocatioﬁ (Fig. 12e)
or a joggea‘dislocation and a perfect prismétic dislocation loop (Fig.
12f) if the right side of the interactihg‘dislocation continues in its
slip plane.

If the moving dislocation first.contacts a face of the‘stackiﬁg
fault tetrahedron that does not lie in the cross slip plane of the
moving dislocafion,>a part of a triangular Frank sessile dislocation
locp 1s left instead. TFigure 13 illustrates the sequence of the dislo-

cation reactions that might occur when this case is realized.
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MUB-12147

Fig. 13 a-f The sequence of dislocation reactions that take place
when the moving dislocation first contacts a face of
the stacking fault tetrahedron that does not lie in
the cross-slip plane of the moving dislocation.



~31-

1. The moving dislocation must first constrict from the extended

form AB + BC in the face ABD of the stacking fault tetrahedron (Fig.

13 b).

AB + BC = AC (6)

iie. The constricted segment of the interacting dislocation can then
dissociate into Frank sessile and Shockley partial dislocations Cy and

Ay respectively (Fig. 155). Two constriction points are needed

AC = Ay + YC ' (7)

iii, The Shockley partial, Ay, reacts with the stair rods Yo and WX
to form Shockley and Frank sessile partials in the faces ABC and DBC

respectively (Fig. 13c)

Ay + 45 = AD , o (8)

Ay + yo = A (9)

iv. The Shockley partial, A5, next reacts with the stair rod 56
to form the Shockley partial AB in the face ACD and with the stair
rod 5 to fbrm.the_Frank partial Ax. The interacting dislocation AC
reacts with Ax to form the prismatic loop AC and the Frank sessile
loop Ax. |

The above reactions can be viewed as é two~ste§ prpéess which

occurs first by the collapse of the tetrahedron into a Frank sessile loop

.and second by the interaction of the .glissile dislocation with part of

the Frank loop to form the perfect prismatic loop., From a purely
geometrical argumenﬁ, 1/5 of the interactions should result in the jogged

dislocation while 2/5 of them should reéult‘in the Frank sessile loop.
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However, of the 100 interactions observed, approximately’2/5 resulted in

Jogged dislocations and 1/3 in the Frank sessile loop.

b. FEdge Interactions. Figure 14 illustrates the sequence of dislocation

reactions that occurs when the moving dislocation first cohtacts a
stair rod dislocation of the stacking fault tetrahedron that lies in the
cross slip plane of the moving dislocation.
i. The interacting dislocation'as in the two preceding cases
must again constrict from the extended form AB + PBD but only at a sinéle

point at the edge of the tetrahedron
AB + BD = AD (10)

ii. The constricted segment, AD, can then dissociate into the
Shockley partials Ay and YD in face DAB and into the Frank sessile and

Shockley partials, Ax and D respectively in face DBC.

AD

il

Ay + YD (1)

AD

Ao+ oD L (12)

iii. The reaction then follows a course similar to that of the pre-
viously described mechanism, The end result is again a jogged dislocation
and a triangular perfect prismatic-lobp which usualiy'esgapes to. the
surface of the foil.v |

The second reaction product, the Frank sessile dislocation loop
results if the moviﬁg dislocation first confacts a stair rod of the
stacking faultvtetrahedron that does not lie in the cross slip plane of"
the moving dislocation. vFigure 15 illustrates the sequence of disloca-

tion reactions that occurs when this situation is realized.
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(d)

Fig. 1L a-f

AD

(f)

MUB-12144

The sequence of dislocation reactions that take
place when the moving dislocation first contacts
a stair rod dislocation of the stacking fault
tetrahedron that lies in the cross-slip plane of
the moving dislocation.
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MUB-12145

Fig. 15 a-f The sequence of dislocation reactions that take place
when the moving dislocation first contacts a stair
rod dislocation of the stacking fault tetrahedron that
does not lie in the cross-slip plane of the moving
dislocation. '
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i. As in the preéeding case a coﬁstriction point is required at
the point of contact between the interacting dislocation and a stair
rod of the tetrahedron. | |

ii. The constricted point éan exten&_ihto segments of Shockley

and Frank sessile partials in faces DAB and. DBC.

AC = Ay + yC face DAB (13)

I

AC = Ax + QD face DBC ' (14)
iii., The reéction then follows as previously described producing the
Frank sessile and perfect prismatic loops.

In the.above two cases, é/} of the reactions shouid result in jogged
dislocations and 1/3 result in Frank sessile dislocation loops. This is
in agreement with the experimental observations. If we assume that the
radius of curvature of the moying dislocations is large compared to I,
the edge length of the stacking fault tetrahedra, it then becomes evident
that the moving dislocation-stair rod interaction should be expected to
hapﬁen much more frequently than the moving dislocation~face interaction.
The observed proportion of the two types of reaction products tends to
‘ confirm this expectaﬁion. |

If.the glissile dislocation and the stair rod dislocation of the
vstacking fault'tetrahedron are to inteiact asbin.thé proposed mechaniém,

the following dislocation reactions are necessaryt
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a) AD = Ay + YD

(Perfect) = (Shockley) + (Shockley)
b) AD = Ax + 0D

(Perfect) = (Frank) + (Shockley)
c) Ay + YA+ oD = AD

(Shockley) + (Stair rod) + (Shockley) = (Perfect)

Using the simple Burgers vector squared (b2) energy cfiterion for reaction
each of the above reactions should take place.

The entire‘interaction,-except for the ihitiai constriction step,
oceurs concurrently with the release of energy@ The hardening observed
by Meshii and Kaufmann (l959)lcan be explainéd as due to the barrier of
the constriction step and/or due to the superjogs created on the disloca=-
tions as a result of interaction. In the latter case hardening results
because the dislocations are effectively pinned by the edge superjogs.

In the former case the intefacting dislocations are held ﬁp agéinst the
tetrahedron until a combination of a thermal~stress fluétuation oceurs
which is sufficient to overcome the barrier of the constriction step.
Figure 16 shows glissile dislocations held up by stacking fault tetrahedra
indicating the barrier enérgy to be considerable. From the cdrvaturg

of the held up dislocations the.stress on the dislocations'is on the

order of 2><10-5

3

Ge This stress level is comparable to the flow
stress of 10 G obtained by Meshii and Kaufmann for wire samples of

gold containing stacking fault tetrahedra.
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XBB 686-3942

Fige 16 Several dislocations being held up by
stacking fault tetrahedra.
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Figure 11 represents an unusual case. This reaction is an example
of the type where the Burgers vector of the interacting dislocation does
not lie in either of the twb‘planes containing the stair rod of the
stacking fault tetrahedron which is first intersected. The unusual shape
of the resulting Frgnk sessile dislocation loop as welllas the slip trace
can be explained in the follbwing way. Figure 17 i1llustrates the sequence

~of reactions thét could have produced these fesults. In Fig, 17b the
interaéting dislocation first contacts the stacking fault tetrahedron
at point E« In Figs. 17c the interacting extended dislocation has.

" constricted and Shbckley partial dislocétions begin to sweep out the
stacking faults in plénes DBC and DAB. Ih Figse 174, the interacting
dislocation cross slips into a plane pérallel to ABC and produces the

Frank sessile dislocation loop ABEHI.

%+ Interactions without Direct Contact Between Stacking Fault
Tetrahedra and Moving Dislocations L

Besides the direct contact interactions discussed in the preceding
section, moving dislocations can interact with stacking fault tetrahedra
by aiding in their collapsé to Frank sessilé dislocation loops. Figure
18 gives‘an example of this typé of interaction. The foil orientation
isvagain [001] in which a completé stacking fault tetrahedron appears as
a square and a Frank sessile diélocation loop appears as & triaﬁgle.
Figure 18a shows a feW'dislbcations that have stopped just before reach~-
ing the stacking fa@lt tetréhedron (A). Figure 18b taken several seconds
later shows that the stécking fault tefrahedron hastOllapsed to a Frank’
" sessile dislocation loop (B). The collapéerf a stacking fault tefrahedron»

to a Frank sessile loop requires the nucleation of one or more Shockley
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¢

(a)

{c)

(e).

MUB 12143

Fig. 17 The sequehce of disloéation_reactions thought to
: take place in the reaction of Fig. 8. -
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(a) (b)

IM 2330

Fige. 18a Dislocations being held up by a
stacking fault tetrahedron.

Fige b The subsequent collapse of the tetrahedron,
several seconds later to a Frank sessile loop.
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partial dislocations. Figure 19 shows the reactions that could have

occurred to produce the results of Fig. 18.

Three cases can be distinguished by'whichvfhe nucleation might
occuf. In the first case, the stress field of the moving dislocétion
aids in the nucleation of a Shockley partial'dislocation loop in one of
the four faces of the stacking fault tetrahedron. The nucleated Shockley
partial dislocation reacts with the stair rods, sweeping out the stacking
faults on two other faces resulting in the collapse of the stacking
fault tetrahedron to a triangular Frank sessile dislocation loop. In
the second case, the dislocation stress field aids in the nucleation of
two Shockley.partials in the edge of the stacking fault tetrahedron, and-
in the third case three Shockley partial dislocations nucleate at the
corner,

From the obove experimental observations direct contact as well as
the non-contact interaction of dislocations with stacking fault tetra-
hedro have been shown to occur., The particular mechanism which may be
dominant and rate controliing.hoWever is dependent on‘the‘particular set
of experimental conditions. High temperatures, slow moving extended
dislocations and large stacking fault tetrahedra favor the dominance of
the non-contact collapse mechanisms. The interaction for this caoe
follows a two stage process where firét the stress field of the disloca-
tion collapses the staoking fault tetrahedra to a Frank sessile disloca-

tion loop and then the dislocation interacts. with the loop.
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MUB-12801

Fig. 19 A sequence of dislocation reactions which can be used to

explain the collapse of the stacking fault tetrahedron
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B. Stacking Pault Loop-Dislocation Interactions

In fhe description of the dislocation-~stacking fault loop interac-
tions to follow, Thémpson;s (1955) notation’will be used to represent
the Burgers vectors of the interacting dislocations and.the stacking
fault loops as well as their giide and habit planes, In the schematic
drawings the interécting dislocation will haye the Burgers vector AB.

