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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ‘
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hiM; J..Yokota and J. Washburn
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and Department of Mineral Technology, College of Englneerlng
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ABSTRACT
| The -disappearance of stacklng fault tetrahedra in 99. 999% gold in

the temperature range 175 C to 400°C was studied by transmission e;ectron,
.micréscdpy. In this tgmperature raﬁge, no shrinkage of tetraﬁedfa waé
' deteéted. Diséppearance always took place by collapse to a triangular
‘ sﬁacking fauit loop and subsequent shrinkage of thg.loop. Beéguse of a
size dependence'on the rate of disaﬁpearance, it 1s suggested that
“collapse of the tetrahedra usuvally occur.by nucleation of a Shockley

partial loop on a face or edge of the tetrahedron rather than at a

corner, 'Du:ingishtinkage, the sides of the stackihg fault loops remained

straight and parallel to <110> which suggests that the.1/3<1ll> dislocation -

is ‘dissociated. Many loops developed new <110> sides during shrinkage
becoming-h,‘S or 6 sided. Even those loops that'appeared to remain

triangular probably developed short new sides at the corners because the

reverse reaction (stacking fault triangle - tetrahedron)was never observed,

T T - even when the 1/3<111> lcops had shrunk below the critical size at which
the energy of a tetrahedron is less than that of the corresPondlng

triangular stacking fault loop.
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. I. TINTRODUCTION

Stacking fault tetrahedra canfbe formed by the clustering Bf_'

. Vacanqies’or the cross-slipoing of super—jogged dislocations. For the

vacancy clustering process, two different mechanisms can be visualized:

‘Tetrahedra may form directly by growth of tetravacancies as proposed by

DeJong and Koehler (1963) or triangular Frank sessile loops may form first

~and later transform to stacking fault tetrahedra as suggested by Silcox

and Hirsch (1959).

In the cross-slipping process, two mechanisms are also possible:

A super-jogged dislocation can cross—slip to form a triangular Frank

sessile loop which then could transform to a tetrahedron (Hirsch, 1962).

Aiternatively, a super—jogged dislocation might cross slip to form first

a triangular perfect prismatic loop which then dissociates to form the

stacking fault tetrahedron.

The disappearance of stacking fault tetrahedra during annealing

may also occur by alternative mechanisms that .correspond approximately

to the reverse of the formation mechanisms. Thus, stacking fault

tetrahedra can be thought to shrink and disappear by:

.0T

1) direct emission of vacancies at ledges in the stacking fault tetxahedra -

2) collapse of the tetrahedfa to Frank sessile dislocatidn

loops with subsequent emission of vacancies from the loopp
3) collapse of tetrahedra to perfect prismatic loops:followed .
by shrinkage of the perfect loop.

In the present experiments the annealing of tetrahedra of 50 to

20008 in size was studied by following their disappearance in thin gold



.foils by transmission electron microscopy. In-order to achieve more

accurate control of temperature, annealing of the thin foilé‘was'

. pérformed outside the microscope where thé,temperature could be controlled

- to *2°¢. The main purpose of the experiments was to determine which of

- the possible mechanisms of shrinkége'is operative.

/ II. - EXPERIMENTAL PROCEDURE

A. Specimen.Preparation

Polycrysﬁallipg gpld‘speéimens sﬁitable for qugnching Werg prepared
frOm_75 microﬁ thick séeet material.qbtained from Cominco Products Inc.‘
of Spokane, Washingtbn; The manufacturer produced this shget'material-.
~from one-half inch thick siabs of chemical reduction refined 99.9997%
purit& gold by cold rolling at room temperature approximately tweﬁty times
withoﬁt any intermediate énnealing. The impurity content.as éiven'by tﬁe
manufactufér is listed in Table I, Specimené 25 mm long and 12 mm wide
were prepared'from this material and annealed in #lumina boafsla; iOOO°C
for 48 hours in alr and then allowed to céol slowly within the furnacé;l
. The resulting specimens had.a <001> preferred oriéntétiqn which is
convenient because it éllows easy differentiation bétween t:iangular
Frank sessile 1oop§ and stacking fault tetrahedra. Triangular_Frank
sessile dislocation loops abpear in tﬁis projection as triangles,.Yhile'
stackiﬁg faulﬁ.tetrahedra appear as squares.

