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ON THE ANNEALING OF STACKING—FAULT TETRAHEDRA . AND FRANK DISLOCATION
'LOOPS IN SILVER

Thorvald Astrup
Inorganic Materials Research Division,lLawrence Berkeley Laboratory:and'.
Department of Materials Science and Engineering, College of Engineering;
Univer31ty of Callfornia,‘Berkeley, Ca11forn1a
ABSTRACT
Direct observation of quenched -in stacking—fault tetrahedra (SFT) and

Frank dislocation loops in 99.999+7% s1lver during annealing were made

by hot stage transmission electron microscopy. 5'

The defects produced by quenching from a fenfdegrees'below the

melting point had a range of edge sizes L up to 2000A for the SFT,

'and from 6508 to 13508 for the triangular loops. The smaller SFT, L<600A

'were found either to shrink Or'to'completely anneal out above 600°C

One large SFT L~2000A was dlrectly observed to collapse into a 1oop
at 300 C. Shrlnkage of loops taklng place from one corner were detected

Existing theories concerning collapse and/or shrlnkage of SFT and

,loops are'reviewed and diacussed in detail A Calculations show that the

quenched—in defects are in the expected 51ze—range It is shownvthatu,~’
the ledge—mechanisns can be the nechanisms responsible for thermally
activated shrinkage of SFT. It is further shown that the nucleatlon”v
benergy'of'a Shockley.loop near a SFT—corner is:considerably less thangi
that for the loop in the middle of the SFT—face, thus allow1ng for »

collapse.‘ The influence of the anisotropy and the temperature on the

‘stacking—fault energy is also discussed ‘as. well as’ the limitations in

the energy calculations due to configurations of core'dimen51ons.

‘The'modified'nucleation.theory'proposed bwascaig is found not

~ to be correct.
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PREFACE -

The experimental work for this thesis was done in the period from
April 1969 to June 1972, after a brief encounter w1th defects in gold
- during my first year in Berkeley in 1968 and 1969 -Both materials are
' great for making jewelery, but more of a frustrating experience.wnen it
Caﬁes to making fdils.for transniesion electronfnierosedpy. Most of
the experiments have been done utilizing the Hltachl 650 kV electron
microscope in Berkeley. _Some initial experiments were done with the
Hitachi 125 kv EM, and a few experiments have been run in the Phiiips
300 EM'(100 kV) et the University of 0slo, Norway.

Some few comments regarding the composition of this thesis;. A ’
broad'theoretical review is given, both as a backgrdund for the exper-
iments, and in view of‘tne following extensive discuesidns‘of the |
. existing theories. To keep the main body of the thesis as short as
| possible, a wide use of appendices has been preferred As a detailed
coverage of extended dislocations and jogs in connection w1th stacking—‘
fault tetrahedra (SFT) and Frank loops and their annihilation could not
be found, the detailed models are deduced from Hirth and Lothe (1968).
and Appendix 1. In Appendix 2, calculations of the energies of the SFT,
loops, and 1ntermediate configurations have been done for the case of silver.
. To differentlate between the different defects, SFT, extended and unextended
‘1oops by use of transmission eiectron nicroscopy, a~nethod is described.in
Appendix 3. Escaig's (1960 e,b’ modified nucleationbtheory is critically
examined in Appendix 4, Finally; eduations fqr the'celculation,of energies

for SFT eollapse‘mechanisms are deduced in Appendix 5.



"In this’thesis, there might seem to be an‘inconsisténcy in the
use of symbols.for energies, but this is only duejto?consistently
citing references without changing giﬁen symbols.'_This is especially
evident in the use of U and E, which abparently éhoﬁld be defined as
:internél aﬁd free.energy respectively in the cited cases, and W wﬁich

is the elastic strain-energy. Gibb's free enérgy“is'taken as G.
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~ “A triangle is the only structurally stable polygon. A tetrahedron
the minimum omnitriangulated, omnistructural system. A tetrahedron is
the most fundamental of all structures. It is a ‘basic system because '
it stably and symmetrically subdivides the universe into two parts, all
of the universe 1n51de and all of the universe out81de its system.

R. Buckmlnster‘Fuller
~ Utopia or Oblivion -

'I. INTRODUCTION
Due'to'vacancy'CQndensation,'quenching'of a’low:stacking—fault
energy_fcc'metal (and alloy)‘leadsVto;the7formatibﬁ-of faulted,

eXtended Frank-sessile loops and'stackingvfault'tetrahedraY(SFT).

SFT were first observed in quenched gold by Silcox and Hirsch (1959)
‘;ltthrough the use of transmission electron microSCOb& (TEM); tSince then -

considerable effort has been spent investigating‘thelbehavior of'theSe‘f;

faulted'defeCtsg'bOth.ekperimentally and'theoretically Smallman et al.

(1959) observed SFT in deformed silver. In quenched silver they were

- first detected by Clarebrough et al (1966)

During anneal at elevated temperatures, conditlons can favor

~ disappearance of SFT-' Collapse and/or shrinkage of SFT and shrlnkage

of loops (extended Frank loops) in gold during anneal have been

: obserVed by,_ G. Brun (1966) Yokota and Washburn (1967) Yokota (1968),

”lfWashburn-and Yokotau(1969),»Johnston et al. (1971), and Fraser et al

‘(1971).. With the exception of,Brun'sAhot'stage TEM work, they all used

TEM Observing specimens annealed outside the microScope.a Indlrect
‘observations by use of resistlvity measurements have been done by

7Meshii and Kauffman (1959), and de Jong and Koehler (1963) among others.

’



In silver, only loops.have been seen fo anneal dﬁt,above 600°C, using ‘
TEM on oqtside anneéled.specimens (Ciarebrouéh'et al.'l966, Smallman | i
et al. 1968). | . o ,'

Genérally,high temperature anneals are requiréé.for the fauited
defects in Au and Ag to anneal out. Jéésang'and'Hifth (1966) and
Humble et al. (1967) did'théorétiqal éalcuiations bf”the energies of
the loops,:SFT, and the intermediate configﬁratigns inﬁolving a glide
mechanism.‘nTﬁese calcﬁlatiohs ied to the deterﬁination of the stackingi
- fault energies of Au and Ag, (and Cu),'based on'thé sizés of 1o§ps and:

SFT deformation. Their calculations also yielded a toovhigh |
energy bafrief for the mechanism to'wofk during.énﬁeal. A glide—
meChaniSm proposed by MesHii and Kauffman (1960) also giveé a too high 
energy barrier. The non-conservation mechanism for which Escaig (19705)
calculated the energy explains the obserQations by Yokota (1968):in

Au, but:cannot explain the loop shrinkage in Ag. Ehergetically the
ﬁonconServativefmechaniSﬁ proposed by K@hlmanﬁ-Wilqurf (1965) allows |
shrihkage of SFT in Au, observed by Brun'(l966).j:fihally Escaig

(1970 a,b) introduces a.modified nucleation theofy‘éxplaining the
collapse and shrinkage of SFT énd loops in silver dﬁring annealing.

Escaig's sﬁggestibﬁs-nucleated the preéentAwork: ihvesfigating
the.annealing behavior 6f SFT in silver to verify eventual collapse _ -
and/or>shrihkage of SFT in Ag. |

Due to the very low stacking fault energy of‘siiver,,the’lowest
known for a pure féc metal at room temperature; aAstudy of the annealing
_ Behavigr bf.an éxteﬂded loop could yield valuable:iusight into the’

mechanisms of extended‘jog—formation and —motion.urThe mechanisms are

A

-~



important‘in dealing with climb, and'ﬁith‘ihteractiods of dissociated
dislocatigns_which determines the strength of the low stacking fault
energy metals and ailpys, and concern part of the ﬁislocation theory

not yet verified.



II. THEORETICAL REVIEW.

A; "Dislocation Climb

A dislocation can move by Eliéﬂ) a conservéfive ﬁotion, or by
gligh,.a’nbnconse?vative mqtion;  The qonConsérVativé'mofion involves
| the diffuéidn of point‘dgfects to‘andvfrom tﬁe dislo@ation,l The
'concept ofjglide is féiriy éimplé,vwhile the'céncept of climb needé
a more detailed covefage; |
' Generaily a dislpcatién climbs_by iggfmotidn; the jog moving,along 

the dislocation line with v perpendicular to the motion of the'dislocafion,

3 |
v (Fig. II-1). At A a double jog is nucleated by the creation of a

XBL 735-6093

Fig:hii?i:_ Schematic éu& thfough'a cgystal léttige wifhvéﬁaedge—
dislocation b with sense s, climbing v.
core interstitial by motion of a vacancy from A (Hirth and Lothe, 1968).
At B the jog would move with ;j by emitting a vacéncy with no apﬁarent change
in the energy of the dislocation. The creation of a vacancy at a jog

and its motion into the bulk-lattice entails a series of energy jumps

such as those in Fig. II-2 (Hirth and Lothe, 1968, p. 528).
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1I-2.

XBL 735-6105

Energy-displacement curve for a vécancy at a jog

~site (1) and in sucessive positions removed from

the jog into the bulk lattice. The dashed line
represents a case involving an energy barrier, W ,
for creation of a. vacancy at a 1og : WV and W

are the formatlon energy and energy of motion for

. a vacancy, respectively. In the case shown in

:' Fig. II1-2, vacancies at 3 are in quasi-equilibrium
- with the jog and the: vacaney at 5 in quasi—equ111br1um.'

with the vacancy at 3. We then have a diffusion-

‘controlled process as opposed. to the barrier-

controlled process shown by . the dashed line.



In the case of me;als with low stacking-féult‘énérgies, the
dislécations will Se extended with jogs extended into‘jog-lines-
(Appendik 1). ' The creation of a vacanéy here could vefy well involve
an energy;ﬁarrier W* due to dislocation reactions’aﬁa‘changes in the '
area of_the fault. The énergy barriér would appeaf:in;the initial
stage of combining the vacancy with the partial>disio¢ation{'

Extended dislocations and jogs are described in'Appendix 1.