The primary and cross slip planes will be ABC and‘ABD, respectively.

The essential features of the interactions are unchanged if the stacking
fault loops are viewed as unextended rather than extended. For this
reason and those of simplification the loops are represented as unextended
in the following drawings.

A number of geometrical parameters must be considered in the analysis
of the glissile dislocation stacking fault loop interactions [ See Saéda
and Washburn (1963).] Figure 20 illustrates the essential geometrical
features of the problem where an oblique view of the four possible
orientations of the stacking fault loops are presented. With thevhelp
of this figure three separate cases for glissile dislocation interaction

with stacking fault loops ean be distinguished.
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MUB 12962

Fig. 20 Oblique view of the four possible orientations of
the stacking fault loops.
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1. Interactions in which the Loop does not Lie.in Either of the Slip
Planes of the Interacting Dislocation.

Case 1 occurs when the interacting dislocation of Burgérs vector AB
intersects either the stacking fault loop ADC or DCB, both of which do not
lie in either of the slip planes of the interacting dislocation. Figure
21 illustrates the sequénce of dislocation reactions that can oécur when
this situation is realized.

"a. The moving dislocation first must constrict from the extended

form AS + 8B to AB at the first point of contact (Fig. 21b)

AS + 5B = AB (1)
b. The constricted Segmeht of the interacting dislocation can then
dissociate in the stacking fault of the loop into Frank sessile and Shockley

partial dislocations AP and BB respectively (Fig. 2lc)

AB = AB + pBB (2)

c. The stacking fault is swept away by the glide of theShockley
partiai dislocation; AB, and the interacting dislocation acquilres a seg-
ment that does not lie on the primary glide‘plane. A segment of the |

original stacking fault is left unreacted (Fig. 214)

AB + BB = AB | | (3)
de Points E and F of the interacting dislocation can joln to fbrm
the perfect prismatic dislocation looﬁ EDF (Fig. 2le) which can then glide
_to the surface of the foil leaving the stacking fault loop AEFC and the
unjogged glissile dislocation, AB (Fig, 21f).
The above series of reactions can be used to explain'the results of

the dislocation-stacking fault loop interactions which have occurred in
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{a) {(b)

(c) , : (d)

(e) | T

MUB 12964
Figs 21 a~f The sequence of disldcation reactions that takes place
when the moving dislocation intersects a stacking fault loop which

does not lie in either of the slip planes of the interacting
dislocation. ‘
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Figs. 22 and 25. The slip trace indentations of the three reactilons shown
in Figs. 22 and 23 are thought to result from, first, the conversion of the
stacking fault loop to a perfect prismatic loop and second, the prismatic
glide of the perfect loop to the surface of the foil. In reaction (2) of
Fig. 22 and in the reaction of Fig. 23, the entire stacking fault of the
loop is destroyed and converted to a perfect prismatic loop., In reaction
(1) of Fig. 22 and reaction (2) of Fig. 26 only part of the stacking fault
is destroyed. This result can be achieved only through the dislocation
reaction

AB = Aa + OB (4)
where a perfect dislocation, AB, dissociates to Frank sessile, A%, and

Shockely partial, aB, dislocations.

2, Interactions in Which the Loop Lies in the Cross-Slip Plane
of the Interacting Dislocation.

Case 2 occurs when the interacting dislocation, AB, Intersecte the
stacking fault loop ADB which lies in the cross slip plane of the inter-
acting dislocation. TFigure 24 illustrates the sequence of dislocation
reactions which can occur when this situation is realized.

a. The moving dislocation first must constrict from the extended
form A% + 8B to the perfect form AB at the point of contact (Fig. 24b).

AS + 8B = AB (5)

b. The constricted segment of the interacting dislocation can then
dissociate in the stacking fault of the loop into two Shockley partials,
Ay and yB, which removes the stacking fault each on its side (Fig. 2hc).

AB = Ay + B (6)
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(a) (b)

Interactions between a moving dislocation and a
stacking fault loop which does not lie in either
of the slip planes of the interacting dislocation
[resulting in the complete or partial removal of
the stacking fault and transformation of the
Burgers vector of the loop from a/3(111) to
a/2(110) 1.

IM 2331
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(a) (b)

IM 2325

Interactions between a moving dislocation and a
stacking fault loop which does not lie in either
of the slip planes of the interacting dislocation
[resulting in the complete or partial removal of
the stacking fault and transformation of the
Burgers vector of the loop from a/3(111) to
a/2(110)1].
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(a) (b)

(c) (d)

(e)
MUB 12965

Fig. 2L The sequence of dislocation reactions that takes place
when the moving dislocation intersects a stacking fault
1oop which lies in the cross slip plane of the interacting
dislocation.
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c. The two Shockley partial dislocations can then recombine at the
perimeter of the loop to form two dislocation segments of different
Burgers vectors, AD and DB, forming nodes with the interacting dis-
location (Fig. 2kd).

Ay + 4D

I

AD (1)
DB (8)

Il

VB + Dy
d. The two dislocation segments can then recombine to form a single
dislocation with the Burgers vector of the interacting dislocation (Fig. 24e).
AD + DB = AB (9)
It would also be possible for the two sides of the interacting dislocation
to combine, forming a Jjogless dislocation free to move while leaving
behind a perfect prismatic loop as in the previous case.
The above series of reactions can be used to explain the results of
the dislocation-stacking fault loop interactions which have occurred in
Figs. 25, 26, and 27. Reaction (1) of Fig. 26 and the reactions of Figs.
25 and 27 illustrate the usual type of result obtained when the moving
dislocation intersects a stacking faultvloop lying in the dislocation's
cross slip plane. In all three of these cases the two gegments of the
dislocation loop (Fig. 24c) resulting from the sweeping out of the two
Shockley partial dislocations have combined to form a single dislocation
segment in the cross slip plane having the same Burgers vector as that
of the interacting dislocation.

s 8 Interactions in Which the Loop Lies in a Plane Parallel to That
of the Primary Slip Plane of the Interacting Dislocatilon.

Case 3 occurs when the interacting dislocation, AB, comes close to

the stacking fault loop, ABC, which lies in a plane parallel to the
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(a) (b)

IM 2327

Interactions between a moving dislocation and a stacking
fault loop which lies in the cross slip plane of the inter-
acting dislocation [resulting in the complete removal of
the stacking fault and transformation of the Burgers vector

of the loop from a/3(111) to a/2(110)].
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(a) (b)

™ 2336

Interactions between a moving dislocation and a stacking
fault loop which lies in the cross slip plane of the inter-
acting dislocation [resulting in the complete removal of
the stacking fault and transformation of the Burgers vector
of the loop from a/3(111) to a/2(110).
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(a)

IM 2323

Interactions between a moving dislocation and a stacking
fault loop which lies in the cross slip plane of the inter-
acting dislocation [resulting in the complete removal of
the stacking fault and transformation of the Burgers

vector of the loop from a/3(111l) to a/2(110)].
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primary slip plane of the moving dislocation. Figure 28 illustrates
the sequence of dislocation reactions that can occur when this situation
is realized.

a. In this case there is little probability of direct contact be=-
tween the loop and the moving dislocation because they would have to lie
in the same atomic layer., However, if the dislocation passes close to
the loop, its stress field can cause nucleation of a Shockley partial
dislocation in the stacking fault of the loop (Fig. 28b).

b. The stacking fault 1s swept away by the glide of the Shockley
partial dislocation and recombines at the perimeter of the loop to form
a perfect prismatic loop (Fig. 28c).

The reaction which has occurred in Figse. 29 and 30 can be explained
by the above mechanism. In both of these cases non-contact interaction
is evident as the slip traces of the moving dislocations have not been
interrupted. In Fig. 29, the loop lies in a parallel plane to the
moving dislocation while in Fig. 30 the loop lies in a non~parallel

plane.
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Fige 22 The sequence of dislocation reactions that takes place
when the moving dislocation passes close to but does not
intersect a stacking fault loop.
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(a) (b)

IM 2326

Interactions between a moving dislocation and a stacking
fault loop which is not intersected by the interacting
dislocation [resulting in the removal of the stacking
fault and transformation of the Burgers vector of the
loop from a/3(111l) to a/2(110)].
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IM 2324

Fig. 30 Interactions between a moving dislocation and a stacking
fault loop which is not intersected by the interacting
dislocation [resulting in the removal of the stacking
fault and transformation of the Burgers vector of the
loop from a/3(111) to a/2(110)].
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IV. CONCLUSTONS

Direct contact of a moving dislocation with-a stacking fault tetra-
hedron produced one of two reaction prodﬁcts depending on the Burgers
vectors and spatial relationship between the stacking fault tetrahedra
and the interacting dislocations. In the first case contact interaction
resulted in the collapse of the stacking fault tetrahedron and the pro-
duction of large jogs in the interacting dislocation. In the second
case, interaction resulted in the collapse of the stacking fault tetra-
hedron into a segment of a Frank gessile dislbcation loop formed from
one of the faces of the stacking fault tetrahedron. Two-thirds of the
tetrahedra interactions resulted in the products of case one.