The specimens were next placed in quaftz specimen‘holders and sus;
_pended in a vgrtical tﬁbe fq?nace open to the atmosphere. Specimens
'werevquénéhed from a ﬁemperaturebof 1000?C. Queﬁching was perforﬁed by‘

releasing the weighted specimen holder into an ice-water bath fixed

‘

C.2-0 . UCRL-17146
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‘a féw'centimeters below the specimen. The spécimens were then aged for

1, 2, 3 and 4 hours at one of the following temperatures: 0, 50, 100 -
or 150°C + 2°C. The time spent in transferring the specimen from the

quenching bath to the aging bath was kept constant at 30 seconds. Both.

" silicon oil and water were used as heat transfer mediums for the aging

bath, After completion of the aging treatment, the specimens were stored

‘

in absolute ethyl alcohol™at 0°C. The different sizes and densities of
tetrahedra that could be obtained by varying the aging temperatufe are .

shown in Fig; 1.

B. Thin Foil Preparation

: | .
Thin foll samples suitable for observation under the electron micro-

. scope were prepared by electropolishing utilizing a modification of the

standard window féchnique. The specimenéwerenmunted in noncorrdsive
holders so as to minimize plastic defbrmation of the specimens due ﬁo
handling duriﬁg.the electrothinning step, A.controlled rate of flow of
the polishing solution past the two faces of the specimen was achieved
by the.use of a pair of parallel pléte stainless steel cathodes of
adjustable width and a magnetic sfirrer. The temperature of the cell
was controlled by é constant temperature bath,

" A two step glectrothinning proéedure was ﬁsea.. The compositions of
thé twé pqlishing solut1ons as well as the temperatures and cufrent
densities used are lisﬁed in Tablé Ii. The more reactive hydrochlorig
aci&-solgtion was used to thin the specimens down to»approximately a

micron while the less reactive, more controllable chromic-oxide acetic .
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 acid solufion-wéé used to produce éhé finai thig.foiis. At o tiﬁe
:during the entire thinning process was'the specimen:subjécted tq teﬁperé
atureé bigﬁef:than room ﬁemperature. ‘Near,the final stages,of thé._
thinning progéés the current was switéﬁed.oh and off fepeatedly; This
caused small flakes to'separate at the edgés‘of the spegimen which Veré‘
thén recovered from the solution, rinsed and stored in.ethyl-alcohol‘at.'

0°c.

€. 'Electron Microscope Technidue

- A_Siemens.l électron microscope,'operated at 100 kv with a beam
-current less thaﬁ 20ua, was used to make all_of,the'microscqpe observations.
. Tilting experiments Wefe facilitated by the use ofvé t&b axis_‘ ‘ |
tilting stage. . For the angég}ing performed outside‘the microscopé a
',v detachable specimen cap constructed of gold was uséd; Gold grids were
also used td further minimize contamination and avéid plastic.deformatibﬂ »‘>

of the specimen by differential thermal expénsion.

TIT. RESULTS AND DISCUSSION '

S S U

A. Thin Foil Annealing Experiments

© b e g

Pigures 2a and b are micrographs taken of an area before and after

" 30 minutes annealing at a temperature of 175°C. Note that the completei .

e Nl

stacking fault tetrahedra (1} and (3) which‘appear as squares in Fig, 2a,

have become triangular Frank séssile dislocation loobs_in Fig. 2b.

SRR L

This same collapse has occurred for the stacking fault tetrahedron (2)
that cuts one of the surfaces of the foil. The resulting Frank sessile

dislocation loop in this case is a trapezoid.
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g@helcollapselof'stackihg‘féult tetrahedrOn (4) may have been'aided_.

by:the stress field ofia'dislocation (5). For the other three examples, ..

" however, the resulting Frank 1oops do not lie on the same plane, suggesting’

that stresses that may have been present during'annealing did not aid
significantly in their collapse.

The tetrahedra in Fig. 2 were in the size range‘IOOO - ZOOOK._.