B. Energy of Truncated Stackigg-Fault Tetrahédra
The geometry and composition of the Stacking faﬁit Tetrahedra.(SFT)
and the Frank Triangular loop (FT,afe dgsaribed in detail in Appendix 1.
Between these.two complete éonfigurations we can have a number of
intermediate configurations. Tﬁe’truncated SFT shown‘in Fig."II—3b

represents one such intermediate phase.

(c)

(a)

XBL 735-6109

Fig. II-3. (a) A Frank Triangular loop.
(b) A dissociated Frank loop or a truncated SFT.
(c¢) SFT.
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.JSSsang and Hirth (1966) hévé'calédlated'tﬁe total energies
of intermediate truncated SFT in the case of gbld;ztheir energy formulas

are given in Appendix 2 (A2-2 to A2-4). The energles are calculated

~ as functions of x = L /L as a measure of the degree of truncation for

different values of L and the results are schematicélly sden in

.ﬂFig. I1I-4. vThe’curve‘for.L = 58007 have later Béen corrected ‘as

calculaﬁions show an energy barriervfor all L (Clétebrough et al., 1967

and_Jassang, 1968). This energy diagram gives the stability ranges
for a complete or hear-completé:SFT vs a dissociated Frank triangle in

terms of size L. ForvL<LC we would have the SFT as the only stable form.

For Lc<L<LE,_the SFT is stable with respect to the dissociated-FT,‘but,

- due to the energy barrier between these two configurations, the

dissociated FT is metastable, At L = LE the energies are equal and for

E the SFT is the metastable configuration, while‘the dissociated

Frank triangle is the stable form. ' There is always‘an activation

. barrier between the SFT and the dissociated FT.

Jossang and Hirth (1966) used ¢ = 60° (Fig. II-3). Humble (1966)
used an extra parameter in describing the corner configuration without
altering the results much. Escaig (1970 b) recalculated the-en!rgies

using a ¢ varying from 120° for an almost completé SFT to 60° for a

" dissociated FT. He thus reports,an activation bérrier between SFT

and FT lowered by 15;20%'1n-g01d. The activation energies in silver
would be considerably higher in any case (see Appendix 2).
So far, the energies of the‘truncated SFT have been calculated

with three Shockley partial dislocations gliding from one corner.



 Fig. II-4.
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L=170A°
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- : . A x

The reduced energy w vs x for various sizes of
tetrahedra. For curves with maxima and minima,

Q= wmax-wmin is shown, together with the minimum

resolved shear stress T required to force the

Shockley partials over the energy barrier. Note
scale change at top. (Hirth, Lothe, 1968).
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VEscaig (1970):has Shown%that the energy‘ofn;he SFT.or:the diSSOCiated_‘l
Frank trianéle‘is.-lovered if'the eotners are blunted;by removing a.few““
vacancies from each corner (Fig 1I- 5) R
The blunting of one corner 1owers the energy by about 1 eV in both

Acases (see: Flg. II-6), and 1t represents a- nonconservative process in
that some vacancies must be removed to blunt the corner while the
‘truncatedncorner mentioned earlier respresents a conservative process
with three glissile dislocations'(dD or'BD + 88 aredseSSile Frank ..
dislocations) o | h | |

._ For the case of gold or metals with higher stacking—fault energy
Y, the’energy'would decrease with increasingvPQ without.any.activation
barrier as in.Fig;‘lI—6. For a low Y as in the case;mith silver, PQ

must reech'a critical length PQ in order to grow further on. Escaig (1970) .

(b)

XBL 735-6108

Fig. 1I-5. (a) A blunted ‘corner (120° corner) on .a Frank triangle.
' (b) A blunted corner on a SFT. ‘The arrows represent the
senses of the dislocations. .Burgers vectors given in
' the Thompson notation.. ' ' '
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L SR o B - PQ '-
0.8 0.9 — 10 (1-P9/ )
 XBL 735-6099

- Fig. II~6. The energy of a SFT of FT during'growth of one 120° corner
' shown schematically for Ag. S : :

e
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.has calculated the activation energy needed to reach PQ to be about
23 eV for silver.

€. TFormation and Growth of FT's and SFT

Theldislocétion'reaotions generally inoolvéd-in thebformation and
growth and in ‘the shrlnkage and annlhilation of Frank trlangles and
: stacking fault tetrahedra are quite extensively covered 'in Appendix l
.they will not be gone into detail here. ‘ i

- SFT canibe ofeaﬁed by‘dislocétioo glide-(Hirsch’l962 1963, Loretto
et'alo; 1965). Frank triangles form directly by the cross—sllp of |
extended dislocations at superJogs. ‘By this mechanlsm one should be
able fo get SFT of a maximum size and FT of a minimuoosize according
to the eneréy diagram, Fig. II-4. |
| The two other most commonlyvrecognized proceSses.areoboth caused
bylfacanoy migrétion and clustering. The'sopersatufatioo of vécahcieé
needed are created byIQUenching.and we get_quenchéofin FT's.aod SFT.
Theyucao‘be”fofmed'by direct yaoancy?clostering”(de Jong and
'~Koeh1er 1963"Kimura et al., 1963; Cottérill and Doyama, 1964;
'Kuhlmann—Wilsdorf et al., 1964; Kuhlmann-Wilsdorf 1965) Thereby a
.tetra-vacancy acts as a nucleus whlch grows into a SFT by the adsorption;'
of vacancies at joglines on the tet;ahedron faoe,.:

The othervmoChanis@ is by vacancy clustering.éﬁd'dislocation - -
Jo glide:(Siioox and Hiroch, 1959); Vacancy.discs nucleate ano collapsev;ff
to form dislocation loOps of Frank part;als b = 3(111)) bounding an
intrinsic“otacking fault on a'{lll}~plang.o In fcc metals W1th,a low

‘étécking fault energy, these loops will lower theirsehefgy by dissociafion
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into an extended (dissociated) Frank triangle (Fig. II-3b) or

‘polygons, with edges in the (110) directions as a sign of the dis-

spciation on {111}-faces. - The SFT can then be formed‘by glide of the v
Shockley partials (Appendix 1) if this is energetiEally.fanorableﬂ

(Fig. II-4). Further growth of the SFT-can take'piace by abSOrption

of Vacancies at joglines. KuhLmann—Wilsdorf (1965) discusses the growth

and shrinkage of SFT by‘the migration of Joglines. See ‘also Hirth

and Lothe (1968, p. 581). This mechanism is‘covered in the next

paragraph and also in Appendix 1.

_ D.. Shrinkage and Annlhilation of SFT and FT's
Generally we would say that the same mechanisms that operate during
SFT-growth should eperate during shrinkage too. quever, the choice
'pf mechanism depends‘very much on the eonditions;ki,e., mechanical
stress; high or low sunersaruration of point defects (quench or anneal)
and so on.
We haveAaireadyISeen fhat ahove-a certain size LE; the FT is more

stable than the SFT. Below the size L., the SFT is the dnly stable

c’
configuration. For SFT in a size range where the.FT is the more
stable form we could expect the SFT to.collapse intd’a:FT and then
shrink.

If the collapse into a FT is not preferahle, the'SFT can shrink
as such, by migration of joglines (Kuhlmann—Wilsdorr, 1965) or by climb
from blunted corners (Escaig, 1970). |

In Table II-1 a,b, the different mechanisms for collapse and/or.

shrinkage of SFT and FT's are described schematically. We see that



Table II-1la. Différent mechanisms for collapse and/or shrinkage of SFT

;

SFT

o

-

-SFT

:

SFT

S»

>

SFT

;

-SFT

SFT

5»

>

. +Shockleys

>

+Shockieys

+Shockleys

i

l

>

3‘1.|> > :

~+Climd

+Climb

— A

SFT

FT

@
r

)

and Frank Triangles (loops) (FT). Reference in Table II-1b.
- FT
VAN
. FT o
, FT

S I or WI

o Disoppeor‘
by further climb -

Disoppear
by glide

Disappeor

by further climb

Disappeor
by further climb

XBL 735-6098



Table II-1b. Descriptioh of the different mechanisms for>collapse and/or

-14-

shrinkage of SFT and Frank Triangles (FT) which are shown in

Table II-la.

Values of the activation energies are also given.

* denotes the use of the "modified nucleation theory" (Escaig 1970).

* VEGHANISM ACTIVATION ENERGY

1. |Conserv. |Glide of 3 Shockleys from|[170eV Ag.

collapse |one corner of the SFT to | 30eV Au(Jdssang &Hirth, 1966)
form a FT.(Kuhlman-W.65) | 15eV Au(Escaig 1970)
N o ' 70eV Ag(Escaig 1970)

‘IIa|Conserv. |[Glide of 2 Shockleys from
collapse |one edge of the SFT to
: ' form a FT.

1o |Conserv. [Glide of a Shockley loop | 6.6eV Au theor.(M & K. 1960)
collapse |from one face of the SFT Lh.7eV Au exp. (— ® —

to form a FT.(Meshii & ‘ S
Kauffman 1960)

III|Non- Climb by jog-lines.(The 15eV Au (Yokota 1968)
conserv, |ledge mechanism.)The SFT
shrinkage | shrink as a SFT.(Jong &

Koehler 1963) '

IV{Non- Climb to make a critical | 2.8eV Au (Escaig 1970)
conserv. |120'corner on the SFT, 25 eV Ag (—nw —
collapse |then glide to form a FT. | 2.7eV Ag (— " — )*

: (Escaig 1970) '

v |Non- Climb to make a critical |

- {conserv. |120'corner on the SFT and "
collapse |[then a glideloop that

disappears.(Gscaig 1970)

VI |Non- Shrinkage by climb along | U, (act.energy of selfdiff.)
conserv. |the edges of the FT.
shrinkage ) '

VII|Non- Climb to make a critical | U Au (Escaig 1970)
conserv. |(120'corner and further c-6eV Ag (— " - )
shrinkzge |shrinkage by climb, 2.7eV Ag (— " — )%

(escaig 1970)
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collapse can be consetvatiVe‘or'nenfconservative,‘while shrinkage must
involve climb.