Interactions of dislocations with stacking fault tetrahedra without
direct contact resulted in the collapse of the stacking fault tetrahedra
into triangular Frank sessile dislocation 1§ops.

Direct contact of a moving dislocatioh with a stacking fault loop
resulted in two types of reaction products‘. In the first case inter~
action resulted in the complete'removal ofvthe stacking fault converting
the % (111) type dislocation loop into %-(110) segﬁents which became
part of the interacting dislocation., In the second case interaction
resulted in only the partial removal of thé stacking fault leaving
'behiﬁd a segment of the original stacking fault loop.

Interactioné of dislocations with stacking fault loops without
direct contact resultéd‘in the conversion of the % (111) stackiné

fault loop into a % (110) type perfect prismatic loop.



_60—

APPENDIX

Flow Stress and the Constriction Energy _ -

It will be assumed that for a certain range of experimental condi-
tions the mechanisms described in the preceding section dominate in the
N
deformation of the macroscopic specimen. The interaction with either
the stacking fault tetrahedron or loop requires the interacting extended
dislocation to constrict in order for reaction to take place. It is
this constriction step which will be considered as the rate controlling

one in determining an expression for the flow stress. The strain rate

should follow the general relation:

¢ = R(oe) = x[Clo. p(AD] (1)

SFL
where
R = rate of dislocation-stacking fault loop reaction

Ae = strainresulting per reaction

k = rate constant for the diélocation stacking fault
loop reaction

[C]SFL = concentration of stacking fault loops
p = density of dislocations

A = area swept out per reaction.

b = Burgers vector of the interacting dislocation

That is, the strain rate is equal to the rate of interaction of the
moving dislocation with the stacking fault loops times the strain «
resulting per reaction.

The rate constant, k, has the form

N _
k = Be T /xT ' (2)
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. Fig. Al Schematic drawing of constriction needed.in the

L - ' interacting extended dislocation for contact
interaction to occur between it and the stacking
fault loop.



where
B = pre-~exponential factor contalning an entropy and
frequency term
E¥ = activation energy for the reaction

Combining Egs. (1) and (2)

*
o~E¥/kT

¢ = B{4b) plClgpr (3)

For the mechanism proposed, the activation energy for reaction should

have the form

E* = E, - G B0 (L)
where
Ec = energy to constrict the extended dislocation
T = stress on the dislocation
b = Burgers vector
G = geometry constant

From Stroh (1954) the constriction energy is a function of the width
of the extended dislocation which is in turn inversely proportional
to the stacking fault energye.

The value of T, is usually expressed as a function of two terms

T=T, T _ , (5)
where
Ty = applied flow stress
Ti = internal back stress

Combining Egs. (3), (4), and (5) the following expression results for

the flow stress,
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B, .o  Blap)elc]
T =71, + - 3 1n
' Gb ¢

It can be seen from Eq. (6) that the flow stress is strongly dependent
on the stacking fault energy, VSF’ and the temperature, T. Extrapola-
tion of the flow stress to O°K should give us a value for the
constriction.energy.

Other parameters which must be considered in the quenching harden-
ing of gold are the defect density and size_which control the number of
interaction points as ﬁEIlas Ne, the strain resulting per reaction. In
fact the effect of density can be studiéd since as wés shown in Fig. 1:
both the density and size can be varied over a wide range by alterations
in the quenching and aging treatments. A very low density for example
might permit the bowing df dislocations around stacking fault tetrahedra

at stresses lower than that needed for contact interaction.
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PART IT
- T, INTRODUCTION.

Quenched and aged gold has been shown 5y Silcox and Hirsch (1959)
to form gtacking fault tetrahedra. | |

These three~dimensional sessile defeéts consist of a tetrahedron
of stacking faults bounded by é (110) type stair rod dislocations. Tt
hag recently been shown by Yokota and Washburn (1967) that stacking fault
loops can also be formed in quenched.and aged gold by‘slight alteration
in the usual quenching and aging treatments. Both of these sesslle
defects can be produced in a wlde range of sizes, from.as.large as
several thousand angstroms down to a few hundred. Through the direct
observation technique‘of electron microscopy, the ahnealing kinetics of
these tetrshedra and lodps can be gtudied individually.

A number of investigators, among them'MEBhii and Kaufmann (1959)

and Cottrell (1961) have studied the bulk annesling of stacking fault

tetrahedra using the indirect methods of electrical reslstivity and
mechanical testing., They have found the gtacking fault tetrshedron to
be extremély gtable. Rgcovery wag found to take place at.measurable
rates for gold near 600°C and for silfer at around 906°C.

A number of mechanisms.have been proposged to expiainithe anhealing
behavior of stacking fault tetrahedra. The mechanisms may be divided
into two classes, those involving only the successlve emission of
vancancies as proposed by DeJong and Koehlér (1963) and those involving
first the collapse to a planar defect befdre the emiésion of vacancles,
The planar defect may be a trlangular stacking fault loop as suggested

by Silcox and Hirsch (1959) or a triangular perfect prismatic loop as
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proposed by Kuhlmann-Wilsdorf (1965).

The DedJong=Koehler mechanism requires the formation of ledges in
the faces of the stacking fault tetrahedron. The Silcox~Hirsch and the
KulhmananilsdorfAmechanisms each require the nucleatioﬁ:bf Shockley
partial dislocationg from one or more tetrahedron corners. Jﬁssang and
Hirth (1967) have recently calculated the‘totél energies of intermediate
truncated stacking fault tetrahedrs and have arrived at the conclusion
that the ledge mechanism 18 responsible for the amnealing of stacking
fault tetrahedra due to the extremely large activatlion energy required
in either of the collapse mechanisms. If in fact, J@gssang and Hirth
are correct in their conclusion; annealing of stacking fault tetrahedra
as revealed by direct observation under the electron,microécope should
show tetrahedra shrink and disappear as tetrahedra. If however elther
of the collapse mechanisms should be responsible for the recovery process,
this algo can be determined under direct microscope observation. In this
case, the orientation of the specimen as well ag the diffraction conditions
mist be carefully chogsen so as to clearly reveal the products of collapse.

A study of the annealing behavior of stacking fault loops by
transmission eiectron microscopy allows an almost direct check on several
important aspects of the theory of dislocation climb. Although Tartour (1967).
Dobson et al. (1967) and others have recently done extensive work on
/;éluminum, a face-centered cubic metal with a high stacking fault energy,
very little work has been done on other fcc materials of much lower
stacking fault energy such as gold. Becauserf the low stacking fault
energy for gold, the % (111) dislocatipn surrounding the stacking fault

o0p can 1880c1ate 1nto : e stair rod an ’ 10C ey
1 ai iate int é(llO)typ_ tai d dé(llZ)Sk k1
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paraial dislocations. A study of the annealing behavior of an extended

loop should yield %aluable insight into the mechanisms of extended Jog

formation and motion. |
The subject of the present study is the annealing of quenched and

aged gold containing stacking fault tetrahedra and loops. The purpose

of the study is to obtain direct experimental evidence through trans-

mission electron micrographs of the processes responsible for the anneal-
ing. These results will be used to formulate.and refine theoretical

models for the annealing of stacking fault tetrahedra and loops.
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II. EXPERIMENTAL PROCEDURE

A, Specimen Preparation

Specimens 25 mm long by 12 mm wide and 75 or 125 microns thick
were prepared from sheets of 99,999% pure gold obtained from Cominco
Products Inc. of Spokane, Washington. The thin sheet specimens were
first annealed in air at 1000°C for 48 hrs. producing grains of 0.4 mm
" average grain size and (00l) preferred orientation. The specimens were
then quenched from a température of 1000°C into an ice water bath and

aged for 1 to 2 hrs. at 150, 100 or 0°C.

B. Thin Foil Preparation

Thin foll samples suitable for observation under the electron micro-
scope were prepared by the modified window technique described in detail
in Part I. In place of the non-corrosive holders as described in the
ekperimental procedures of Part I, wider specimens were employed instead
which allowed masking of at least a 3 mm edge around the specimen. The
masked edge acted in a similar manner as did the holders in minimizing
plastic deformation of the specimen during thinning.

A Vdriation of the electropolishing technigue described in Part I
was used successfully a number of times in.fhe'present_study. In this
technique the specimen was allowed to etch slightly in the fast'pqlishing
step of the procedure. This was accomplished by increasing the hydro-
chloric acid content of the electropolishing solution or by ralsing the
temperature of the constant temperature bath., When the etched specimen
was further polished using the more controllable chromic acid solution,
entire grains were separated from the specimen, These gfains were re-

covered from the solution, rinsed and stored in ethyl alcohol at o°c.
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C. Electron Microscepe Technigue

.A Siémens 1A electron microscope Qperéted at 100 kV with a beam
.current‘léss than 10 uémps was used to makg all of the miéroscobe ob-
sérvations. A detachable specimen cap constfﬁcted of gold was.used with
the standard Siemens single tilt specimen holder and stage. Thé detach-
able cap permitted the annealing of the thin foll specimens in a furnace
outside of the‘microséope. The hot'stage technigue, where the specimen
is annealed directly in the microscope was used in an initial study to
deterﬁine the gross qualitative features of the annealing process. In
ﬁ1isvcase the difficulty of controlling and measuring temperatures could
be ignored. Whenever quantitative measurements were desired, however,
the annealing treatments were conduéted outside the microscope in an
1"%20" resistance tube furnace controlled to *1°C. An inert argon a&t-
mosphere was introduced &t a rate of 2 cu. ft/hr. See the dlagram of
Fig. 1 which shows the locaéion of the cap and specimen as wellias the
controlling and recording thermocouples in the furnace.

| Besideé thé gold specimen-cap, a pair of 100 mesh gold grids were
also used so thaf the éap assembly was congtructed entirely of gold.
These precautions were taken so as to minimizé the chances of cbntamina-
tion as well as plastic-deformati6n to the specimen from differential
thermal strains. The specimen was fixed stationary in the cap by care-
f11ly interweaving the pair of ductile gold grids around the specimen.

