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ANNEALING OF FAULTED LOOPS IN GOLD
Georges Brun
Inorganic Materials Research Division, Lawrence Radiation Iaboratory,
Department of Mineral Technology, College of Engineering,

"University of California, Berkeley, California

ABSTRACT

.« Faulted loops rather than stacking fault tetrahedra are found in
gquenched gold if the aging temperature is raised to 150°C.

The shape of these loops is discussed and both theoretical calcu-
lations and observation underrthe electron microscope show that they
are extended.

Hot stage experiments show that the shrinkage occurs at 340°C,
the‘loops always keeping a prismatic shape. This is explained in

terms of a ledge mechanism.



I. INTRODUCTION
Large vacancy supersaturation can be obtained in gold by quenching
from near the melting point to room temperature; during a subsequent ane
nealing, the Vécancies éollapse into clusters to reduce the free energy
of the crystal. TFour different categories of clusters were found.

A. Tetrahedral Stacking Faults

Tetrahedra of stacking fault were first observed by Silcox and
Hirsch.l These defects consist of four stacking faults in four different
(111) planés, joined by stair rod dislocations. Their sizes varied from

o] (=]
100A to 4,000A. Their images depended on the orientation of the foil and

the diffracting conditions (Fig. 1).

The formation mechanism of tetrahedra has been considered by several

authors:

1. Vacancy Qlustering and Dislocation Glide (Silcox and Hirschl)

The first step was considered to be a Frank triangle formed by
collapse of vacancy discs. The 1/3 [1117 dislocation can split into
a stair rod and a Shockley on each of the intersecting (111) planes;

these Shockleys can glide in their glide planes to form a tetrahedron,

2,  Dislocation Glide‘ﬁHirsch2 and Lorett05)

In this case the triangular Frank loop could be formed by cross
slip of an extended dislocation at a jog. Then the same glide process
as above is involved to form a tetrahedron. |

: ‘ _
3 Direct Vacancy Clustering (De Jong and Koehler,u Kimmea et al.,)

Cotterill and Doyama,6 Kuhlmonn Wilsdorff et al.l(’b Czjzck’ét a1,9)

A tetravacancy may act as a nucleus which grows into u tetrahedron

by absorption of vacancles at the edges.



B. Taulted Loops (Fig. 5)

TFaulted loops were first obsérved also by Silcox and Hirschl and
'theif presence explained as the product of destruction of the tetrahedr@.
They always lay in (111) planes and their sides were always ulpng {the
[110] directions. Their sizes varied from about QOOZ to h,OOOX. A dis-

cussion about their real shape is given later.

C. 'Perfect Loops (Fig. 2, Detail G)

A few perfect prismatic loops were found. They were supposed to
"have been formed by mucleation of a Shockley at £he center of a fdulted
loop. This mechaﬁism has been discussed by Saada.lo He found that this
was bossible only undér a high stress. It is likely that these loops
are formed during the observation in the microscope; due to local heating

of the specimen by the electron beam.

D. Black Spot Defects

When gold was quenched from a low temperature (under 800°C),-and
then aged at 100°C, few tetrahedra were formed, instead black spot
defects appearéd. Their nature has been discussed by Meshii,ll and

Cotterill.le’15

The use of dark field strain contrast techniques would
golve this problem.2

"Most of the work performed on gold has been concerned>with the
mechanisms of the formation, growth or annealing of tetrahedra.

For obvious reasons, formation of tetrahedra is impossible to
observe directly ﬁnder the electron microscope. |

. . 26 : 2 ' '
First Silcox, then Segall et al, 7 attempted to observe annealing

of tetrahedra in hot stage experiments. No useful results were obtained



because surface'diffusion or evaporation eliminatés thé thinnest regions
of the foil at a temperature below that at which tetrahedra shrink.
‘Theérefore nb experimental evidencé of theée mechénisms has yet be o H
given. TFor reasons exposed later, it is believed that fraulted loops
shrink with the same mechanism as tetrahedra, but at a lower temperature.
Therefore the shrinkage.can be observed in hot stage experiments. ,This

is the object of the present work.

II. EXFERIMENTAL PROCEDURE
The material used was 99.999% @old, the main'impurity be{ng_Agf3
ppm. Thé specimené were 2 X 1 in. and.3 mii thick. This wasvsmall
enough to avoid too much strain during the quench, sut iarge enough to

get several electron microscopé specimens by electropolishing.'