Smaller tetrahedra, on the order of 100 - 200& generally required higher

vtemperatufeé and/or longer timesxfor coilapse. ~Figures 3a, b, ¢ and d

are micfographs taken of an area. annealed for'a) 0, b) 30, ¢) 60 and

d) 90 minutes at_400°Cishowing_the collapse of smaller stacking fault

tetrahedra to ttiangular Frank sessile loops. Reactions can be seen

‘at the positions which have been circled. Emission of vacancies occurs

after collapse of the tetrahedron by the shrinkage of the resulting loop
as shown in Fig. 4. Figure 5 shows a complete sequence of annealing
steps at a temperature of 300°C, See positions (5) and (6) in Fig. 6.

Here, stacking>fault tetrahedra which appear as squares can be seen to

collapse to triangular Frank sessile dislocation loops which then shrink

and disappear upon continued annealing. Further examples of the shrinking

of Frank sessile dislocation loops can be seen at positions 1, 2, 3 and

‘4, Note that some of these loops have retained their original triangular

shape during shrinking while others have become four, five or six-sided.
For the loops that have remained trlangular during annealing, it

is interesting to note that the Silcox-Hirsch reaction: stacking fault -
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ioob ;lstackiné faﬁlt oetraﬁedrong eppefently doee,ﬁot teke,pieoe.eveo
after the loop has certainly shrupk below,the criticai size 2c where - ':se
the stacking fault tetrahedron becomes stable relative to the Frank
sessile dislocation loop. This is perticulerly surprising because the

Frank sessile dislocation may be eXtended; -the fact that loop edges

. remain etraight and parallel to <110> during shrinkage suggests that they

are (see Figs; L. end"S')m For 'an extended triangular Frank sessile:

dislocation loop, there should be 11ttle or no activation energy needed
to complete the stacklng fault tetrahedron once the loop has shrunk well
below the crlt;cal size, However, if stepe are formed in the loop, like
the one in Fig. 4, or if the loop has beeomesh, 5, or 6 sided during

~

annealing, reformation of the tetrahedron may be difficult even within

ithe size range where the stacking fault tetrahedron has a lower energy then

the corresponding Frank‘sessile dislocation loop..

B. Dislocation - Stacking Fault Tetrahedra Interaction Experiments

Flgure 6a shows several dlslocatlons that have moved up against a

'stacklng fault tetrahedron (A) Figure 6b shows the seme area moments
~later. Here, the stress field of the several dislocations has probably’

- helped to cause the collapse of the stacking fault tetrahedron onto the

face that is farthest from the stress field of the dislocation. The new
configuration is a triangular Frank sessiie dislocation loop. - .‘ .
" fhe reaction that .has taken place can be seen more clearly through
the schematic-illustration, Fig. 7a, b, ¢, and 4. In Fig. Ta, an extended
dislocetion is being held up by the stacking fault tetraheqron BDAC. |

In Fig. Tb, the stress field of the dislocation helps to nucleate the
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» Schockieyvpartials aB and BS at:the stair rod af by decfeasihgvthé-

critical radius above which the Shockley loop becomes stable. Figure
7c shows an intermediate state of collapse, Figure_ja shows the final

product, the triangulér Frank sessile dislocation loop on the face CDA of

- the original spacking fault tetrahedron.

C. Rate of Annealing -

Ifiit:isﬁssuned that the disappearance of tetrahedra in goid involves

the reaction:

1} SFT »+ FSL

i

the rate of disappearance of tetrshedra should be

R:kl [sFT] | I |

where [SFT]'is the concentration of stécking fault tetrahedra and kli
" has the form .

' . - % '

K = fe (AE+E¥*) /kT |

1 ) .

E¥ = getivation energy for the reaction

AE = difference in energy between the SFT and FSL for fhe same

valué of %, the edge length, and ﬁemperaturé, T.
A= pre—exponential factor which includés é frequéncj.factor, the .
number of siteé at which a Shockley pértial can nucleate and;'.
) .the entrépy of activation | |
qu SFT ofvedgg length greater than Qc,bthe expres;ién for the raté
conétanf reduces to | | |
| -E* /KT

kl.= Ae

- To be able to predict the rate of annealing of SFT, it is necessary to

make an estimate of the activation energy.
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Tﬁree ﬁgchanisms-fof the Ee;¢£ipn.SFT +~FSL é;ﬁ'bé visualized,
éach invoiving the ﬁuéleation of onevér mére‘Shockléy partial dislocétioﬁs{
The first mechénism involQes the nucleation of a ShockleyApartial dislocation
loop in one of the four faces of the éﬁackipg fault tetrahedrén..AThél
total energy of the loop, E, canvbe expressed as.the suﬁ §f three separate

energy terms, -

E; = B (r In 1) - E,(r?) - W (r?)