Mechanism I tepresents the Caselfor which Jossang and Hirth (1966) .

vcalculated the energies 0f the intermediate truncated SFT (Fig II-3 and -

Fig. II—4) Instead of nucleatlng Shockleys at a corner, Shockleys

'can be nucleated at an edge or in the form of a Shockley loop on one

face (Meshii and Kauffman, 1960). They calculated the nucleation

" energy for a loop to be.6.6 eV in gold. The activation energy for

nucleation at an edge should be slightly smaller (Yokota, 1968). The
result of the collapse in all these cases ate Frank'triangles_(extended).
The total energies of the intermediate forms between SFT and FT for
mechanisms IIa and IIb have not been calculated |

A mechanism for non-conservative collapse has beén introdnced by

Escaig (1970) 1nvolving climb of the Frank segment of the blunted

- corner (Fig. II-Sb) with an activation energy (Fig II-6) to reach a
‘critical length (PQ)*. Dependlng on the size L i. e., where in the

vstabllity range L is, mechanism IV or V operates. In the first case

we get collapse to a blunted (PQ)* dissoc1ated Frank triangle (Fig. II- Sa)

'by glide of the Shockleys PR and QR after (PQ) * is reached. Mechanism-

\ leads'to_collapse into a glide loop that annihilates by.further-climh-

of the Frank segment PQ after (PQ)* is reached (Fig.'ll—?). The

operation of these mechanisms is supported by the observatlons by
Yokota (1968) in gold.
The SFT can shrink as. a SFT (mechanism IIT) by»vacancy'emission

at joglines (Knhlmann—Wilsdorf,'1965); the mechanism of climb of extended
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(b)

XBL736-6251

Fig. IIE7 (a) Collapse by climb of PQ to combine with CA and glide
;earrangement PR + CD and QR + AD to make a glide loop.
(b) b = DB in the (111) plane :
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dislocations (Appendix 1). There‘are,two‘main types of joglines or
ledgesi(Fig.vII—S), namely acnte Superjogs.or'joglines (Hirth and Lothe,
1968) and obtuse superJogs or Joglines. Kuhlmann—Wilsdorf (1965) names
the acute Jogline V-ledge, resembling a‘row of 1/3 vacancies and the
obtuse joglines I ledge, resembling a row of 1/3 1nterst1t1als As seen
in Appendix l this is a special case. Nucleation and migration of an
acute. Jogline from an edge, or of an obtuse Jogline from a cormer
is necessary in order to get shrinkage. Conversely,vgrowth will occur
by the formation and traversing from an acute Joglinevfrom a corner or
an obtuse jogline from an edge. The I-ledge (obtuse) is belleved to have'
2.5 times the energy'of_a V—ledge'(acute) pr atomic]plane; UI*?Z.S-UV*
(Kuhlmann—Wilsdorf 1965). Thus she argues that thé SFT caanhrink gy
V-ledges nucleated at edges during anneal in gold with U b~0 05 ev,
while Yokota finds an activation energy of about ‘15 eV fﬁr gold.

Hirth_and Lothe'(1968, p. 582) have proposed another type.of
jogline nucleated at a corner, being a partial acute jogline at a
corner (Fig.'II;9). This'might.represent a Critical nucleation
configuration of less energy than for nucleation-of a ledge along an
.edge. | 7
| Extended or dissociated Frank loops can-climb.bpva jogline
‘mechanism (Appendix 1) where the loop is locally shifted (in planes).

An undissociated loop w1ll qu1te e3311y shrink (or expand) by the
‘emission (absorption) of vacancies at Jogs.v Due to the ‘dissociation of .
the Frankidislocation along»the edges, this‘jog nechanism is more

- difficult to operate. It is believed that a constriction must be

formed in order to create a jog. Such constrictions will naturally
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(a)

(b)
XBL 735-6100

Fig. II-8. Joglines or lédges on one face of a SFT.
(a) Acute joglines. ' ;
* (b) Obtuse joglines.



. XBL 735-6101

v Fig. II-9. Nucleation of a partial acute jogline at corner D.
: . Motion towards C is glide. Motion toward B is climb.
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exist at so;called 120° corners.(Escaig, l§70; Yokota, 1968) or'blﬁnted

corﬁefé (Fig. II-5). Escéig (1970) has shown;thét~this is a stable“

configuration.' Thé-sizé of the§e corne¥§, héwever, are very small, just

a few &acancies emitted? so for the.climbjfo proéeed;ian "unzipping"
of the stéble corner cdnfiguration'with the‘stairfod‘is‘necésséry

(Fig. II-10).

XBL 735-6102

Fig. II-10. Detail of 120° corner of a Frank loop (extended).

Escaig (1970) calculates an activation energy in silver needed
to reach a critical length PQ*, finding abéut 5-6 eV for the FT against
23 eV for the SFT. His calculations fbr Au and Cu yield no activation

barrier.
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Evéntua}ly, Escéig (1970'a,b).proposed é_modified nucleation theory
_with the result of lowering the acfivation barriers for.SFT collapse
and FT shrinkage to U + 0.8 eV for both. Escéig'é theory is covered in

- Appendix 4.
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‘SUMMARY

In this chépier we have mainly dealt with tﬁexthefmally‘activated
mechanisms for création'and.annihilation of SFT andllpoﬁs. For creétion
the most widely acCeptéd mechanisms are by vgcancy—pondensation, forming
a Frank loop which might extend intd a SFT. SFT férmed this way can’
grow by ledges info the metastable size range. ‘SFchan also form by
diréct ngcleation, and grow as SFT by the 1gdgé»méthanism.

'ioops and SFT can also fofm by mechanicéi'procégses (Loretto etiai.,~'
1965), invoiving dislocation interactions.duringvstress. This creates
faults wi;hin their géspective staBle size rangeé; ‘The faults can
also annihiléte by applying an external stress-(deofa; 1968).

The thermally activated meqhanisms for annihiiation, in.which we
are mainly intefested, are less established and»the péssibilities are
»ligted in Table iI*l. The leést'probable mech#nism seems to be the
unfolding‘of the SFT, the reverse of the extension of the 10qp into a

SFT.
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III. EXPERIMENTAL

~A. Specimen Preparation‘

The Ag—spec1mens suitable for quenching were prepared from 6 mil
(150u) thick sheets of ‘high purity silver 99 999/ + (5N+) received
from the Braun Metallurgical Chemical Co., Philadelphia.. The spec1mens
.'were cleaned and preliminarily ‘thinned down to 4 mil by us1ng.a chemical
etchant con51sting of 50% NHAOH and SOZ H 02 (304).

- Due to the oxidation behavior of silver: (Ag ox1d1zes easily below
v300—400 C and reduces above this range) the heat treatment must be done
.'Vin an oxygenffree atmosphere. ' Heat treatments in vacuum and occasionally
:in argon led to formation of bliSters in thevsilver.toils. The best
heating environment has been found to be high purity helium‘atmOSPhere;

The .specimens were guenched from high temperatures in the range
| 900 C to 960°C, 960.8°C being the melting p01nt of silver, by dropping them
into.‘a container of silicone oil at 20°cC.

B. Thin Foil Preparation

Two methods'forvmaking thin foil samplesisuitable for observations
~in the transmission electron-microscope have been used.

.»At an early stage of the.experiments;'the windon electropolishing -
technique (Nicholson et al., 1958) was applied We did not succeed in
getting good foils by prev1ously reported electrolytes, but had to modify -
the poléshing solution of 9% KCN in HZO at 8 V and 1. 8 A/cm , <20 C
»used»by Smallman et al. (1960). This*electrolyte-worked too fast and“
wevfound that 27 KCN in HZO at 10°C with 2.5 v and‘O.ZS A/cmz‘gave

satisfactory results. The solution must be freshly mixed. and slowly

stirred during polishing down to 1.
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Using‘the jeé electropolishing technique (Hifsch et -al., 1965) has
several advantages; the specimeﬁ éonfaining the thin.afea is disc shaped T
to fit in thé‘E.M. holder without using grids.A The disc also tends to
" be more rigid and easiervto handle. Finéll&, mofe.thin foil specimens
can be cut from one quepched sheet than is the case with the window
technique. We found that an electrolYte consistiﬁg'éf 302 HNO3 in 70%
methanoi was suitable for uée with the jet polishef;: Thevtemperature
is-kept-ét room temperature (or a little'higher),vthe voltage at about

3 V and the current density at about 0.4 A/cmz.

itzis important that
the electrolyte be freshly mixed.

C."Transmission'Electrbn Microscopy Teéhnique

The thinned down silver foils were examined in a high.volfage 650 kV
Hitachi'Transmission Electron Microscope'with thé use 6f a hot stage
specimen holder. The temperature was controiied indirectly by fixing
the power input to the furnaée—type heater_of the hot stage speéimen
holder. Calibration of the hot stage was performed several times.

Due to the oxidation and reduction propérties of silver and its
. sensitivity to contamination, the HVEM was'preférred due to a much
better vacuum in this microscope than in the 100 kV—lZS kv instruménts.

" Preliminary experiments utilizing the Siemens IA; Hitachi 125 aﬁd
the Philips_300 EM shoﬁed that the contamination pféblems were very serious
with tﬁese instruments and the specimens were virtually destroyed by
heating already around 300°cC.

Kodak Electron Image Plates were used for the feCOrding of the-

images.
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IV. OBSERVATIONS

A. Quenched-In Defects

Figure IV-1 is a micrograph of a SFT, L =~ 920A, in silver quenched
from 960°C. Due to the preferred orientation in our foils, namely the
{110}-orientations, the geometrical projections of the Frank-triangles
and the SFT can be the same. Thus we had to find a way of differentiating
between the two types of defects (see Appendix 3). The foil in
Fig. IV-1 is a little off the (110)-orientation and the wedge shaped
contrast along BC is the projection of the face nearly normal to the
foil surface, and is typical of SFT.