Because the single, instead of the double tilting arrangement was
used, the necéssary diffraction COhdiﬁions were obtained by making slight
adjustments in the specimen orientation by rotating the specimen and

grids within the cap, Therefore a number of adjustments were necessary
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initially to achieve the desired diffractioﬁ condition. When the correct
conditions were once obtained however, it was found relatively simple to
achieve the same orientation a second time. This aspect of the technilque
was found extremely important as mahy anneaiing treatments outgide the
microscope had to be performed. This ease reéulted from having to adjust
only one axils of tilt instead of two és wheﬁ.the dbuble tilt stage and
holder are used.

Microscope observations were recorded on Kodak electron image plates.

Plates were used instead of the more economical fils so as to avoid any

- measurement errors as a result of film shrinkage, Moreover the 2-1/2x3~

1/2 in. plates allowed a larger area of observation than did the film.

A serious problem in making repeatedvobservations of & process under
study was in locating a particular area a number of times in the micro-
Scope. .Althoﬁgh it was not always possiblé, unusual features e.g., bend
contours, dirt spots, etd;, were used to locate general areas, Then

developed plates of previously taken observations were compared to locate

-the exact areas,

Mégnification errors were avoided by making calibration checks before
and after each annealing experimént using a calibréted replica grid. If
observations were not made all in one sitting or if use of thé microscope
was interrupted by breék down, additional magnification checks were made.
In the case of the loop annealing study Tixed positions in the micrographs
were sought as well. This was accomplished by using three or more small
stacking fault tetrahedra as reference points which fixed both the plane

and the magnification of the observation.



TII. RESULTS AND DISCUSSION

A, Annealing of Stacking Fault Tetrahedra

1. Experimental Observations

Figures 2a and b are micrographs taken of an area before and after
30 minutes annealing at a tempersture of 175°C. Note that the complete
stacking fault tetrahedra (1) and (3) which appear as squares in Fig. 2a,
have become triangular Frank sessile dislocation loops in Fig. 2b. This
same collapse has occurred for fhe staéking fault tetrahedron (2) that
cuts one of fhe surfaces of the foll. The resulting Frank loop in this
case appears as a trapezoid.  The collapse of stacking fault tetrahedron
(4) may have been aided by the‘stresé field of the dislocation (5). For
the other three examples, however, the resulting Frank loops do not lie
on pérallel planes, suggesting that stfesses that may have been present
during annealing did not aid significantly in their collapse.

The tetrahedfa in Fig. 2 were in the size range 1000-20002. Smaller
tetrahedra, bn the order of 100-200% generally required higher temperatures
and/or longer times for collapse. Figures 3a, b, c, and d are micrographs
taken of an area annealed for a) O, b)IBO,F ¢c) 60, and d) 90 minutes at
hOOac showing the collapse of smaller stacking fault tetrahedra to tri-
angular Frank seséile loops. Reactions can be seen at the positions
which have been circled. After cpllapse of the tetrahedron the resulting
loop shrinks maintaining sides parallel to the (110) directions.

Figure 4 shows the annealing process qf an area containing tetrahedra
of a wide size distribution. The complete sequence of the annealling steps
from collapse of the tetrahedra to shrinkage of the loops at 300°C are

illustrated. In Fig. 4b the lafgest of the stacking fault tetrahedra



(a)

(b)

XBB 6711-6574

Fig, 2 Collapse of stacking fault tetrahedra to triangular
stacking fault loops at 175°C after 30 minutes
annealing.



Figo 5

Tl

XBB 6711 6572

Collapse of stacking fault tetrahedra to triangular
stacking fault loops at L00°C after a) 0, b) 30,

c) 60 and d) 90 minutes annealing; circles locate
areas where collapse has taken place.

9
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XBB 6711 6568

Collapse of stacking fault tetrahedra and subsequent
shrinkage of stacking fault loops at 300°C after

a) O, b) 2, ¢) 5, d) 9, e) 17, £) 25 and g) 34 hours
annealing., (see next page
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Fige 4 (continued)



1, 2, and 3 have collapsed to triangular stacking fault loops. In Fig.
Ld the smaller tetrahedra L4 and 5 have collapsed and by Fig. Lg the
smallest of the complete stacking fault tetrahedra T7,8,9, and 10 have
finally collapsed. Note, however that the large truncated tetrahedra

13 as well as others in Fig. l4g have yet to collapse. The high stability
of these truncated stacking fault tetrahedra is quite unexpected since
intersection by the surface removes segments of stair rods which would in
the complete tetrahedron act as barriers in the collapse process. Re-
golution of this apparent incongruity will be postponed to a later section
where all aspects of the mechanisms responsible for stacking fault tetra-
hedra collapse will be discussed together.

Also unexpected is the wide variation in the shrinkage behavior shown
by the Frank sessile loops that have formed from collapse of the tetrahedra.
For example, of the loops 1, 2, and 3 which have collapsed in Fig. 4v only
loop 3 is still present after over 30 hours of annealing. Loop 1 and 2
have shrunk much faster having completely disappeared in less than 10
hours annealing as shown in Fig. 4d.

From a large number of observations such as described above a number
of generalizations can be made about the annealing of stacking fault
tetrahedra:

a) Stacking fault tetrahedra in a wide size range, 2000-1004
readily collapsed to triangular stacking fault loops.

b) In the same temperature range, 400 to l50°C, stacking fault
tetrahedra did not shrink as tetrahedra. That is all of the stacking
fault tetrahedra which eventually disappeared, annealed out by first

collapsing to Frank sessile dislocation loops and then shrank as loops.
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c) The larger stacking fault tetrahedra collapsed at lower tempera-
tures and shorter times as compared to the smaller tetrahedra which re-
gquired higher temperatures and longer times. That 1s, the collapse of
stacking fault tetrahedra appears to be size dependent. An exception
to this general behavior is the annealing of stacking fault tetrahedra
cut by the surface of the thin foil. For the same edge length, the
truncated tetrahedra appear to be more stable than the complete tetrahedra.

d) The shrinkage of the Frank sessile dislocation loops were quite
irregular, some loops shrinking quite rapidly and others nearby shrinking
only very little. Furthermore, not all sides of the same loop appeared
to shrink equally.

Any mechanism which might be proposed to explain the annealing of
stacking fault tetrahedra must of course include and explain the above

observations.



2. Collapse of Stacking-Fault Tetrahedra

From the experimental observations of the previous section the re-
covery of stacking fault tétrahedra in gold has been found to occur
through collapse of the tetrahedra into stacking fault loops. Further
recovery it was found takes place through the shrinkage of these loops
rather than through the process of tetrahedra shrinking directly as tetra-
hedra. The ledge mechanism by which stacking fault tetrahedra could
shrink directly as tetrahedra was first sﬁggested by de Jong and Koehler
(1963) and later expanded by Kimura et alb(l965). The mechanism requires
that ledges nucleate and move in the stacking fault faces as shown in Fig.
5. Two types of stacking fault ledges are possible each having quite
different characteristics. The ledge which faces toward an edge of the
tetrahedra as shown in Fig. 5a, resembles a row of 1/3 vacancies, while
the second type of ledgé which faces toward a corner, Fig. 5b, may be
regarded as a row of 1/5 interstitials. The stair rod.dislocations
| bounding the vacancy ledge are of the %(1,10) type while the interstitial
ledges are associated with %(100) stair rods. Hirsch (1962) has estimated
the energy of the interstitial ledges to be 2 to 3 times that of the
vacancy ledges. Kuhlmann-Wilsdorf (1965) has further shown that in order
for shrinkage to occur by interstitial ledges a very high activation energy
mist be overcome. A minimum vacancy undersaturation of 0.2 at 6OO°C,l
is needed before the barrier energy can be appreciably reduced. The
required 0.2 undersaturation, however cannot conceivably be realized
even neglecting the contributions of other vacancy sources.

1. The known critical temperature for annealing of stacking fault
tetrahedra in gold.
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(b)

XBL 686-1120

Fig. 5 (a) Vacancy and (b) interstitial ledges
on stacking fault tetrahedra
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She then suggested that vacancy ledges nucleated from edges instead
bf corners could possibly operate to effect shrinkage. However this
mechanism is feasible énly if the line energy of vacancy ledges is much
less than. generally acknowledged (from 0.2 eV to 0.05 eV per atomic
plane). The generally accepted 0.2 eV value for the line energy of the
ledge would make, using hef'relationship, the nucleation energy approx-
imately 15 eV for a 1000A tetrahedron.

As stated earlier however, no tetrahedra were observed to anneal
out through any of the above ledge mechanisms. Instead, annealing re-
sulted through the collapse of tetrahedra into.loops which then shrank
thrcugh the emission of vacancies. Kulhmann-Wilsdorf was the first to
suggest this alternate annealing mechanism. = She #iewed the rapid annealing
of tetrahedra as noted by Cottrell (1961) through resistivity measurements
at the 600°C critical temperature, to be the result of a chain reaction
in which collapsing tetrahedra provided &acancies for further tetfahedra
to grow to their limiting size and collapse and so on.