where . ‘ ) : ,
EL_=benergy of thé Qislocation loop formed.(§r0portional_to r 1n rj.
ESF= energy of the stacking fault destroyed iﬁ the fo?mation of the -

gloép (proportional. to r?).
: ~ : -
WT = work done by thé extetnal stress field, 7, as the dislocation
loopAexpands. Thié“éiréss can also be.prOVided by.a disloéafion;
Ef has a maximum value at the critical fadius . thch ﬁust ge suéﬁ}ied
by a therﬁal fluctuation to nucleate a stable Shockley loop. This
v'mechanism was fi;ét proposed by Meshii énd'Kéhffman (1960).
in order ﬁo explain the résults of their annealihg experimenté. They
obtained an experimental value of 4.7 eV for the activation energy of
4,£he annealing process wﬁich agreed wellvwith their calculated:value of
6.6 eV based on the above model. | | |
The second mechauism involves the nucléation or diésociation of two
Shockley partial dislocations from ohe‘of the stair rod dislocations,

€

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

preceding case.
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fe T Fu  For 7 Ve - ()
where_EL, ESF and Wthave the same meaﬁipg; as in the'pre&ious caée.
ESR = energy‘of.the'length of stair rod dislobation deétroyed'in

the formation of the two Shockley‘partial dislocations;

. If nucleation tékes place in this manner, the value of the activation

energy, ﬁ*, for collapsé should ﬁélslightly smallér thaﬁvforvthe preceding
casé, because §f the lengﬁh of stair'fod disiocation that is‘destfoyed.
However, the number of sites wherenfhe.process can occﬁr is very ﬁuch
smaller. ‘Fér face nucleatipn, the nﬁmber of sités available for the

nucleation of a Shockley partial dislocation loop is propbftional to 22

. where & isAthe edge length of the tetrahedron. For edge or stair rod

nucleation, the numbér of sites is‘proportiQnal to 2.

The third possiblé mechahism involves the nucleation or dissociation
of three Shockley partial dislocations from a corhér of the.tetrahedron
where.three stair rod dislocations meet, The expression for the activaﬁion.'

energy, Ec, based on this model has the same form as case II discussed

above. The activation energy for this mechanism is expected to be slightly

lower than either of the preceding - mechanisms but, the number of nucleation

~sites is only 4, the corners of the tetrahedron.

The measured activation energy in a macroscopic annealing experiment
may well be influenced by all three meéhanisms and must be related by the

expression

_E%* —E¥
Ec/kT + A Ee/kT + Ae

—E?/kT
c e iy :

k=A
The dominance of any partiéular mechanism would be depehdent on the pre-

exponential term, A, as well as the activation energy E. Because



A'<< A << A’ 
c e 4

- i . . : s

and
| Ec < Ee < Ef.~ | o | |
it is conceivable that each‘ofvthe three mechahisms quld,domiqate over
.a particulér témperature,range.  For the temperatufe rangé 200 =+ Loo°C
end for the__,iarger sized staCKin.g‘faul_t t:.étrah'edfr_a. > 10008 studied in
'thesé-exéeriﬁents there appesared to ﬁe ) stréng size'dependence.onlthe
annealing rate. See, for éxample,‘Fig. é where the stacking faul£

tetrahedra fhat have collapsedAare all among the largest of those present.

This also appears to be the case for the bulk annealing that occurs

7

during the aging treatment. Most of the triangular Frank sessile dislocation

loops in Figs. lec and 4 probably resulted from collapse of stacking fault
tetrshedra. This size depenaénce on the stacking faulF tetrahedra collapse
rate indicates the dominancé of eithe¥ the facé or edge mechahism. .

The collapse of tetrahedra to triangulaf_Frank loops was hot observed
in the recent studies o&f Segallbet al. (1966) and Shimomura et.al. (1966).
A possible explanation ﬁay be that at the hiéher annealing temperatures of
their studies the lifetimé of the Frank sessile loops formed by the

. . o i
collapse of small stacking fault tetrshedra ~200A would be very short.