Figure IV-2 shows a SFT, L = 820A, formed by quench from 910°C.
The contrast here is due to the dynamical contrast effect of a SFT
discussed by Chik (1966). The same defect is shown in the series of
Fig. IV-3 giving the contrast from a SFT for different diffraction
conditions. An example of a Frank triangle (dissociated) is shown in
Fig. IV-4a. This FT, L = 9004, is formed in a silver foil quenched
from 825°C. SFT in the same foil are shown in Fig. IV-4b. The difference
in contrast is clearly demonstrated by looking at the side normal to
the reflecting vector E. This side does not show any contrast for a
SFT, but is clearly in contrast for a FT. Figure IV-5 shows SFT and
FT's in a foil quenched from 910°C and Fig. IV-6 gives the details of
one of the defects, a SFT in the foil tilted from [110] towards [111].

In silver foils quenched from elevated temperatures, T > 800°C
stacking fault tetrahedra were found ranging in sizes, L, up to 20004
with L ~ 100A as the smallest defect clearly identified. SFT in the

size range below 7008 were the most frequently found. Larger SFT
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XBBl735-3112

Fig. IV-1. Transmission electron micrograph showing a SFT, L ~ 9204, in
silver quenched from 960°C. The orientation of the foil is
slightly off (0l11l). The indicies p indicates traces.
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XBB 735-3110

Fig. IV-2. TE micrograph showing a SFT, L ~ 820A, formed
by quench from 910°C in silver. Foil-orientation
(011). p indicates traces.



Fig. IV-3.

=98

XBB 735-3104

Contrast from a SFT under different diffracting conditions in
a (011)-foil. Same SFT as in Fig. -2.



<20

Fig. IV-4. (a) Ag quenched from 825°C in vacuum. Faults at A and B.
(b) Same foil as (a). Relatively great density of triangular
shaped faults. Foil orientation is (011).
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Fig. IV-5. Silver quenched from 910°C. The triangular shaped defects are
SFT and Frank loops. Foil orientation is (011). The scale
is 1u.
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H8450
XBB 735-3140

Fig. IV-6. Enlargement of the large SFT at A in Fig. IV-5. & = loops,
t = SFT. Scale is 0.1 U:500 kvV.
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rarely occurred. Loops, identified as extended Frank triangles, FT,
were not frequently observed, but appeared in sizes, L, ranging from
about 670A to about 1350A.
B. Annealing

Experimentally it is a problem to discover the defects on the
fluorescent screen and most defects were first found after analyzing
the photographic plates. After suitable areas were found in this manner,
we could proceed with the hot-stage work. Using hot-stage experiments
instead of anneals outside the microscope leads to direct observatiomns,
"in situ", but with less accuracy in the temperature determinations.

As mentioned in Chapter III, contamination proved to be a problem.
In the annealing sequence shown in Fig. IV-7 we can clearly see this.
Parts of the foil disappear, leaving a thin contamination layer and
thick non-transparent areas of the metal foil. Selected area diffraction
(SAD) from the contaminated layers gave ring-patterns, although not
sufficient to analyze the layer. The series shown in Fig. IV-7 shows
the contamination being a serious problem at 400°C, even in the 100 kV
EM's with the best vacuum.

Comtamination and motion of the foil during the heat treatment makes
it difficult to record the same area during the whole experiment.
Figure IV-8 shows an annealing sequence yielding no apparent change of
the relatively small SFT,L =~ 300A, after 1/2 hr at 650°C. Dirt marks
proved to be very helpful go identify the areas.

Shrinkage and disappearance of SFT smaller than L = 600A after
15 min at 650°C are shown in Fig. IV-9. The defects at a, b, d and e

disappear and the defects at c and k have been shrinking. At the top
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P4934

XBB 735-3109

Fig. IV-7. TE micrographs of the same area of a silver-foil during heating
"in situ" in a Philips 300 EM, 100 kV. (a) At 200°C. (b) and (c)
at 400°C. (d) Detail of (a). A SFT can be seen. (011)-foil.
The scales are 0.5U and 0.1U.
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part of the micrograph taken after the anneal we can éee that part of

the foil has disappeared. Another annealing series is shown in Fig. IV-10.
The defects at b and c annihiliate after the first anneal at 610°C while
the SFT at a disappears after the second anneal.

Figure IV-11 shows the collapse of a SFT, L = 2000A, and the following
shrinkage of the loop, during several anneals. The collapse was observed
directly to take place spontaneously during heating at about 300°C. After
the collapse, the loop is on the plane normal to the foil surface
(Fig. IV-12). After the last anneal, the loop appears to have been
shrinking from one corner.

To observe any blunting of corners is difficult, although blunting
seems to be the case for several of the observed defects (Fig. IV-13).
Any shrinkage as that reported by Yokota (1968) in Au ; shrinkage along
one edge, has not been observed by us. A few irregularly shaped defects
have been seen after anneals (Fig. IV-13 and Fig. IV-14), but generally
the defects seem to keep their shape during annealing. In Fig. IV-15
is shown a FT, L =~ 850A, with dissociated dislocations along the edges.

The small defects seen on many of the micrographs are probably due
to ion-damage. The defects appear during electron microscopy all over
the foil, not only in the illuminated area. This suggests ion damage
at the top surface of the foil, and might also be due to polishing
conditions (Ruhle et al., 1965, Thomas and Bell, 1967). The knock-on

potential for Ag is too high to allow electron damage even at 650 kV.



Fig. IV-10.

- P

Disappearance of SFT in silver by annealing in the HVEM at

650 kV. (A) is before the anneal. (B) is after the first

anneal at 610°C for 15 min. (C) is after the second anneal
at 600°C for 1 hr. (D) is after the third anneal at 590°C

for 35 min. The SFT are marked.
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XBB 735-3108

Fig. IV-10.



Fig. IV-11.
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TE micrographs of the same area of a silver-foil taken during
heating "in situ". (A) A quenched-in SFT, L = 2000 A, before
the start of the heating sequence. (B) During cooling from
400°C. The SFT has collapsed into a Fran loop seen edge on.
(C) Cooled down. (D) Cooled down after reheating to 560°C
for 45 min. (E) After 2. reheating to 560°C. (F) After 3.
reheating. The same magnification on all micrographs.
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/ Image projected on foil surface (OIl) I
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XBL 735-6110

Fig. IV-12. A schematical view of what is happening during the anneal
ghown in Fig. IV-11. During the first anneal, the SFT, abcd,
is collapsing from the corner a, forming the Frank loop bcd,
with the projection bc on the foil surface. After the last
anneal, ¢ seems to have moved to c¢' and this can be explained
as the shrinkage shown in the last drawing.



Fig. IV-13.
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XBB 735-3114

A silver foil after an anneal at 650°C for 5 min containing
SFT. Annealed in situ in the HVEM at 650 kV. (011) orientation.

.
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XBB 735-3113

Fig. IV-14. A silver foil after an anneal at 650°C for 5 min containing
' SFT. Annealed in situ in the HVEM at 650 kv. (011)

orientation.
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XBB 735-3141

Fig. IV-15. Frank triangle in a silver foil after an anneal in the HVEM

at 650 kV at 650°C for 5 min. Same foil as in Figs. IV-13
-14. (011) orientation. In the drawings are shown
some possible configurations.
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SUMMARY -
By estaBlishing'a way'df diffefentiating betﬁeen tﬁé contrast froﬁ

SFT and_loops in theyflld}—orientétion; ﬁe founa queﬁghed—in SFf with
edge sizes up to 2000A, and friangular,extended%Ffahk ioops with edge;
sizes in.the range 650A-1350A, in agreement wi£h'thé‘theorefically.
-vexpectedjsize—ranges} o o

We found that SFT with L < 600A might shfink aé'SFT, and that théy
also ﬁight cpmﬁlétely anneal out dgring.anneals ébove:600°6; -Collapse
of a SFT, L = ZOOOA was observed directly at 300°C; witﬁ fu?thér

shrinkage taking piace from one corner of the'loop,-
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V. DISCUSSION
Faulted quenched-in defects are observed ranging in size from
= ZOOA and upwards for clearly defined SFT, and from L = 800A and -

larger for dissociated Frank triangles, L being the iengtn of the
edges of the defects. This is as should be expected'looking at‘tne total
energy of the 1ntermediate truncated stacking—fault tetrahedra Experi-
mentally, Loretto et al. (1965) found 2 750A as’ the maximum size of
the SFT formed in silver by deformation. They also found ‘the minimum
‘size of FT to be 2 = 800A. |

There has been some arguments es to whether 2 should be taken as
L (Loretto et al., 1965, Jossang and Hirth, 1966) or as L (Humble et al.,
1967), but l = LC seems to be most likely (Jossang, 1968) due to
the high stresses required L > L to go from FT to SFT, even at
L= L + 5/ L being the min size for metastable FT, L being the
size where the energies of the FT and the SFT are equal |

“In. the case of deformed gold 2 is found to be 200A and 2 = 230A
(Loretro et el.,'1965) which yield YAu = 56 ergs/cm with Lc = 20.
Humble et alr (1967) uses the mean value of'lé and:QF as LE and find
Y

Au
Y

= 45'ergs/cm2, while JSssang and Hirth (1966) use 20 = LC and find
PO ergs/cm2 and LE.= 265A, At L = ZQOA the difference in the
energiesdbf'rhe SFT and FT is 36.1 eV (Fig. II—é)f For increasing_L,
AE decreases and becomes‘AE = 31 eV at L = 265 A,}AE = 28 eV at