A. Heat Treatment

Specimens were first held at 1000°C for two days in air. This

allowed the grains to grow and the dislocation density to be reduced.

‘It was also found that this tréatment reducéd thé concentration of im-

purit_,ies.l
The specimen was heated for 20 minutes to 1050°Ct5°C and then
quenched to a selected temperature between +80°C and -20°C in a brine

solution. Quenching curves were recorded on an oscillograph with a

triggering system (Fig. b).

Immediately after the quench the specimens were put in.a furnace
fTor an aging treatment. The time elapsed between quenchins and intro-
duction into the furnace was made as short as possible, usually about 20

seconds. During this time preaging takes place as emphasized by Meshii.
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The aging temperatures were varied from 100°C to NOO°C for periods
between 1/2 hour to 48 hours. Though the resulting defect substructure
was not very reproducible, it was oonsistent with the previous obsérvu-
tions by Meshiioll

At 1050°C the equilibrium conccntratiop of vacancies in gold is of
the order of lO-u. By rapid guench into a bath at 70°C or below, a
significant fraction was retained, resulting in growth of large numbers
of vacancy defects during aging. | |

Quenching curves for a bath temperature of 20°C are shown in I'ig.
la,b, The initial cooling rate was. about 20,000°C/sec.

Large vacancy defects were obtained by‘keeping the preaging time as
short as possible so that only a few nuélei were formed. The effect of
increasing preaging timé from 20 seconds to 2 minutes is illustrated by
Figs. 2 and 3. The longer preaging time reéults'in micleation of many
more defects. After aging at l50°C for two hours, a relatively large
fraction of theAdéfects were faulted loops rather than stacking fault

tetrahedra.

B. Electropolishing

A very fast method of obtéining specimens‘was found. The electrow
lyte used was 50% HCl, 25% ethyl alcohol,. and 25 glyqérine.. The cathode
was a stainless steel foil., By electropolishing at a current density bfv
about 3 amp/cm? at room temperature, electron microscope specimens

could be obtained fram a typical foil in about 10 minutes.

C. TM&Mhmwnmme“

The microscope used was a Siemens BElmikroscope I. Amnealing experi=

ments were done with a Valdre double tile hot stage which could be heated



up to 360°C. Using the device the resolution wus not very good making
quantitative experimenfs difficult., Thisvwas due to the use of a
modified objective lens necessary to fit ‘the Jarger spccimen holder.

The orientation of the épeciman surface was usually close to [1007;
in this case the reflection Eﬁ (OO?) was used giving small interd'ringe
separation for stacking faults so that the.images of the defects were
not too distorted. This orientation is a con&enient one for distinguish=
ing between stackiﬁg fault triangles and tetrahedra. The orientation
[111] and g: (220) was. also used in Figs. 1é—ll+.

The magnification was 20,000 on the plates except in a few cases

like Fig. 12 where it was 80,000.



IIT RESULTS

A, Taulted ILoops in Gold

Faulted loops were observed having 3, 4, 5 or 6 sides always along
) o [ ' o
- {110) directions, their sizes varying from 200A to 4,000A.

1. Triangular Loops

Jossang and Hirthl) calculated the energy of a truncated tetrahedron
taking into account all the interaction energies between nonparallel
dislocations, but assuming no interaction with the surfaces, They

found :

E ; 1 ( 5 > {2(2-x)log <@§> + T(x) VG(X)W

.ubB 12m(1-v)

(L {1-3/u ].l-x)gj

where & is ﬁhevparameter taking into account the effect of the core
energy. F(x) and G(x) are two functions which they tabulated, x being
the parameter déscribing the truncation of the tetrahedron: |
x = 2hA3 L

i,e. x =1 if the tetrahedron is complete and x = O ié the tetrahedron
is a triangular fault surroundéd by an undiésociated % (111) dislocation.
L is the lengthlof a:side of the basal triangle (see Fig. 6). u is the
shear modulus, v the Poisson ratio, v the stacking fault energy, and b the
Burgers vector.

Energy of the defect is plotted as a function of the value of x
in Fig. T for L = 10008,

Therefore the undissociated triangle should be less stéb]é than
.one in which the three % (111) dislocation segments ar; ﬁplit into a

stair rod and a Shockley partial which glides a short distance into

<
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its glide plane to form a ribbon of s@acking fault. Along the three
sides of the triangle there should be narrow ribbonsg of stack;ng fault
in the three other (111) planes. Letting h be the width of this ribbon
at eQuilibrium and X, the corresponding vélue of the parameter, we next

consider the values of Xm as a function of L.