. v IV, CONCLUSIONS

o (l). On‘héating of 99.999%pufe gold containihglstacking fault
‘tetrahedra into tﬁe teiperatﬁre_range 175° to 400°C,none of the tetrahed%a
wereldbéervéd to shrink in size. | | o |

_(2)' Disappearance of tetrahedra takes place by collapse to.



- the loop.. -
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“triangular stacking fault loops and subsequent emission of vacancies from

(3) . Thechllapsé takes place‘by nucieation;of-a Shockley partial
loop either on one of the faces or along an edge of the tetrahedron,

(&) The'edges of the'stacking fault loops remain parallel to

<110> during shrinkage but in many cases the loops become nqticéably

4, 5 or 6 sided during shrinkage. This suggests that the 1/3<111>

dislocations are dissociated.

(5) Evén those loops that aﬁpear to remain triangular during shrinkage
probably develop short new sides at tﬁe cornersvbecause.the reverse
reaction (triangular stacking fault loop - stackigg fault tetrahedron)vis

_ , > v ~ o .

never observed even when the loop has shrunk to a size»below which the -

tetrahedron must have a lower energy.
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'.  Table I
Impurities ppm
Platinum 2.0
- Lead - 1.0
Silver 0.5
Copper - 0.3
Silicon 0.2
Iron 0.1
MagnesiUm' 0.1

N)
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Table II -~

UCRL-17146

- Current Density

) !

Electrolytic Solution No. 1

Hydrochloric acid - HCL (37.5%)

Ethyl alcohol - C (Oq) (200 p)

Glycerln-— C (OH) (95.0%)
Temperature:f -30° C
0.7 amp/cm

Electrolytic Solution No., 2

Glacial Acetic Acid - CHacOOH (99, 8/)

. Chromium- Trioxide CrO3
| Water H20 ' ﬂ:w,
Temperature: 10°C

Current Density 0,25 amps/cm2

200 cc
- 175 cc

125 cc

k 465 cc

87.5 gms

25 ce
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(¢) (d)

ZN-6031

Fig 1, Micrographs showing the stacking fault tetrahedra densities
and size distributions obtained by varying the aging temperature
a) 0°C, b) 500C, ¢) 100°C and d) 150°C, Scale 0.2M, mark = 1 cm,



Fige 2.+
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(a)

(b)

ZN-6036

Micrographs taken of an area before and after 30 minutes annealing
at 175°C showing the collapse of stacking fault tetrahedra to
triangular Frank sessile dislocation loops. Note that collapse
here seems to be size dependent in that only the very largest SFT
have collapsed. Scale 0.2pn= 1 cm.
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ZN-6033

Fig. 3. Micrographs taken of an area annealed for a) O, b) 30, c) 60
and d) 90 minutes at 400°C showing the collapse of stacking
fault tetrahedra to triangular Frank sessile loops.

0020 =1 cm.



Fig. Le

-18- UCRL~17146

(a) (b)

(¢) (d)
ZN-6037

Micrographs taken of an area annealed for a) O, b)105, c) 165
and d) 225 minutes at 250°C showing the shrinkage of Frank sessile
loop. 0Oe.lp =1 cm.

K'Y
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(d) (e) ()

ZN-6034

Micrographs taken of an area annealed for a) 0, b) 2, c) 4,
d) 6, e) 12, and f) 20 hrs. at 300°C showing the complete
sequence of the collapse of stacking fault tetrahedra to
triangular Frank sessile loops and the subsequent shrinkage
of the loops. 0.,2p= 1 cm,



Fig. 6.

=20~

(d) (e)

ZN-6035

Micrographs taken of an area annealed for a) O, b) 4, ¢) 10,
d) 18, e) 24, and f) 27 hours at 300°C showing the collapse of
stacking fault tetrahedra to Frank sessile loops and the sub-
sequent shrinkage of the loops. 0,2p= 1 cm.

UCRL~17146
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()

Fig. 7. Micrographs of an area taken moments apart showing a non contact interaction

of a dislocation with a stacking fault tetrahedron resulting in its
collapse to a triangular Frank sessile loop. 0.2 = 2 cm.
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Fig. 8. A sequence of dislocation reactions which can be used to
explain the collapse of the stacking fault tetrahedron
on Fig. 7.
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