= 15004 end AE ~ 15 eV at L = 5800A AE represente the activation
barrier for collapse of a SFT by glide from a corner. .The barrier

for going:from FT to SFT increases very rapidly with increasing L from

‘being zero at Lc to 1.6 eV at LC’+ 5%, 8.8 eV at LC + 15% and 31 eV at
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Escaig's'(i970b) calculations, which he claims ere in agreement
with Jsseang end Hirth (1566), give an.energy baﬁrier.AE‘z 14.5 eV for
= 2007 and a bn;rief.of about 8.8 eV‘for going from»FT to SFT. (The
’right—hand scale of Fig. 7.in'Eseaig'sApaner’is‘usee; The left-hand
scale gives tnreevtimes the values of the right-hand scale). The
difference in energies of the FT and the SET_is>5;f eV fnf L ; 200A,
while ;he qumnla‘obe5ssang and Hirth (1966)'give$138.9 eV.with
Y.=>54 ergé/cmz. | |
| Escaig s calculations us1ng a variable ¢ lead to a reduction of
Jossang and Hirth's values of the energy barrler of. 15 20% (Escaig,
1970b) and the stabllity range should also be changed accordlngly giving
an increased L but keeping L the same.. For L 300 b, Escaig
finds AE = 9.6 eV which is considerably lower thén Jossang and Hirth's
values. ' | |
Fof,gllzg;,.ﬂumble et al.'(1967),ealeUIate‘enE?Emiﬁ being the energy
of both the complete SFT and the dissoeieted (h) an§f edge size Lg-
" They find Emin ~ 20_eV‘for Lp = i = 7504, h =765A;-end Y'é 17.5 ergs/cmz.
. The corresponding-energy barrier 4AE is daduced.tOibe 80-120 eV from their
stresses of 415—690_kg/cm2. 'v |
| Using L¢‘= 750R, JOssang and Hirth (1966) find Y = 17.5 ei‘gs/cm2
and LE ~ 990A.. We have used Jossang and Hirth'e formula (see Appendix 2)
with vy = 18 erge/cm2 and find the stability range inzeilver to be |
L, ~ 690A and LE ~ 960A. The energy barrier AE'ffon going from SFT
tovFT) is fnund tobbe 170 eV for L = 700A eecreasing to 134 eV for

= 2000A. The energy barrier for going from FT to SFT is found to be
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1.25 eV for 700A and 30veVIfor BOOA,‘increasing'rapidly with L, Escaig's
(1970b) stability range shows Lé §v600A and LE ? 8OOA in silver.

For the different reported valnes of the energy barriers in gold
and'silver we see that collapse of a SFT into a fT (extended) is
virtually impossible even at high temperatures, by the glide mechanism
featuring, glide of three Shockley partials from one corner. It is also
h1ghly unlikely for an extended FT with L > L to become a SFT by the -
reverse glide rearrangement. The larger (than L ) SFT have probably grown'
as 8FT from smaller sized ones.

Yet observations show collapse of SFT during: annea11ng in silver in
the present work and in gold (Yokota, 1968) which points to the question
.of other probable collapse mechanisms, the magnitnde.of the stacking
fault energy, the validity of the linear isotropic elasticity theory and
the total energy of ‘the system. 7

Escaié's (1970b) model with blunted 120°vcorners on the SFT leads
to a nonwconservative collapse mechanlsm that explalns Yokota's (1968)
observations in gold both'dualitatively and quantitatively.'_His cal- |
culations‘for this model gives an energy barriervof about 0.25 eV for
gold and subsequently the activation energy for reaching PQ equal to
'UD + 0.25 eV = 2.05 eV, giving a reasonable probab111ty of collapse ‘at
300°C. This collapse mechanism results‘ in blunted extended FT's as
is observed. However, his calculations for the same mechanism in silver
yield an energy barrier of abont 23 eV, much too high to explain our
observations of collapse.

‘Finally, Escaig (1970a,b).proposes a modified nucleation theory to

predict collapse of SFT by the blunted corner mechanism inpsilvertt'This



._'49_ .

theory, however, is not believed-td‘bezvalid'(seé‘Appendix 4).

.Anélyzingiour.annealiﬁg.resulté; we find théffiargé,tetrahedra,
i.e., L > BOOA, éollépsé while thé.bghaviorvof sméllér SFT indicates
shrinkage, which is.expected acqoraing~to thevstabiiity range.

As there'seems'tb be quite impﬁssiblé to get cdllabse from a corner
_by glide of’thrge Shockley partialS'dqe to:the prohibitive eﬁergy barrier;
we.héée taken'é closer look at the mechénism feaﬁﬁring collapse of the
SFT Byvthe nﬁcleation of a Shockley diélocation:iéop on one of its faces.
. Calculatibns_by Meéhii and Kauffman (1960) yieldvénvéctivétion energy of
6i6 éV fér nucleation of a Shoékléy loop on a SFTVinvgold, while finding
.4.7 eV.expgrimehfally; 'HdWever,vthéy:have not taken into account the
: iﬁteraction,éf the Shockley loqp'wifh tﬁé stair rod dislocatibns aiong
the edges of the SFT. This interaction might be 'di‘slre‘gallrded when the
loop nuéleétes in the middle of the triangularASFT féce on large
tetraﬁedra;*but it seems likely that this interéctiénutéfm may be
.important thn loops'forﬁ'near a cbrhgr.v

"The,Shdckley loop is a léop of a Shqckley‘paftial dislocation having

é'Burgers vector of the type ;>= %(112)Ain the loop plane, i.e.,
vglissile on an {lll}—plane. Shown in Fig. V-1 is a Shockley loop wifh
P = %{112]‘= AB on the (111) face of a SFT. The Shockley loop will
react with the stair ruidislocations along the edgeéfof qhg (ill) face
in the following way:‘ AB + BYF=‘AY, AB + RS = A6_(Both glissile)
and AB + Bd;= AQ (éessile). Ay and AS will glide oﬂ‘the.(Iii) énd the.:
.(lii) face respectively and react withAthe rest offthebétairrbds‘to
make a Frénk loop AQ on (lil), which will be an exténded_Frank triangle

in the caSeIwith a low stacking faulfAenergy.
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Fig. V-1. (a) A Shockley loop on the face of a SFT.
(b) The Shockley partials have reached with the edges
'~ AD, AC and CD. Shaded area is unfaulted.
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" The energy difference &W between the enérgy of the complete SFT,
WSFT’ and the energy of the SFT with a Shockley.loop on one face,

WSFT/S'isvgiyen M = WSFT - WSFT/S by .

' o S 2. .
. 2 2 -V a 4t
= - . Ty ———— — - = 2
Aw Tr~«Y + 27r 701 = V) 4T € <lp 5 2)

. i . (v-1)
+ W, (aB; By, B, BS)

The first term is due to the decrease in faulted;érea, the secbndltermf
is the energy of the Shockley partiai in the loop (Hirth and Lothe, 1968,
p- 145) and the‘thifd tefm»represeﬁts the energy dué'io the interactions
between the Shppkley loop énd the Staif rod dislocations. = This’
interaction tefm would be somewhat complicated t& galculate because it
_involves the interaction betwéenAcurved dislocationé and straight ones.

- However, to get a feeling of the influenceibf the interaction term:
‘on AW, we will simplify the situation; abpro#imgtingbby using a‘triangular
loop instead of the circular one (Fig. V-2). Here we lookvét_thé
interaction between the st?aight segment of the stair rod and the
 neighboring straight segment of the Shockley in fhé loop. We only
consider thé coplanar, nearest-neighbor intéractioné.

The energy of interaction, pr unit length, between two parallel

coplanar dislocations with Burgers vectors bl and.l—)2 separated by ﬁ;

is given by Hixth and Lothe (1968, ﬁ. 110), (Fig. V~2c)b

77 In §Z'~ 2T(1 - V)

W Cub, s Y(b,-8) | ‘
1 u £ . - - - -
__Ll = - 1 2 R H (bIXs)-(bZXS) ln —1;;
(V-2)
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(a) A triangular Shockley dislocation loop on the face of a

(b) Detail of the Shockley loop at one corner of the

(c) Two_parallel dislocations on the same plane
are the Burgers vectors, and s is

SFT.
SFT.
separated by R. b1 and b2

by arrows.

On the SFT the senses are indicated
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?

Ra is an integration constant larger than R, i.e., In R/Ra < 0. In the

case shown on Fig. V-2b we look at the three interaction-terms; between

~ the dislocations at AC and A'C', AD and A'D' andvbétWeen CD - and C'D'. We have

D, = AB = %[11_2], and b

and E‘in the three cases=w111 be: ‘Bl = By = %{101]

2 1 ; ' v

and 5 = 2101], b, = 86 = 2[{011] and s =L (017, and b, = Ba'= 2[110]

mes T 6 vz ot 6

and s = 3;i110]. Both the first and third term in Eq; (V-2) will .