The collapse of a stacking faultvtetrahedron fova Frank sessile loop
involves the reaction

SFT — FSL (1)

requiring the nucleation of one or more Shockley partial dislocations
at some point on the SFT. The rate of tetrahedra collapse can be ex-
pressed by the relation

R = k, [SFT]

where [SFT] is the density or concentration of stacking fault tetrahedra

in the above expression. The rate constant, k., has the general form

l)
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Ae—E?‘/kT

kl =

where
E? = activation energy for the reaction

= pre-exponential factor which includes freguency
and antropy terms

k = Boltzmamn's constant

T = absolute temperature

To be able to predict the rate of anneallng of stacking fault tetrahedra,
it is necessary to first examine the various ways in which collapse can
take place and second to make an estimate of the barrier or actlvation
energy.

Before proceeding to a detailed discusslon of mechanlsms of collapse
and their activation energies a number of terms and concepts should first
be defined and clarified.

1) ESFT and E%SL are the energies of the gtacking fault tetrahedron
and the triangular Frank sessile loop defects respectively. The energy of

the defects can be thought of as composed to two terms:

= +
ET ZEs ZEI
where
ET = total energy of defect
ES = gelf energies of the dislocatlons and stacking
faults comprising the defect
EI = 1Interaction energies of the various dislocation

segments of the defect.
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2) AE is the difference in the total energles between the SFT and

the FSL of the same edge length, /.

AE = Egqpp - Bpgr,

A is represented by the shaded area in Fig, 6,

!

‘ *

3) E% is the activation energy for the reactlon SFT — FSL. E
is the activation energy for the collapse process when the total energies
of the SFT and FSL are equal (position 2 of Fig. 6). In region 1

EA

AE +E
1

and in region 3

*

E*'should not be thought of as a constaﬁt\since(it can.vary with the
size‘of the SFT. It 1s the energy which must be supplied by thermal
fluctuation and/or external stress in order for collapse to occur, even
~ when the SFT is unstable with respect to the FSL configuration.

In the discussion to follow, 1t will bé viewed as the energy needed
to nucleate one or more Shockley partials 1n the face, E; édge E: or
corner, Ez, of the SFT to effect collapse to a FSIL. |

Three general mechanisms for the Collabéé of SFT to FSL can be
visualized, eaéh involving the nucleation of one or more Shockley
‘partial dislocations. The first mechanism involves the nucleation of
a Shockléy pértial loop in one of the four faces of the SFT. The dis-
location reéctibns involved in the collapse are shown in Fig. 7. If
the SFT we are considering ls very large the loop iﬁteraction with the

neighboring stair rods can be neglected and the total energy of the
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(b)

MUB-12802

Fige 6 (a) Energy versus defect edge length for Frank sessile
loops (FSL) and stacking fault tetrahedra (SFT)

(b) Energy barrier profiles for 1) 7 < £ , 2)1 = {
g c? c
3) 1> 7,
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(a)
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MUB-12804

Fig. 7 Dislocation reactions involved in the collapse
of a SFT by nucleation of a Shockley partial
in the face
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loop Ef can be exp;essed by the approximate expression:
E, = EL(r In r) - ESF(rg) - WT(re)
where
EL = energy of the disloéation loop formed (proportional to
rlnr).
ESF = energy of the stacking fault destréyed in the formation

of the loop (proportional to r2).
W_ = work done by the external stress fleld, 7, as the dis-

location loop expands. Thls stress can also be provided
by a dislocation,

Ef has a maximum value at the ecritlcal radius r, which must be supplied
by a thermal fluctuation to nucleate a stable Shockley loop. This mech-
anism was first proposed by Meshii and Kauffman (1960) in order to explain
the results of thelr annealing experiments. They obtained an experimental
value of 4.7 eV for the activation energy of the annealing process which
agreed well with their calculated value of 6.6 eV based on the above model.
The second mechanism Involves the nucieation or dissoclation of two
Shockley partial dislocations from one of the stair rod dislocations. (Fig.8)

The activation energy for this mechanism has a form similar to the pre-

ceding case.

E =B - Egp =W, - ESR(r)

where EL, ESF and WT have the same meanings as in the previous case.

ESR = energy of the length of stair rod dislocation destroyed in
the formation of the two Shockley partial dislocations.

If nucleation takes place in this manner, the value of the activation

*
energy, E , for collapse should be slightly smaller than the preceding
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Fig. 8 Di310cation reactions involved inithe-collapse of a SFT
by nucleation of a pair of Shockley partials in the edge
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case, because of the length of stalr rod dlslocation that 1s destroyed.
However, the number of sites where the process can occur is very much
smaller. For face nucleation, the number of sites available for the
micleation of a Shockley partial dlslocation loop is proportional to 12
where £ is the edge length of the tetrahedron. For edge or stailr rod
nucleation, the mumber of sites is proportional to 1.

The third possible mechanism involves the nucleation or dissoclation
of three Shockley partial dislocations from a corner of the tetrahedron
where three stair rod dislocations meet. The expression for the activa-
tion energy, Ec,rbased on this model has the same form as case IT discussed
above. The activation energy for this mechanism is expected to be slightly
lower than either of the preceding mechanlsms but, the number of nuclea-
tion sites is only 4, the corners of the tetrahedron. (Fig. 9)

The increased stability of tetrahedra cut by the foll surface is
understandable when viewed in the light of the mechanisms for collapse
proposed. For example in the corner collapse mechanism, the corners are
the active sites for nucleation of the Shockley partials. In the case
of the truncated tetrahedron 13 of Fig. 4, two corners remein of the
original 4 reducing the possible nucleation sties by one-half. The total
stair rod length is also reduced but by less than one-half while total
stacking fault area is reduced by less than one-third. Therefore any
of the three proposed mechanisms can be used to explain why a truncatéd
tetrahedron should be more stable than the complete one of the same edge
length even though stair rod segments in the tetrahedron are removed

which should make nucleation easier,



Fig. 9
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The measured activation energy in a macroscopic annealing experiment
may well be influenced by all three mechanisms and mmst be related by the

expression

* * *
-E, /%T E /KT -E f/kT

k = A + A + A e
c e hig

The dominance of any particular mechanism would be dependent on the pre-

*
exponential term, A, as well as the activation energy E . Becausge

A K4 KA
c e hig

and

<E <E
Ec e g

it is concelvable that each of the three mechanisms coﬁid dominate over
a particular temperature range.

The activation energy for the corner collapse mechanism has been
cdlculated by Jéssang and Hirth (1966) and Humble et al. (1966) taking
into account the interaction terms of the neighboring stair rod dis-
locationg. The truncated configuration of the stacking fault tetrahedron
as it collapses to a Frank sessile loop is appréximated by straight lines
as shown in.Fig. 10. An energy maxima occurs if the energy of the trun-
cated tetrahedron is plotted vs the height, h, of the plane of the
Shockley partials above the base of the tetrahedron. Thisg maxims is
shown to vary with the size; {1, of the SFT. (Fig. 11) Using a stacking fault
.energy value of 55 ergs/cm2 for Au Jgssang and Hirth (1966) have deter-
mined a value of 31 eV for the activation energy at the critlical edge

*
length, .= 2653. The hlgh value of E can be reduced somewhat 1f the
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XBL678-517I

Fig. 10 The idealized configuration of a truncated
tetrahedron used by Jfssang and Hirth (1966)
to calculate barrier energies for collapse
from a corner
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Fig. 11 Energy of the truncated tetrahedron as the Shockley partials
extend from h = O (FSL) to h = 1 (SFT)



correct curvature of the Shockley isAintroduced into the calculations

but certainly not enough to make the’value approach oné which would allow
coilapse to éccﬁr with thé high frequency>observed. Avstaéking fault
energy of 55 ergs/cm? ﬁelongs at fhe uppér end of values suggestéd for
the stacking fault energy of gold.> Use of a lower sfacking fault energy
in the calculations would increase fhe activation energyvfor a given
tetrahedron edgé length, Local stresses can reduce somewhat the activa-
tion energy for collapsed but here again the calculations of Hirth (1963)
show that nucleation can occur at appreciable rates only for stress
levels approaching G/30.

The effect of impurities cén conceivably cause a reduction in the
activation enefgy for nucleation of the Shockley partials. In the present
case, the bulk specimens were found to absorb during the quenching and
annealing treatmenfs an additional 0.002% by wti oxygen. This oxygen
could have combined with the Cﬁ and Ag impurities of the originally
99.999% gold and acted as the nuclei for growth of many of the stacking
'fauit tetrahedra finally formed. In faét; thé makimum possible concen-
tration of}impurity—oxygen br impurity—vacancy complexes is equal to
the concentration of stacking fault tetrahedra produced in our eXperi-
menté. If impurities are concentrated at fhe\cofhers of the tetrahedron
one can picture themvas préventing the stéir rods from completely forming
at the corﬁers. This would reduce slightly'the required activation energy
needed fér‘coilapée. However such.an effect alone would not be enough to
reduce E* by a factor of iO. J¢ssang’s calculations also show that the

energy maximum, Fig. 11, for a‘Booﬁ,tetrahedron ocecurs at h = 1/2.
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There is reason to believe, as will be discussed 1in the next section,
that the impurities present would tend to cluster instead along the stair
rods of the tetrahedron which would make collapse more difficult. That is,
impurities should increase not decrease the barrier energy for collapse.