Iet H(x) = F(x) + vG(x). The value of x_ 1is the smallest positive
root of dE/dx = O.
15 ng S .E{ngoﬂ_’_ ’+H'-(x).]+ 5J54Y—< )(J-X
ub 127(1-v) b b 4

Hence X, is given by

H'(x) =2 log i§-+ 187 N3 (1-v) —EE —%— (x-1)

H'(x) = Ax + B

18743 (1-v) <L L

A ub b

B =2 log

il

- 2 (1-0) —— L
18743 (1-v) 5

L
b b

L}
S

In Figs. 8 and 9 and Table I the variation of H(x) and H'(x) are shown
for different values of x. The intersection of x ;'H'(x) and
Yy = AXx + B gives the vaiue of x. for each value of the pafameter L.
(See Fig. 10.) |

The values of the coefficient A and B as functions of L are given
in Table II, The results are giveﬁ in Table ITI and Fig. 11. In all of

these calculations the values taken for the different parameters are:

=~

[0

b =

N
o0

Vo= Ooh?
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The resﬁlts show that the width of the ribbons should always be
small, of the order of magnitude of the 1limit of resolution of the micro- &
scope, and it éan be observed only in special conditions. This is the
case in an [lil] orientation with G = [220]. The (11l) and (117) stacking
fault planes are not in contrast while two planes of the small ribbons
(111) and (I11) are in contrast. These two ribbons are clearly visible
in Figs. lE-lhbin spite of their small size.
In fig. 12 one can see clearly fhat.the defect at the lower right
is a tetrahedron whereas thét at the upper right is a dissociated triangle.
The magnificétion is BQ,OOO on the plate and 1,600,000 on the print.
In Fig. 14 the same area is shown with the three different values
of G possible in this orientation close to [111]. One stacking fault

ribbon is out of contrast for each reflection.

2. Faulted ILoops With More Than Three Sides

Tor these defects it was also observed,thatﬁthél'%(lll) dislocation
segments were dissociated.

a. Four-sided loops. There exist  two shapes as shownjin Figs..5b and 5c.

The shape of 5b could be the result of the intersection of a triangle
with the surface. This is very probable since the thickness of the foil
is often of the order of magnitude of the size of the loop. Proof of |

this can be seen in Figs. 15a-15f, detalil A. There is no stacking fault

<

ribbon on one side of the loop which is therefore the intersection of

the loop and the surface.
The shape of Fig. 5S¢ is probably the one sketched on Fig. 133.,'

The two black lines bordering two sides of the loop are the ribbons of
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stacking fault. This picture was taken with G = 220 which explains
why the other ribbons were invisible. This shape cannot be simply the

result of intersection of a triangle with the surface.’

b. Five-sided loops and hexagons. ' wcking fault ribbons were found

also in this case. Figure 17c with G = [113] (in this case three

-stacking fault planes are visible) is a good example. One possible shape

of this defect has been sketched in Fig. 10b.
Diffraction contrast due to ribbons can also be seen in Fig. 18.

Only a few hexagons were found but they also seem to be extended. This

conclusion is also confirmed by amnealing experiments.

B. Shrinkage of Defects

Annealing experimeﬁts were made in the hot stage. They were mostly -
qualitative bbservations because the temperature was not known within.
better than 5°C, and the resolution did not allow measurement of the size
of the loops with.accufacy.

Parallel experiments made using the normal stage, hence with better
resolution, completé this work. The results are shown in Figs. 19-22.

The results of these observations are:

i) At a temperature over 340°C the faulted loops shrunk at a Tast

. enough rate to be observed. If the specimen was held at this temperature

they eventually disappeared.

ii) At 370°C the annealing was very fast. All planar defects are
annealed out in less than 5 minutes.

iii) During the‘annéa1ing, the sidés of the loops 51wayu~remuin
parallel to (110). No faulted circular loop was ever found, even with
very'sldw unnealihg such as le°C Tmr1h8 hours.

iv) As has been observcﬁ by other investigators, tetrﬂhedru aid not

shrink at an appreciable rate in this temperature range.
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IV. DISCUSSION

Annealing of quenched gold has been studied previously by electrical

%311 mese authors found no step in the re-

resistivity measuréments.
sistivity curves which would correspond to the disappearance of faulted
loops at 350°C, only a slight recovery at 400°C which was explained by
another phenom.enon.6’16
Their failure to detect a recovery stage at 35060 can be explained
by thé thermal treatment they applied to their speciméns. After quenching
>they aged their specimens at 25°C. As has been pointed out previously

faulted lbops do not appear if aging is carried out below 100°C. It is

of"interest to consider the possible reasons for this observation.