Y2 - L . '

disappear as (b;'s) = 0 and (b,¥s)*R = 0, and we get
W v
;_;I'l = e ——— iy x- eN x— _R_ . . -

I 2“(1 =) (b1 s) (b2 s) ln.Ra (V-3)

of which the:results of the vectOrial terms are given in Tablé V-1 for the

three céses. ‘wlz/L is negative for the interactions between AD and

Values of the vectorial terﬁé in Eq. (V-3)

Table V-1. :
©+  for the interaction between the stair rods
of the SFT and the triangular Shockley
loop shown in Fig. V-2. = -
AD/A'D' | AC/A'C' | cD/C'D'
= ap, T a .7 ar., T
b1 g{lOl]A 6[011]'_ 6[110]
s L 1017 | A-roaiy | L-(iio]
V2 V2 V2
—32/36 —a2/36 '2a2/36v

(bxs)" (byXs)

A'D' and for the interactions between AC and A'C'; repfesenting

attractive forces. For the interaction between CD and C'D' we get

‘ le/L positive, and a repulsive force.
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Takiﬁg L as the length of the sides of the triangular Shockley loop,

R, as the distance between the loop side and the SFT-edge_normal to the

1

direction of the Burgers vector 52; and R2 as'the_pther two distances,

we get an épproximate expression for Wint(AB;BY,Bd,B6):
‘ 2 R, o S
oM a4, -2 S : P
Wine W@ -v) 36 L 1P R, ' | (v=4)

If the Shockley triangle nucleates in the middle'of_fhe face, Rl = R2

and the interaction term in AW can be disrégarded. However, when the
trianglé nucleates near the corner A} R2.<,R1vand_wint < 0 which results
in a lowering of AW, Eq. (V-1) using a-trianguia::loqp instead of the.

circular one. An épproximate éxpression for AW is now.

by = M(i‘zf ) L{z — <ln 2 -2.1) +%;n —%} - B2y | (v-5)
The ln(Rl/Ré) term can reptesent a considerable io@efing of the critical
AW needed for nucléation of this loop, and would thﬁs easily explain
consefvative éollapse of SFT in gold by the ngcleaiién.of a Shockley-
loop near one cornér, as the theoretical wvalue g;vén'by Meshii and
Kauf fman (1960)'is 6.6 eV for the nucleation of a'Sﬂockely—loop in
the middlé of -the SFT-face.v |

At this point it would ﬁg usefui to recollectvsome of the-more
3im§ortant factérs_in tHe energy caiculations; ﬁhe cut—off parameters>

.0 and L, the elasticity constants, and the equations being based on
isqtroéic continium elasticity theory. Taking this into consideration,

ve have tried to assess the values of the energies and energy-barriers

 involved in the different_collapse mechanisms such as: (I) collapse
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of one corner of the SFT into a Shockiey.triangle.(Fig. V-3a),
(1Im) unfaulting of one of the faces of the SFT from the corner (Fig. V-3b)
and (IID unfaultlng one of the faces of the SFT by the nucleatlon of a
Shockley~loop on the face (Fig. V-3c). All.representlng different 1nitial
stages of the concervatlve collapse of tﬁe SfT. _TheAequations involved
.are given in Appendlx 5. o

By using & = (Hirth and Lothe, 1968, p. 212), we find energy-
'sarriers too high to_allow any of the mechanisms to be activated
‘thermally, both in silver and in gdld; Thevseif—enErgies of the
dislocetione are'proportrenal to L*'1ln LK’ the cut%off parameter LK.
'being eQual‘to the size L of the defects invthesevcases. In‘an
otherwiSe perfect crystal, L, should be the distance to the surface,

K

" defects, and due to end-defects. It can further be argued for a

however, L, is reduced due to interactions with other dislocations and

" reduction in L, to compensate for not using anisotroplc elasticity

K

theory because anistropy should tend to minlmlze the energy ‘in the
actual directions.
‘We thus calCulated‘the energies and energy-barriers for mechanisms

I and II with a Ly = 100A. The results are shown graphically in

Fig. V-4. As we can see,.the activation energies are still too high,
: ‘ ‘ ' L * * \

~ but the critical values are reduced from L ~ 200A and AW =~ 36 eV to
_ x o x * ' '

. L =~ 150A and AW = 25 eV for mechanism I, and from L' = 500A and

* * * : -

AW ~ 52 eV to L' ~ 130A and AW =~ 10 eV for mechanism II. (It might
be mentiohed that a similar reduction could be obtained by using

Ly = L/2? or & = 1/4 which represents a change in the cut-off parameter

with respect to the core-energy.)
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Fig. V-3.

(c) ‘
"XBL 739-1905

"Initial mechanisms for .the concervative collapse

of a SFT. (a) Mechanism I, collapse starting at

a corner, proceeding by Shockley's moving along
the three faces. (b) Mechanism IT, unfaulting

of one face starting from a corner. (c) Mechanism
III, formation of a Shockley loop on the face.
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Fig. V-4. Eneegies AW for collapse of a SFT-corner (I), for the
“unfaulting of one face of the SFT from a corner (II),
for the formation of an unfaulted Shockley triangle (III)
and for the formation of an unfaulted Shockley triangle
near one corner of the SFT, (III'), as functions of the
size L. C '
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The most important poiﬁt, hbwever, is thgrreduction of_thevactivation—
energy for the nucleation'of the Shockley 1loop, which we have equaled <
to a triangle for the sakg of éimplicity. As thié loop is»inside other
configurations, we have used'LK = 50A as a likely cut-off parameter.

The enérgy curve for this Ioop.is shown in Fig. V—4{ The energy-barrier
is about 9 eV for L~ i4OA in siiverrtaBout 3feV in gdld). 'Tﬁe last
curve in Fig; V=4 takes.into éccounf the interaction betweéh a Shockley _
triangle near one corner and the three stair rod dislocations by using |
| a correction term equal to L~A°12-ln 1/4 in thejgﬁergy (Eq. V-5 and

Eq. A5-12). A = 4.018+1072

eV/A fér silver.'RZ/R1 = 1/4. This reduction.
‘term is a reasonable one taking into account its"déﬁendence on totai
size and tﬁe.pésition of possible nucieation ceﬁtfé;

In this picture we will get collapse into a truncated SFT at about
L = 300A, where no extra enérgy is needed for‘collapse into a unfaulted
corner (I1) which spdntaneously will coliapse into'fﬁe truncated SFT-
corner and further on to the.diS§ociatgd Frénk loopt Regarding the
. fight haﬁa_side bf Fig. V-4, the energy cprves'shoﬁld'drop off»slower
due to interactions with other parts of thé SFT which should'bé
incorporated-for larger L's. |

The main point is that the nucleation df‘a Sh6¢kléy loop near
one corner is much'more likely than in the middlé_bf the face of thev. | -
SFT, explaining conservative collapse thermally activated in both
silver and in gold. Quantitatively we have shown this by choosing
reasonable cut-off parametérs fdr the energy calculations; |

We would not expect the conservative collapse mechanism to work

with smalI'SFT; i.e., L < LE’ as the total energy of the defect would
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increase in going frém a SFT fb}an extended FT. The higher stability
of the SFT wouid bé due to_strdnger,interaétions between'ail edges‘
whiCh.also Wodld.influence thg'energetics of.the;Shockley loop.

As we have observed, émaller SFT seem to anneal Qut by shrinkage
as SFT.- (The;ehergy of the SFT deéregéézwitﬁ é decrease iﬁ‘sizé.) We
must thérefore_discﬁss p:bbable‘shrinkage mechanisms. v

'Kuﬁlmann—wilsdorf-(1965) did some calculations for gbld and
suggested that thé ledge—mechanisms; miéréting stéps of atoﬁic height,
i.e.; jog—lines traversing the tetrahedron face; can cause growth of -

SFT 3s‘we11 as shrinkage. Her relatively low value for the energy of

.the ledges with UX%'b.~ 0.05 eV for a V-ledge (and UE* ~ 2.5 UX* for an

I-ledge) agrees with the aétivation energy for the climb process
leading to tetrahedron growth in gold found by Jaim and Siegel (1972)
to be ~0.07 eV (:0.02 eV). In this case the V-ledge is made up by
tﬁo étéir>rod§'Ga-a6'(Fig. Al1-16) and the I-ledge is made up by the

staif ro&vpair of the type %(100>; (which is a unfaulting of the ad-8a

ledge (Fig. Al-15)).

The activation energy for nucleating a.Vfledgé along an edge of ‘

the SFT is givenvby Kuhlmann-Wilsdorf (1965) to be

'~ Yy - /3 by - 3K 2—%/3_52Y+ED. ‘(V—‘6)

L b

The terms %Jg b'Z.and %JE b2 take care of the change in faulted area

dne to the formation of the ledge. (The "fiault" of the ledge is

3

included in UX*); The term l-kT is due to the entropy of vibration and
ED is the energy of self-diffusion taking into acéount that "the emission
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of one vacancy is needed to make the 1edge; (One vacancy is emitted
every time the ledge moves one atomic distance.) For gold Kuhlmann-

Wilsdorf (1965) gives UX*-b = 0.047 eV by using a stress of W/30

= 2,88 A,

' . . - 2
between the two partials, With YAu = 54 ergs/cm , bAu

. v ok
and EDAu = 1.8 eV, we get an activation energy of E .~ 2.5 eV for

T = 600°K and L = 2884,
Similarily, using Kuhlmann-Wilsdorf's argumenté on silver, with
b = 2.89A, Yag 18 ergs/cm agd EDAg 1.9 eV, we find Upx-b = 0.057 eV

with H_ = 3.38-20"" dyn/cn® (Voigt average), and Ujs-b = 0.043 eV with.

_ all
Hp = 2.56°10

corresponding activation energies E as found from Eq. (V-6) are given

dyn/ém2 (Réuss average) (Table V-2). In this table; the
for T = 900°K and two L valueé.-

Table V-2. The activation energies for V-ledges.

o Wb E*V. o
o o | L=289A | “L=578A
*10°" dyn/cm eV eV . eV
3.38 - | 0.057 | 4.2 6.5
2.56 0.043 | 2.8 3.7

Here we can see the importance fhe choice 6f u,'and we have to
realizé that anisotrop& ﬁill influence the value of ﬁ.
Furthermore, quantitétive calculations invol&ing configurations
- of core dimensions are qﬁestionablé. This is especially 36 in thié case
with a disiocation dipole with gﬁti—parallel Burger's vectors bne atomic

distance apart. Anyway, one will expect this configuration'to have a low -
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energy. :Our estiﬁates of the activation energy are in a range suggesting

| tﬁat this 1edge'hechanism should.nef be_fuled.outvae eli.d It might

' 'be'operativebeven for medium éizedeFT;‘ '
Thevnucleation of obtuse ledges from a cerner'éad'not be ruledIOut

eifher. Even if the energy of the I—ledge 1s 2. 5 times the energy of

the V*ledge (per atomlc ‘plane), it would be qu1te probable to believe

that.the critical nucleatlon energy would be reached for a L less than

the‘tetal edge length L. bne argument for thieuis the ne; attracti&e.

forces between this ledge and the edge (Cotterili and Doyama, 1964). Alse,

Vv .
% gives U * = /r-U *.