This discussion of the differences in the observed behavior of the
annealing of stacking fault tetrahedra with that predicted by calculations
will be continued in Section C where it will be considered together with

the results of macroscopic annealing tests,



B. Annealing of Stacking Fault Lo@ps

l.f Annealing Behavior of Hexggpnal Stacking,Faﬁlt Loops

Figure 12 shows geveral stages In the @nnealing of a nonregular
hexagonal stacking fault loop in gold. Note that the loop corners
aﬁpear to remain angular during shrinkage and do not round as hexagonal
lopps do in aluminum (Tartour 1966). This nonrounding of loops in gold
mekes measurement of its shrinkage rate more'complicatéd than the case
for eluminum, since a singie parametér such as the loop radlus cannot
be used to describe the shrinkage process. Consegquently other means of
describing the shrinkage process had to be.sought, In an initial study,
Vafious rates of shrinkage were calculated based princiﬁaliy on measure-
ments of changes in the area and circumference of the loop with time.
This approach led, however, to the conclusion stated earlier in Section.B
that the ghrinksge behavior for loops in gold was extremely erratic making
gystematic study of the shrinkage process appear 1lmpossible.

From further énd more detailed ihspection of the ghrinkage précess,
a method was devised where the degree of éhrinkage of each sidejof the
loop could be measured independently. Such a measuremenf requires three
fixed reference.pqints in the vicinity of the loop being studigd which
wuld then fix Eoth its exact position and élane within the foil. ' In
the present study small stacking fault tetrahedra served as the required
reference polnts. By carefully superimposing each successive annealing
stage of the loop, the amount each slde of the ioop ghrank could be
accurately determined. Utiliziﬁg the above procedure the shrinkage
behavior of the loop of Fig, 12 wasAdetermined. The (lll) projectioné

of the successive stages of the loop‘are shown in Fig. 13a. The shrinkage
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XBB 6711-6570

Fige 12 Shrinkage of a non-regular hexagonal stacking
fault loope.
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, XBL 686-1124
‘Fig. 13 (a) (111) projection of the loop of Fig. 12.
(b) (111) projection of the loop of Fig. 20.
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behavior of .. several sides of the loop is plotted‘and shown in PFig. 1k.
Note that shrinkage is linear and independent of the size of the loop.
This independence of‘size on the shrinkage rate appears to hold as long
as the loop remains angular, Furthermore, the position of each side
with regard to the foil surfaces seemed not to influence its shrihgage
rates. Sides AF and CD were closest and parallel to the surfaces af the
thin foil specimen. This behavior is contrary to that observed in |
aluminum where Dobson et al. (1967) found that both the size of the loop
and its position in relation to vacancy sinks effect the shrinkage

behavior,

2. Annealing Behavior of Triangular Stacking Fault Loops

Compare now the annealing behavior of the heagonal loop of Fig. 12
bounded by'120° corners with the triangular stacking fault loop of Fig.'lS.
Given similar annealing treatments the shrinkage of the triangular loop
is negligible when compared to the hexagonal loop. Numerous similar
observations of this kind over a wide time and temperature range lead
one to the coneclusion that the shrinkage bhehavior of stacking fault loops
bounded by 60° corners is quite different from those bounded by 120° corners.
Such behavior would of course not be expected in a stacking fault loop

bounded by a %-(lll) Frank dislocations However, for low stacking fault
1
_ 3
into a % (110) stair rod and a % (112) Shockley partial dislocation, thereby =

energy materials such as gold, the (111) Frank dislocation can dissociate
lowering the total energy of the loop. If stacking fault loops in gold
are extended, the triangular and hexagonal stacking fault loops should

have the configuration of Fig. 16b., Note the difference in the nature
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Fig. 14k Shrinkage behavior of three sides of the loop
of Fig. 12,
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Fige 15 Shrinkage behavior of a triangular stacking
fault loopes
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of the 60° and 120° corners. At the 60° corner the two Shockley partials
are on the same side of the plane of the loop; the corner is closed by a
% (110) type stair rod making it extremely stable. At the 120° corner
the Shockley partials are on opposite sides of the loop plane which
results in a constriction that requires a lower barrier energy to form

Jogs.e

5« Annealing Behavior of Loops Cut by the Foil Surface

If stacking fault loops in gold are extended it would explain the
unexpected annealing behavior of the triangular loop 1 of Fig. 17 which
has been intersected by the foil surface... For an unextended loop one
would expec£ the surface to increase the.shrinkage rate assuming the
process was diffusion controlled. The intersected loop on the contrary
is made more stable by its intersection with the foil surface., One can
see why this is so when the configuration of the loop is examined along
the truncated side as shown schematically in Fig. 16c. Such corners
make nucleation of the required jogs for climb very difficult, If in fact
Jjogs are created at the corners of the loop, as will be discussed in a
later section, the truncated loop of Fig. 17 would be more stable than
the triangular loop of Fig. 14 since there is one less corner at which
Jjogs can be nucleated.

Note also the super jogs formed during annealing on the lower loop
of Fige 17« The stabilization of such superjogs might occﬁr from the
presence of impurity clusters along the perimeter of the loop. Jogs
formed at one corner can travel along the edgé of the lobp until it
meets an impurity cluster. The superjog 1s created by many Jjogs piling

up at this point.
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Fige. 17 Shrinkage behavior of loops cut by the
foil surface.
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L, Electron Diffraction Contrast fram Extended Stacking Fault Loops

If stacking fault loops in gcld are indeed extended, as one might
conclude from the experimental evidence described in the preceding para-
graphs, the loops should exhiblt corresponding electron diffraction con-
trast effects. Loops in an (001) orientation which appear as triangles
can be easily distinguished from the square appeafing stacking fault
tetrahedra as mentioned earlier., The dlffraction conérast expected
utilizing (200) type reflections are similar for both the extended as
well as the unextended loop. Contrast can be expected frum both the
stacking fault.in the form of fringes and the surrounding dislocatioﬁ,
When one of the (220) typé reflections are used however, one-half of
the %{lll} type loops will remsin in contrast while the remaining loops
should completely disappear. If the loops‘should however be extended,
again one-~half of the loops ghould remain in full contrast but instead
of the remaining loops disappearing there should be contrast from two
of the three sides of the loop. The differenées’iﬁ contrast effects
expected are shown schematically in Fig. 18. Filgure 19 shows the
actual contrast from loops utilizing the [020] and [220] reflections.

It should be pointed out here that a similar experiment for aluminum,
whichvis thought t§ ha&e a high gtacking fauit energy, i.e.; 135 erg/cm?
was performéd by Tartour (unpublished) who .showed similar but much more
diffuse contrast. Posgibly this contrast is due to the strains inherent
in an edge dislocation. The contrast observed for gold can therefore be
partly or wholly residual contrast. Yet the above contrast experiments
together with the experimental 6bservations of the preceding sections,

i.es, the differences in the annealing behavior of triangular and
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Contract expected from c) unextended l/B(lll)
type loops and d) extended loops
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Fige 19 Contrast changes observed when a) g = [020]
b) g = [B20],
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hexagénal loops and the influence of the foll surface on the annealing
of loops cut by it, suggests very strongly that stacking fault loops in
gold are indeed extended. The following discussion will be based on

this assumption.

5. NMucleation oy Shrinkage from Loép Corners
Consider next the annealing.of the loop of Fig. 20 which is bounded
by both 120° and 60° corners. The shrinkage behavior of the loop was
determined in the manner deécribed earlier and is shown in Fig. 13b. Note
that between the 0 and 2 hrs.'annealing'stages the loop sides CD, DE and
‘ EAuwhich are each bounded by a pair of 120o corners have shrunk considerably
more than sides AB and BC which are bounded by éne 60° and one 120° cofngr.
Nétice also the movement of the 120O corner at C and'the Superjogs.forme&
there during this period. These jogs.could have formed only from the corﬁer
- C, thus strongly suggesting that the shrinkage of side BC ﬁas occurred
" principally from the action of the 120° corner C'toward B. The same can
be said of the situation existing at cornef A, These observations suggest,
at least.in the temperature range under study, i.e., lOO-hOQ?C, thaf it 1is
the 120° corners which are responsible for the bulk of the shrinkage with
the 60° corners contributing only little if any to the net shrinkage
v observed.l
'Consider now the annealing of the stacking fault‘tetrahedra and lodps
of Fig. 21, Note in particular the_shrinkége behavior of loops 8 and 9
Whiéh are again shown schematically in Fig. 22. Shrinkage in each casé
appeérs to nucleate from one of the triangular loop‘corners. This ob-

servation appears at first to be in direct contradiction of conclusions
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XBB 686-3941-A

Fige 20 Shrinkage of a loop containing both 60°
and 120° corners.
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XBB 686-3939-A

Fige 21 Behavior of loops annealed for a) O, b) 1, c) 2, d) 3, e) L,
f) 6, g) 8, h) 10 hours at 300°C.
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(continued)

Fig. 21



-111-

Fig. 22 (111) projections of the loops of Fig. 20

XBL 686-1126
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Fig. 22 (cont inued )
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. Fige 23 (2) Conflguratlon of a palr of stable 120 corners formed
from a ©0° corner.

(b) Conflg iration of an unextended loop side bounded by
120° corners.
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made earlier with regard to the shrinksge behavior of 60° and 120°
bounded loops., However it 1s mlso observed that the ghrinkage rates
for the loop sides adjacent to thé acfive corners are comparable to
those observed, for example, from sides.ab and ac' of loop 1l which are
bounded by one 60° and one 120° corner, and,approximately one~-half the
rate exhibited by the sides of the hexagonal Loop 16, where each is
bounded by 120° corners.’ If the active corners of loops 8 and 9 are
peitured not at 60° corneré but instead as a pair of 120° hexagonal
corners, spaced so close as to a?pear a8 a slngle corner in the electron
micrograph, the above observatién would agein fit into our earlier‘
speculations., That is, the active corners of loops 8 and 9 should be
plctured as in Fig. 23a. This énalysis would also éxplain the behavior
of the triangular loop 12 Which does not shrink at all during 10 hrs,
of annealing, and the loops 4 and 5 which do hot start to shrink until
after 2 and 6 hrs. of annealing respectively. That is, apprecilable
Shrinkage of loops can occur only after formation of stable hexagonal
corners from the original 60° corners.