A, 'fbrmation of Faulted Ioops
1. Triangles

Three.main possibilities exist to explain the formation of faulted
triangles.

i) Interaction between a~tetrahedron which is larger than critical
size and a dislocation.8’17 Depending on the Burgers vector of the
cuttiné dislocation either a stacking fault triangle or a dislocation
segmeht is the result.

ii) Nucleation of a Shoékley on one face or at: a corner of the
tetrahedron;l8 Tﬁis mechanism requires a large activation energy as
shown for instance on Fig. 7 in the case of é tetrahedron of IOOOR.
Howeﬁer it occurs during observation as shoﬁn on Fig. 23 due to high
stresses created in the specimen by the electron beam.

iii) NUcieation and growth as a planaf defect. The black spot

defects that are observed might grOW'and'at some staéc collapse to

<
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. .
form a % (111) dislocation lOOP'Jj,EC

It is.possible that after the quench, there are nuclei fof both
tetrahedra and faulted loops (or black spot defects). If the aging>
temperature is over 120°C both tetrahedra and faulted loops can grow:
by absorption of vacancies. If the temperature is under 80°C only

tetrahedra can grow;

. 2. Faulted loops Other Than Triangles

The faulted loops such as Fig. b can also be explained as a result
of interaction between a triangle and a dislocation as emphasized by

21 ! . U .
Of course it can also be a triangle intersecting

Washburn and Saada.
the surface. However, other loops, five-sided loops for instance, are

not likely to be formed by such intersections. It would require several
intersections with the.same loop. The most likely e#planation seems to

be that planar vacancy defects are somehOW‘nucleated,and grow in various

shapes.

. B. Shrinkage of Loops

Two experimental facts must be explained: The temperature at which
shrinkage occurs and the fact that defects keep the same shabe.whi]e

shrinking.

l. The Temperature
It is of interest to consider why planar vacancy defects in gold

are much less stable than tetrahedra.

a. The annealing of tetrahedra. It has been explained by three different
mechani sms.
i) Transformation of a tetrahalron to a triangle, by‘nucjeation

8,17

of a Shockley, then shrinkage of the triangle by emisgion ot

vacancies, This mechanism requires a very high activation energy and ig
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therefore improbable.l)

ii) Interstitial atoms eat up the defect. This has been observed "

in irradiated gold, but it is doubtful that it can happen in quenched
‘ ' : A 2k
metals where the interstitial concentration is very smail.23’

iii) Ledge mechanism. This mechanism has received much dis-
Cussion.h’6’8’15’25’27 Although no direct evidence has yet been obtained
in the case of stacking fault in gold, the same mechanism, responsible
for growth of precipitates in Ag-Al alloys, was ébserved'in hoti stage

29

Tor shrinkage the mechanism 1s

3

experiments by Hren and Thomas.
essentially the emission of a vacancy at a stair rod dis}ocation, most
probabiy'at a corner of the tetfahedron.h?6 Nucleation and then migra-
tion of "I ledges" (see Fig. 2ka) can explain the shrinkage of tetra-
hedra. The activation energy of the process (4.7 eV after Meshiil')
implies a very low value of the energy per atomic length of the stair
rod dipole, (about 1/20 eV),_which does not seem unreasonable. Trom
resistivity measurements iﬁ is observed that the annealing temperature

for tetrahedra is about 650°C.

c. The annealing of faulted loops. The.faulted loops in gold are ex-
tended; Therefore, they méy also have to shrink by a lédge mechanism.
This brocess requires the nucleation of I ledges which in case of
tetrahedra needed a high activation energy.‘ The fact that faﬁlted loops
anneal at a lower temperature may indicate that nucléation of I ledges
oh sides like DE, EF, DF (Fig. 2kc) which are Shockley dislocations in-

stead of stair rod, require a smaller activation energy. It is probable

¢

that the nucleation would be easier at the corhers D, E,‘F; which are
different from corners like A, B, C.

2. The Shape of Defects During Annealing

The triangulér shépé is a rather high energy configuration. The

i
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loops should beéome hexagons or circular léops és soon as the temperature
is high enough to allow vacancies to.méve. This did not happen and is
explained by the fact that triangles are extended; the formation of a new
side would require a rather high activation energy.