I* the same way as UL

L’
A third ledge mechanism might be the conflguration shown in Fig. II-9,

calculatlng U

with acute ledges; This again can represent a critical nucleus with a
size less tﬁan the whole edge length L. Once more,'due to the cen-
figuration being of core dimensions, no attempt to assess this possibility
AQUanti:atively'has been done (Hirth and Lothe, 1968):d

Finally; it might”also be mentiohed'that the}lédge mechanism 1is
thought to'be'operative:in cases of precipitetiod'end diseolueion of
such (Aafonson et al;, 1970).

Extended Frank loops must disappear by shrlnkage, by climb of the
dislocations boundlng the faulted area.: In order for thlS climb to
proceed ‘it is eommonly 5elieved that’jogs must form at the corners, and
| that the 60° corner is a stable configura;ion fepreéenting an activation
barrier for "unzipping", i.e., splitting up ;heAstair rod dislocation
common to the extended dislocatioms. Yokota (1968) shows that the
) acfive corners for climb should be 126° cerners father than 60° corneré,

as the extended dislocations are constricted at the;lZO‘ corners:
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The different configurations that‘the 60° and the 120° corners can have
are shoﬁn in Fig. V-5, |

Escaig (1970b) calculated an energy minimum for a cofner'bluntedvby
emission of three yacancies'(Fig..V—Sb). For gold we would rather get
the situétién similar to.Fig. V-5c due to less dissociation. In silver
further "unzipping" is neeessary and Escaig calculated.an energy barrier
of aboﬁt 3—4 éV to ﬁucleate a critiéai iength PQ* which together with
UD gives an activation energy of about 5-6 eV which'is too high to
explain thé-Shrinkage of loops in silver (Smallman et al., 1968) at
about GOO‘C,'which also is observed by us.

As the whole configuration is. of cofe dimensions it is difficult to
calculate the energy. It might be considerably léss than calculated
by Escaié (1970b) especially considering the rather low values estimatéd
forvthévenergy of ledges. |

'As soon as the cornet is "unzipﬁed" further climb shéuld take place
ﬁrovided that jogs can nucleate and that the vacaﬁcy Ean migrate. As
long as the Frank dislocation PQ is undissociated, j6gs would preferably
nucleate here. PQ would probably stay undissocia£ed:if several jogs
~inhabit PQ. ' This can explaiﬁ the shrinkage we hévg seen; |

So far, all caléulationsihave assumed a con;tant stacking faﬁlt
energy Y.  However, it is quité natural to belieQe that Y is a function
of the tempéraﬁure.n Most of the energy barriers calculated for collépse
of'SFT would be lowered with increasing temperature if Y inéreases with
T (Jgssapg, 1968)Q Unfoftuhately very little is availablevconcerning

the behavior of ¥ with T. Ericson (1966) has observed.the temperature
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Details of a corner of a extended Frank loop on - (111)

Fig. V-5.
o PQR is unfaulted.
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dependence of‘Y<in Co, and finds an increase in Y with T in the temperature
range 420°C to 700°C (Fig. V-6). |

However, Co has a phase transfqrmatipn from hcp to fcc at about
Ty = 420°C with fce as the high temperature phase up to T ; 149$°C.

In the hcp phase, Y decreases with incfeasing temperature, 20°C to 420°C;

On tﬁe_other hand, comparison with surface ténsibn suggests a
deéreése in Y_witﬁ incréasing T, and it might be fhat.Y in Co décfeases
in the high temperature region of the fcc phasé;rT > 1000°C. Tq
calculate Y involves a.knbwlgdge of the interac;iéﬁipdtential to better
than 1% uncértain#y, which we do not have.

Thé préseﬁt investigation‘of Y as a function df teﬁperature did
only givé an indication, if any, thaﬁ Y dgcreaées_wi;h increasing
temperature. .

In calculations of Y or.thé energies of various defects it.must '3
be realized that the iéotropic elastigity theory used is only'an
approximation as most metals are anisotrbpic‘(Hirth and Lothe, 1968;
JSssaﬁg.et al., 1965). .Using anisotropic tﬂeory, Jossang et al. (1965)
réport a 1.22 times larger dissociation width d ahaﬁ the isotiopic value,
in the case of the barrier shown in Fig. V-7. -In silver this would be
da = 26‘A anisotropic with di = 21 A, isotropic.-'in the case of the |
1diss9ciated-screw—di;location d = 0.62 d; with di(Ag) = 30A, and in the
case of the dissociatéd'edge dislocation, da =.0;83.di with di(Ag) = 764,
Thus, in measuring the dissociation width experimentally, énisotropic
elastiéity theory must be used inbdetermining Y. :The differences-in

energies might be as large as a factor of 4. Howevef, as the anisotropy
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' Fig. V-6. The stacking fault energy Y invCo_as a
: ‘function of T. ‘
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Fig. V-7. A dislocation barrier consisting of a BS stair rod
R ' dislocation and two Shockley dislocations DB aund £B.

éfféct oﬁ the stacking fault energy Y varies with‘thg directions at the
dislocations, giving both highér or lbwer:Y than the isotropic Y,vit is
not expected that the enefgy of the SFT should be mu;h affected by'the
anisotropy effect (Jsssang, 1972).

Finally, in calculéting the energ& barriers and aétivatioh energies
one should consider the whole system, or at least not one single defect
as a closed system. Even if the‘energy-of'the defectvgoes thrdugh a
high maximum one might consider a ldwering of the énergy of the surrounding
 system, which is very difficult to calculate. Knowing, for gxample, the
chemical potentials of_the vacancies would be impoftént; but in the

present case we do not have this knowledge.
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SUMMARY

Ihe‘size'rgngesvof faulted defects in gold and si1ver'has been dis-
cussed, éldng with ;he'différeﬁt»energy barriers involved in the
collépse‘aﬁd/or shriﬁkage:of thése defects. It seems to be ﬁairly well
‘eStébliéhed that.ﬁhe aﬂnealing out of the faulted defécts in gold does
not pose any pfoblem. For silver, howéver, the case is a little more
gomplicatgd. | | |

| It is proposed that the 1edge~mechanismé are pfobaﬁie mechaﬁisms for
sﬂfinkage of SFT, and in the case ofvcollapse, nucleation of a Shockley'
- loop near the corner instead ofvin the middle of thg.facé might be |
énergétically feésible. ﬁscaig's modified nucleatibﬁ theory can not be
operative, but his suggestions regarding shrinkagevof loops from one
- corner seéms to be within reasonable ranges energeﬁicaily.

It is emphasized that the calculations involving dislocation
‘ébnfiguyations of core dimensions can only be fﬁughiy'approximative.
This together.with complications with regard to a#isotropy and the value
qf the stacking fault énefgy, makes attempts to assess fhe possibilifies

quantitatively very questionable.
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"So we can say then that the sum of the relatlonshlps of all our
experlences is always tetrahedral ., . ."

R. Buckminster'Fuiler
Utopia or Oblivion

VI. CONCLUSION

A study of the énnealing of quenched;in stacking fault tetraliedra
(SFT) and extended faulted Frank loops (FT) im thiﬁrfoilsvof silver by
hot stage ﬁigh voltage transmission eléctron microscopy has shown:

- Quenched-in defects are SFT with edge sizes up to 2000A and FT

(triangles) with edge sizes in the range 650A to 1350A.

— SFT in the size range L < 600A shrink as SFT dﬁring anneals above

600°C.

- SFT may completely anneal out above 600°C.

~ Collapse of a largé SFT, L ~ 2000A hés been observed directly at

300°cC..

- Loops might shrink from one corner during énneal.

As the exéerimental evidencé shows collapse and/or shrinkage of SFT
and FT in silver, Escaig's predictions are verified.r Héwever, the
following theoretical points must be considered:v

- Escaig's modified nucleation theory must be dis;egarded'aé it is

not in accqrdance with thermodynamic laws. |

— Calculations of enérgy—barriers might be questibnable in several

cases; considering that corner configuréfionsioften aré of core

dimensions, that the stacking fault energy might-be a function of
the temperature, that anisotropic élasticity.theory should be
applied in most cases aﬁd that the energy of ﬁﬁé whole sysfem'should

. be considered.
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~ Based on the precéding, the follﬁwing.coﬁclusions are‘drawn‘fér

the annealing behavior of SFT aﬁd FT's: | N
~ The sizes of;the quenchedfin defects are iﬁ.tﬁe‘eipécted~range
following the theoretical calculations. |
- Collaﬁse by glide of three Shockley's froﬁ:oﬁé porner must most
likely be ruled out both in Ag and in Au. |

© = Collapse by climb and glide frém one 120°-cbrﬁer is_possible-fér

SFT in Au, but unlikely in Ag. |
- Collapsevof SFT in Ag might occur By n#cléatipn of a Shockley
glide_loop near one corner. | | |
- Shrinkage is probable for relatively small SFT‘in Ag and iq‘Au By
the ledge mechanisms. ' |
~'Shrinkage of FT's can take place from a 120°_corner in silver
asbweli as in gold.
Further work should include:
_AQuantitative observations of the collépsé andushrinkage in order
to measure the aétivation enefgy. |
~ Observations of eventual climb of the loops by jogs.
- Detgrmination of the variation of the-étackiﬁg faulf-energy with
temperéture by node measurements and by using the.ﬁaak Beam

technique (Cockayne et al., 1969).
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-APPENDIle. EXTENDED.DISLOCATIQNé.AﬁD JOGS
'The étackiﬁg éequence of the closé—packed'{111}—p1anes iﬁ.the féc
vstfucture can be described'ﬁy ABCABCABC. HerévA,Zﬁ énde fefef to the.
three'ﬁossible layer positions in a proﬁection normal to the clése— |
packed layers (Fig Al-1). (If one layer of atoms,‘e g;, a B—layér;’
is removed from the normal sequence, an intrinsic stacking -fault is

¥ 4
created and the stacking sequence becomes ABCACABC. Here we see_that

ac?oss the_féult'the C positions are above‘eagk'o:hér hith'bniy one
layef between and'the same is the case with the‘two A layers across
the'fault,‘ Looking at the (111)—p1anes in Fig. 'Al—I the displaéemeht
is *2{111] +-ve when the -(111)-side of the fault 1s dlsplaced relatlve
to the +(111) side and vice versa, --ve when the +(111) side is dlsplaced

: relative to the -(111)-side. This is equivalent to shearing or dls—
. placing the'cfystal:on the +-ve side of the'fauit by;%{fil],'%{lif] or -

%{121].’ (ac, oB or @D in the Thompson notation, Fig. A1-2)‘(or 0A).

oAl displacementsoutsidé the Thompson tetrahedron‘féCes having a vector

starting‘with a greek létter with magnitudes withih the tetrahedra,

- will give an intrin51c fault.