In the process of forming new 120° hexagonal corners on & corner of
a triangular loop, the loop acquires a new side as well. If this new
.8lde is extgnded, shrihkégé will oceur for‘this éide at the expecﬁed_
rates. There is also the possibility that the new side formed between
the pair of hexagonal corners can be unextended. This can occur for
example if a high concentration of jogs rapidly forms from each of thé
new éorners. A high concentration of Jogs is then produced along the
new side and thus prevents its extension. This might be>part of the ex;

planation for the extremely high rates observed for the new sides
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Fig. 2k Shrinkage behavior of a loop side bounded by
hexagonal corners at several temperatures.
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formed on loops 3 and 1l. This new side should be pictured as in Fig,

23b. The force acting on such sides will consist of that due to the
stacking fault plus that due to the line tension. The latter will be

greatest per unit length for a short side.

6. Activation Energy for Shrinkage

If the shrinkage rate of the loop can be determined for two or more
temperatures, an activation energy and a pre~exponential frequency factor
can be calculated assuming a thermal activation model for the annealing
process. Instead of determining the shrinkage rates for the various
temperatures on different loops in the usual way, the annealing rates
were determined in the present study on a single loop by the slope inter-
section method commonly used in resistivity studiess In this method,
abrupt changes in thé temperature are méde during the course of annealing
and the shrinkage rates for the two temperatures determined and compared
at the intersection where the state of tﬁe loop is unchanged except for
the expected thermal dependent effects. The technique eliminates the
need to know the exact details of the loop's Jog distribution and con-
figuration during the annealing process with only changes which are
température dependent being measured. The curve of Fig. 24 was obtained
in this way utilizing threevtemperatures. Because of the linear behavior
of the shrinkage of the loops as shown in Fig. 14, the entire annealing time
at each temperature was used to determine the rates. The method also
allows a check on any ﬁagnification errors between the different annealing
segments of the annealing curve, somethihg that could not have been
done if the required annealing rates were determined from different

loopss The coineldence of the slope of the annealing curve at L00°C
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for the beginning and end segments of the annealing curve gives
further validity‘to this techﬁique. The logarithm of the rates determined_
from the slopes of the three temperatures are next plotted against the |
reciprocal of the absolute temperature in Fig. 25. The slope of the
curve determines the appdrent activation energy for shrinkage and the
intercépt, the pre-exponential frequency factor. The value determined
for the activation energy and frequency factor are 1,9 eV and 2><lO16 R/hr,
respectively. These values correspond to the annealing behavior of
loops bounded by 120° corners.

These generalizations can be made of the annealing behavior of
stacking fault loops in gold:

i. Stacking fault loops in gold remain angular during'shrinkége
and do not round as do hexagonal stacking fault loops in aluminum,

ii., The shriﬁkage rate of the loop is independent of its size as
long as the loop remains angular,

iii. The rate of shrinkage-of loops whose sides are bounded by 60°
corners is much less than from sides bound by 120° corners in the tem-
perature range investigated.

i&. The surface does not appear to effect the rate of shrinkage.
Sides formed by interaction of the loop with‘the surface are very stablé.
ve Diffraction cbnﬁract from the loops as well as the shrinkage

behavior of points i-iv suggest that the stacking fault loop in gcld
1s extended.
vi. The loop corners, 60° or 120°, appear to be the active centers

for shrinkage. -
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Fig. 25 Arrhenium plot of annealing rates determined
from Fig. 24.
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vil. The stacking fault loop in gold with sides bounded by 120°
corners shrink with an activatiqn energy of 1.9 eV and pre-exponentisl
frequency factor of 2xlol6 z/hr;

We will next examine the mechanism of Jog nucleation in extended

stacking fault loops.

Table I. Rates of shrinksge of the loops of Fig, 21.

Loop No. Rl(z/hr) v RE(K/hr) Rc(ﬁ/hr)
P ' 23
1k
12 : o 190
23 250
250
L 13
> 15
6 - -
T -- -
8 13
9 13
10 _ — —
11 11 o2 o . 300
10 30 . 330
12 _— — ‘
13 35 53
1L o _—
15 15 29
16 _ 19
17 : 60 200

18 | y 50 - 300




T. Nucleation of Jogs in Extended Stacking Fault Loops

Rounding, as it occurs in hexagonal stacking fault loops 1n aluminum,
requires that the rate of Jjog nucleation from the 120° corners be roughly

equal to or even greater than the rate at which jogs move.

ij > ij rounding

This réquirement for rounding is schematically illustrated in Fig, 26a
which shows that a third jog "3" must be nuclea.ted‘ from the corner A
before Jogs 1 and 2 meet and annihilate one another somewhere at point y.
If the rate of Jog nmucleation ghould be such that Jog 3 1s nucleated
after jogs 1 and 2 have already annihilated -oné another, the shape of
the loop remains angular, That is, if the rate of Jog nucleation is

mich less than that of Jog motion the loop wlll remain hexsgonal

ij < ij angular

Figure 26b shows the Jog distribution requlired in a round stacking fault
loop as formed in aluminum, Note that Jogs of a single or multiple
atomic length can produce similar rounding. The electron microscope
however is unable to resolve guch features.

An ldealized model of the process of jog nucleation and motion can
be constructed by assuming the hard sphere nearest neighbor model approx-
imation for the arrangement of atoms -in and around the stacking fault
loop. This is dene vin. Fig., 27 which shows the loop in the (11l) orient-
ation, The stacking fa.uit loop lies in the atomi;: plane b. The atomic

layers above and below are designated a mnd ¢ respécitvely. Nucleation
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(b

XBL 6711-6099

Fig. 26 (a) Process of rounding in a hexagonal stacking
fault loop in aluminum

(b) Jog distribution along a rounded loop
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XBL678-5174

Fig, 27 (a) Arrangement of atoms around a 60° and 120 °corner
(b) Relaxation of the atoms in a disc of vacancies
to . form a stacking fault loop
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is aécompoished when the gite in question is filled by one of its
nearest neighbors. By determining the coordination changes which
accompany ﬁhe f1lling of each of the different nucleation sites one
can determine the following expressions for the mucleation of the 60°

O
and 120 corners:

m

~(L.A4BHE ) /KT
kN6O = 10 ve
, ~(2.1B+Ey) /KT
Kyipo = 7 e -
wherev v = Debye frequency
B = bonding energy
E = energy barrier for motion of a vacancy

In the same way, Table II, one can determine the rate expressions for

the growth or continued motion of each jog.

~(2.1B+E_) /kT
kego = 9 Ve "

-(2.1B*E ) /kT
Ka100 = 9 ve '

One can see from these expressions that

w60 ~ Fyizo

and that
K120 F Baizo

and 60 ~ *a60 .



Table II. Coordination changes during nucleation and growth of Jogs
in a (111)-type stacking fault loop.

initial coordination of neighbors

Total final
Process Neighbors Layer A Layer B Layer C coordination verage
Nucleation 9 1 10 9 11 10 10 11 10 9 8 10.1
120° cornmer 12 12 12 12 12 12 12 12 12 12 12
Growth 120° 9 I 10 9 1L 10 9_ i1 10 10 8_ 10.1
corner 12 12 12 12 12 12 12 12 12 12 12
1
S
Nucleation 10 i "1i 9 11 11 10 10 1L 10 10 9., 10,4 :
60° corner 2 12 12 12 12 12 12 12 12 12 12 12
Growth 60° 9 11 10 9 11 10 10 11 10 9 8 10.1
corner 1 12 12 12 12 12 17 12 12 12 1




That is, the rate of shrinkage from a 60° corner should be greater than
from an 120° corner and the rate of Jjog nucleation i1s greater than or
equal to the rate at which jogs move. These relationships should hold
for the case of aluminum where the loop is most likely only slightly
extended if at all. In gold, however, the stacking fault loop is more
likely extended and the above relations cannot be expected to hold.

The nucleation and motion of Jjogs must instead be pictured as in
Fig. 28. As is shown, the 60° corner in an extended loop presents a
more stable configuration than that of a 120° corner and will offer
greater resistance to the formation of a jog.

In the case of a 120°_corner the activation energy for nucleation
includes a work term for increasing the separation distance of the two
Shockley partials. In the case of the 60° corner further energy must

be expended in the reaction
xy - OB + By

which forms two Shockley partials from the %-(110) type stair rod.
Qualitatively, we can see that the nucleation of jogs from 60° corners
is much more difficult than from 120° corners. This is in agreement

with the experimental results of the preceding paragraphs.
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Fig. 28 Nucleation of jogs in extended 60° and 120°
corners
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C. Stacking Fault Tetrahedra Annealing Kinetics
The kinetics of the annealing process in terms of dislocation
reactions can be analyzed in a manner similar to that widely used in
chemical kinetic studies with minor modifications. The analysis generally
begins with a statement of the macroscopic reaction to be considered in
the form of an equation. In the present case the macroscopic, or more

commonly , laboratory reaction can be represented‘by the expression

"SFT = nV
where SFT = stacking fault tetrahedra
nV = vacancies

The usual procedure is next to list the various mechanisms which
have a role in explaining the kinetic aspects of the reaction. .They should
be thought of as elementary steps proposed so as to adeduately explain
the experimental results. Each step occurs at a rate proportional to
the concentration of the particular molecular configurations to be
considéred. The constant of proportionalit& or rate constant, k, is a
.function of a pré—exponential term A, an acﬁivation energy E, and
temperature, T.