The result is slightly.different in the case of 1oo§s with more"rH
than three sides. Corner A (see Tig. 16b) can be removed more easily
than the corners of é triangle. It was sometimes observed that a
five-sided loop became a four-sided loop during the shrinkage.

All defects remained prismatic during shrinkage, with their sides

along (110) directions. Since they are extended, the shrinkage may also

be explained in terms of a ledge mechanism, iﬂvolving-an activation
energy close to that required for shrinkage of triangles, probable a
little lower since the nucleation of a ledge at a 120° corner, where

the two ribbons are not on the same side of the loop,'shoﬁld be easier

“than fo?.a’Sod corner. | ..
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V. CONCLUSIONS
1. Both stacking fault tetrahedra and stacking fault loops of

various shape are formed from excess vacancies when guenched gold is

(=]

aged at 150 C.

2. Edgeslof all‘defecﬁs were aiwéys parallel to a [110] directiqn.
3. TFrom the energy of a truncated tetrahedrqnl5 it was shown tha%
staéking fault triangles in gold shoulﬁ be extended. Experimental |
evidence of this was obtained, using special conditions of diffraction
in observing the defects with an electron microscope.

L. TFaulted loops with more than three sides were also found to be
eitended.

5. 4 Annealing experiments showed that planar defects shrink at a
vlower temperature than tetrahedra (about 550 C) and that their sides
" remain parallel to (110) durlng shrinkagé.

6; The observaulons are con31stent with a. ledge mechanlsm for

'shrlnkage
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1.00 - 2,860

TABLE I
x - H(x) H'(x)
0.001 C1k b3k
0.005 11.238 ~799.0
0.01 , 9.882 ~271.2
0.02 8.500 -138.2
0.03 7770 -73.0
0.04 , 7.227 543
1 0.05 6,810 ~1.7
0.06 6.471 ~33,9
0.07 = 6.186 -28.5
0.08 ' 5.950 246
0.09 . © T B.T22 21.8
0.10 : 5,529 -19.3
0.20 T ks -9.20
0.30" ‘ 3.505 -6.35
0.k0 2.986 -4.55
0.50 2.623 -3.10
0.60 2,387 -1.90
o.70 - 2,269 ~0.70
0.80 ' 2.270 +0.45
0.90 3 2,414 42,10
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TABLE. IT

L (fx) A B X h(A)
200 27 -15.9 0.2 5l 6l
230 - —————— 0.15 29.6
500 67.5 =5k 0.0L5 19.h

1000 135 | ~120 0.022 19.0

2000 270 =255 0.011 19.0

3000 Los -38% 0.008 20.7
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FIGURE CAPTIONS

Different aspects of étacking fault tetrahedra. a) orientation
7100 G = [020] b) orientation close to100] G =:220%

Defects in gold after a quench from lO50°C in brine at QOQC,

the préaging time is about 20 sec.

Defects‘in gold after same quench as above but the preaging time
ig two minutes. |

Quenchiﬁg curves: a) water at QOOCg'b) brine at EOOC, ¢) water
at 0°C, d) brine at -20°C. -

Faulted loops.

The real shape of triangular def'ects.

Plot E(x), the energy of a truncated tetrahedron of side

L= 10004 aé a function of the truncation.

H(x) (cf. Table I). i
H'(x) (ef. Table II).
Graphic determination of the root of H'(x) = Ax + B.

Plot h(L) giving the widfh of the stacking fault ribbon as a
function of the size L of the triangle.

Stacking fault ribbon and tetrahedron seen at the magnification
1,600,000. |
Triangles and_tetrahedra in a [111] orientation with ¢ = [220].
The same area seen under 3 differen£ ¢ of the type (220) .

The same area seen under six different values of G.

Sketch of k- and 5-sided loops. -

" The same area under 3 different G.

A five-sided loop in 2 different G.

Hot stage experiment, ecach after 10 minutes at %h0°C.
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Hot stage: a) before, b) after 5' at 350°C, c) after 22°

at 350°C.

Hot stage: a) before, b) 5' at 350°C.

Hot stage: a) before, b) L 350°C.

Transformation tetrahedron triangle under the beam in the
microscope. The two pictures are taken at ten minutes intervals.

Ledges on a tetrahedron. a) I Ledges, b) V Ledges.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report .
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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