¥
1«:X+A<‘—:-E/kT

E in the above expression can be thought of as the energy fluctuation
needed to overcome the energy barrier of the reaction while A is usually
thought in terms of the number of attempts in overcoming the energy

barrier per unit time.
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The above laboratory reaction has the following elementary steps

kl
SFT i SFL6O
2
k
3
SFL6O iﬂ SFL120 +V
k
> '
SFLlZO - SFLlQO + Vv

The above elementary reactions and the dislocation configurations which
take part in them are poStulated from the electron microscope evidence
as discussed in the preceding sectidns.

The process of deriving the overall rate expression from the pro-
posed mechanisms can now be carried out. In the present case, the rate

expression involves the products SFL6 and SFLl which do not occur

0 20

in the balanced equation and which is present at very low levels in the
system. For intermediates of this sort the standard procedure for solving
the problem is to assume steady state conditions for the two intermediates.
This assumption is that the net rate of formation or decay of the
intermediates is negligibly small compared to each of the gross fates

of formation and destruction. The nature of this assumption is examined

in detail by Johnston (1963).
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Assuming steady state conditons for the intermediate products SFL6O

" and SFLlQO the following relations can be derived,

- g = —4[SFT] _ k, [SFT] -k, [SFL6O]
at _
alsrL,,. ] ,
60 _ ky [SFT] -k, [SFL]
at
-k [SFL6O]_+ k), [SFL ] [Vl=0
alsvL.. 1 | |
dt120 - kg [SFLgyl -k [SFL ] [V]
-k [SFLlQO] =0
(s¥L ) _ X3 [5Thgo!
- k), V] + k5
[SFL6O] ) kg [SFT]
k, + ky ~ khk3[V]
k), V] + kg

)}

The general éxpreSsion for the reaction rate has the form,

k3

|  -alsFr] - R::{k1k3k5 . } [SFT]
it | kK [y] + k2k5 + k3k5



But since k, and k, are very small, the rate expression reduces to

2 L
kikq

k2+k3

[sFT]

and again 1f experimental conditions are such that

The rate expression simplifies down to

R = kl [SFT]

d [SFT]

sFr] - TR dt

In [SFT]

I
1
=
ct

It can be seen from the above equation that the slope of the
logarithm of the concentration of stacking fault tetrahedra versus

annealing time should give us k,, the rate constant for the collapse

1°
of stacking fault tetrahedra to the triangular stacking fault loop. If
the annealing is carried out for several temperatures, an Arrhénius
plot of the data gives us a value for the activation energy and pre-
exponential factor for the collapse process.

Meshii and Kaufmann (1960) have madé such macroscopic measurements
‘ us{ng electrical resistivity and changes in yield stress to measure
the needed concentration changes of the stacking fault tetrahedra.
- They found the resoftening process te oceur with an activation energy

*
of'E = 4,7eV., The above calculations show that this activation energy

should represent the barrier energy for stacking fault tetrahedra



collapse to extended Frank loops. However, the calculations of J¢ssang

~and Hirth (1966) show this barrier energy. should be on the order of

30 eV or a factor of 10 greaters

As we have seen in an earlier secﬁion neither the effect of impurities
or stress alone can explain this discrepency. Perhaps both effects
combined together with a more realistic mpdel for éollapse can bring

calculated and observed values closer together.



IV. CONCLUSIONS

A study of the annealing of stacking fault tetrahedra in thin foils
of gold by transmission electron microscopy has shown:

a) Stacking fault fetrahedra in the size range lOOK-EOOOﬁ collapsed
to triangular stacking fault loops.

b) In the same temperature range 150°C to 400°C no shrinkage of
stacking fault tetrahedra as tetrahedra was observed. All tetrahedra
that evenutally disappeared, annealed through the collapse process.

e) The collapse of stacking fault tetrahedra appeared to be size
dependent. The larger tetrahedra were observed to collapse'at the lower
temperatures and shorter times while the smaller tetrahedra required
higher temperatures and/or longer annealing times.

d) An exception to observation (e¢) was the behavior of tetrahedra
cut by the foil surface. For the same edge length, truncated tetrahedra
appeared to be more stable than the complete tetrahedra.

Tetrahedron collapse can be accomblished by the 1) nucleation of a
Shockley partial in one of the tetrahedron faces 2) formation of two
Shockleys at the edge or 3) formation of three Shockley partials at
the corner. The high stability of truncated tetrahedra suggests that
corners and/or edges are important in the éollapse process.

After collapse of the stacking fault tetréhedrd annesling continues
by shrinkage;of Qhe stacking fault loopg. Observations by transmissionv

eigctron bicroscopy show that:

e) Stacking'fault loops in gold remain angular during shrinkage

maintaining sides accurately parallel to the (110) directions.
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f) The shrinkage rate of the loop is independent of its size as long
as the loop remains angular, Rounding and dependence on loop size must
occur however when a size is reached where the line tension provides the
primary driving force for climb,

g) The rate of shrinkage of loops whose sides are bounded by 60°
corners is much.less than from sides bounded by 120° cornersas

h) The.surface does not appear to effect the rate of shrinkage
loops« Sides formed by intersection with the surface are very stable.

i) Stacking fault leeps in gold with sides bounded by stable 120°
corners shrink with an ectivation energy of 1.9 eV and pre~exponential
frequency factor of 2X1016 A/hr.

From the above observations and from electron diffraction contrast
evidence, 1t was concluded that stacking fault loops in gold are extended
and that the above actlvation energy represents the barrier energy for
Jog nucleation from hexagonal corners. ‘Furthermore,,it is conciuded
that the anneeling of stacking fault ‘tetrahedra occurs by the consecutive
steps: stacking fault tetrahedra —» stacking fault triangles -» stacking
fault loops with 120° corners — vacancies. A steady state kinetic
analysis of the process shows that the activation.energy for, annealing
measured from bulk specimens essentially equals the barrier energy for

" the tetrahedron collapse steps.
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APPENDIX
Formation of a Stacking Fault Tetrahedron by Cross Slip N
A stacking fault tetrahedron can be formed by cross slip of an
extended super jog in the following way:
1. The two segments of the dislocation AC are connected by the
super jog BD. The super jog is exténded to form a stain rod yo and

Shockley partials ac and Ay (Fig. Al-a).

AC = Ay + ya + yC
2. The upper segment of the dislocation AC cross slips in plane
ADC while the lower segment glides in plane ABC. The two segments join
to form a perfect prismatic loop. (Fig. Al-b).
3. This loop can dissociate into a stacking fault ﬁetrahedron

(Fig. Al-c) or a extended Frank loop (Fig. Al-d).
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(a) ' o (b)

. Fig A-1

XBL 080-1114

The sequence of di;locationjreactions-which occur during cross
slip of a super jog to form (b) perfect prismatic loop (c)
tetrahedron (d) Frank sissile loop.
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RECOMMENDATIONS FOR FUTURE RESEARCH

A). A number ofvparametérs could nét be controlled ana varied gystemati~
éally‘dsing the electron‘microséope technique employed for observationé
of dislocation~stacking fault tetrahedré interactions as described
earlier. These parameters however can_be‘studied by

1) stress-strain tests and |

2) cfeép tests
on single crystal wire specimens.

Among the parameters that can be investigated are

1) temperature

2) strain rate

3) stress

L) coﬁcentration and size of stacking fault tetrahedra

5) density of dislocations

As wasiéhown in Fig, 1, Part I; the .concentration and size of
stacking fault tetrahedra can be varied by alterations in the quenching
and agiﬁg treatments. The density of ﬁoving dislocations can be varied
somewhat by prestraining the speclmen by different amounts before the

quenching and aging treatments.

B) The tetrahedron collapsed process has been caleculated by stsang

and Hirth (1966) to occur with an activation energy on the order of 30 eV.
The transmission electron microscope observations of the present study
suggest that collapse occurs much more easily. This view is supported

by previous annealing studiles on bulk specimens where the measured
activation energy was on the order of 5 eV. A number of causes may be
responéible for this discrepancy. Three sources of particular importance

are
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1) impurities effects

2) internal stress concentrations effects
and 5) the approximations made in the calculations of J¢ssang and Hirth.

The effect of impurities could be studied if the annealing process
could be measured in specimens where -controlled amounts of impurities
such as Cu, Ag were added. The effect of stress on the collapse process
can be studiedvthrough bulk annealing studies (e.g. by electrical re-
sistivity)_where an uniaxial stress can be applied to the specimen during
annealing.- In the above cases, extrapolation of the results to zero
Impurity content and zero stress should make possible the determination
of the activation energy for tetrahedron collapse in the absence of these
éxtraneous effects.

Of extreme importance in the elastic célculations of the self energy
of stacking fault tetrahedra is the value given the core radius and
energy of the Shockley partial and stair rod dislocations. The core
radius of stair rod dislocations could be determined in specimens con-
taining stacking fault tetrahedra by field ion microscopy. Gold whiskers
containing a central screw dislocation could be used &s a FIM specimen

to examine the core of the perfect or extended screw dislocation.

C) The annealing behavior of stacking fault loops in gold differs from
that observed for loops in aluminum in several ways. The stacking fault
energy is thought to be responsible in large part for these differences

€e8es Ypu = Lo+1o ergs/cm? = 150%30 ergs/cmg. A study of the in~

Va1
fluence of the stacking fault energy on the annealing behavior of loops

can be made in a éystem such as mickel-cobalt where the addition of
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40 at.% Co reduces the stacking fault energy of Ni by over 200 ergs/cm?.
By'varying the solute conteht, a series of alloys can be prepared which
differ primarily'in its stacking fault energy. Stacking fault’lbops formed

in these alloys by’Quenching and aging can then be used to study the

effect of stacking fault energy on the climb behavior of these loopsa
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