If the crystal on the out51de of this Thompson tetrahedron 1s

displaced-by,the opposite vectors, l.e., ‘vectors startlng with a capital
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Fig. Al-1.

- positions are projected on the C-plane.

XBL736-6225

(a) The sequence of close packed (lil)—planes in fcc.
in the [111]-direction. (b) The A and B

ABCAB... .
(c) The Thompson

tetrahedron.



”[nol
Jzy (m)

(b)

' XBL736-6226

Fig. Al-2. (a) The Thompson tetrahedron with notations. ais the
"~ " projection of A on the plane opposite A, §is the

-projection of B on the plane opposite B, and so one.

(b) The tetrahedron opened up at D. All the planes are

seen from the inside. . '
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letter,la.high energy fault is created. E.g.,-the displacementlca, Bao,
D& or AQ of the crystal on the +-ve side of.ther(lll)'fault creates a
stacking sequence‘ABCAKBC in violation of close pécking on the fault
plane. The displacement Ad is due to-insertiné anvektra olane A. VThe
same fault can be created by removing two planes'B_and.C,and the dis-
placemenf would be 2 CA. o |

If the extra layer A is changed to a C 1ayef, we get the sequence

ABCAEBC;.; which is classified as an-extrinsic stacking fault with the
disp;acement A0 of the crystal on the +ve side of- the fault. By dis-~
placements on the (111)-p1anes two shearlng operations are needed |
E.g., OB of all the planes above the fault and a new operation 0B (or
~0C or OD) of all the planes above the fault from the next nearest plane
and on. The three different types of faults are shown in Fig. Al-3.

The shear causing the displacement of the type —4112) can be
produced by a partlal dislocation. Partial d1slocations of this type,
'v—%112) are called Shockley partials and are g11s31le on the {111} -planes.

In a fcc metal with low stacking fault energy Y, a perfect dis-
loca;ion’E = %4110) (AB and so on in Thompson's notatlons) will dissociate:
into two Shockley partials enelosing a stacking feqlt. This is shown
in Fig. Al-4. A perfect-34110)—dislocation in fecc is7actually made
up by parts of two extra {110}—planes,inhich occurs ‘in a ABABAB..
sequence. These two extra planes cen move independently and move-
ment of one gives the displacement %&llZ).' The sequence of the partial

- dislocations is important as it determines the nature of the fault

(intrinsic or extrinsic). -
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;/~ 7\ Atoms on.odjacent
i/ (101) planes

v _ XBL736- 6227
Fig; Al-3., A cut along the (101)4p1ane»showing the stacking
: . sequence across; (a) An intrinsic fault. (b) A

. high-energy fault. (c) An extrinsic fault. A, B
" and C the (11})-layers. A :



]

~ XBL 735-6109

Fig. Al-4. The dissociation of the edge-dislocation CB into

Shockley partial dislocations enclosing an intrinsic -

fault. The extra (101)—planes are under the paper
plane. : '



-77-".

The.situation in Fig. Al-4 shows an intrinsic fault made by the
dissociation of the perfect edge dislocation b =.%{101] = CB into the
N _fwo Shockley partiais €0 and OB éftef the fqllowing reaction:

S1101) » £{211] + Z[112]
or | | o |

CB +~ Ca + OB
The vectoriél product of the sense'; of the disioé;tion and of the
'direction ; it is moving;_gﬁx ;;points iﬁto the_side of the fault
where thévcrystal is displaced by the Burgersvvedtdr g; >With'tﬁe
directions giﬁen in Fig. A1—4, the qrystal.on the lower [111]-side
of the.fault ié aisplaced by g felétive‘to the upﬁéripart. |

Clinb

The dissociated or egtende&'dislocation can”climb By'vacancy
absorption or emissidn by’thé creatioﬁ and motion of jog lines (extended
jogs). - Figure A175 shows'a'pair of jog lines, AﬁCDﬂand_EFGH, created
by emiéSionqufone row of vaCancies”é}ong‘BG‘or:AH} fAll,the_enclosed
faults ére iﬁtrinaic'invthis figure. | o |

The parfial aislocations So. aﬁd ad/CcB ;re sessile stair-rod dis-

lbcations given by the reactions

a
gl1o1]

8C + co = &a, %[Iiz] + 56‘-['_z'1i]

ac + 6B = ad/CB, 2[211] + 2{211) = Zto1o)

Figure Al-6 schematically shows a cut along the (10I)-plane with the
width of the joglines larger than 1 atomic distance in order to make
the Burgers circuits clear. Thebledge made by thelaG—Ga pair is acute and

- of the %--vacancy type (Fig. Al-7a), while the ledge enclosed by the
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Ca

cB

, : o » a5
' — G
-:',; interstitial type ledge E.—"_ -t ) /8{ :

:15 vacancy type ledge

aB

(a)

Fig . Al-5. )

amn (@)

. XBL736-6228

Climb of an extended dislocation; (aB + CO), by giving off
one row of vacancies along BG or AH, creating a pair of
joglines ABCD and EFGH. The senses of the dislocations
are given by the arrows, and the Burgers vectors are in

Thompson notations. '
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| A S R e

(b).

XBL 736-6230

Figure Al-6. Schematic cut on the (101)-plane along the faulted area of
‘ Fig. Al-5. The dotted line is the cut through the fault plane.

Also shown are the Burgers circuits around the dislocations in the

(101)-direction. All faults are intrinsic.

sites above and below the paper plane. The directions are in the
(101). plane. ‘ ' '

‘The filled marks represents
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¥
n
/\
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{ X

2
!
A J

'//r
2

d " ABL 735-0094

row of 1/3 vacancies in the layer of outlined atoms.
row of 1/3 interstitials. (e) A row of 2/3 vacancies:
row of 2/3 interstitials. Drawn are two (l11)-layers
each other. . . :
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FQG/CB—CBZGG pair is'obtusedand of the %-—lnterstitiel tyoe (Fig. Al-7b).
Palrs of jog llnes created by Vacancy absorptlon are shown in

Figs. Al1-8 and Al- 9. In F1g Al 8 the extended Jogs are 1ntrln51c

_faults whlle the ledges in Fig. Al 9 are high energy faults. In all

these three cases, the acute ledges are of the %'-vacancy type-and the
obtuse ledges‘are of'the % —1nterst1tial type.

Loops and SFT

A missidg part of 4 {111}-plane created forvexamplé by a vacancy
disc, WOuld result ln‘a stacking fault (intrinsic)'enclosed by a
'é(lll)-type Frank partial dislocation. 'Thevloopvshown'in Fig. Al—lOa,b

is a sess1le Frank loop created by a collapse of a vacancy disc on the
(lll)-plane. The Burgers vector is % = 5{111] GD (F1g Al 12a)
‘The nucleatioh"end motion of a Shockley loop, e.8., BG.in,Fig. Al—lOc,
would'uhfault the.faulted loop ahd create.a'perfeCt«dislocation loop
'g = BD =-§{011] 8D + BG = BD. In Fig. Al-1la, b is shown a |
.interstitlal Frank loop D6 Fig Al- 12b.4 It is necessary to nucleate
land move'two Shockley loops on adJacent ‘planes- below the" fault to
uhfault:this:loop, Fig. Al-llc. The reaction is'D6'+ cs + AG = DB =

étOllj:' T' resultant of the two Shockley loops, cS + AG = 0B, makes
| an operation that is not allowed in one step.

The Frank partial can dissociete into‘a stair rod end a Shockley
oartial_with the reaction 8D = da + ap, 2[111] = %{101] + %{121]»

‘ (Fig. Alf13). 'This_isithe reaction creatingda dissoeiated Frank loop

end'fihally a .stacking fault'tetrehedron (Fig.~A1414).
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(a)

Fig. Al-10.
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ol 0 _
b=3[ll=5D
\
. b
— -
/ —_—
(b)

XBL 735-6095

(a) A vacancy type Frank loop on the (111)-plane. (b) A
cut through the loop. (c) The loop being unfaulted by a
Shockley loop. The sense s is marked by arrows along
the dislocations.



le

- b)

XBL 735-6096

(a) An interstitial type Frank loop on the (111)-plane.

(b) A cut through the loop. .(c) The loop being S
unfaulted by two Shockley loops. The sense s is marked
by arrows along the dislocations. .

Fig. Al-11.
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(Q).

XBL 736-6270

Fig. A1-12. (a) A cut on the (101)-plane through the edge of the
' - Frank loop in Fig. Al-10 . An intrinsic’ SF.
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'Figg?Al*lz- (b) A cut ‘on the (IOi)fpiane through the édge of the
R Frank 'loop in Fig. Al-11. - An extrinsic SF.
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o e a = o A O ° a

XBL736-6235

Fig. Al-13. A cut on the (101) plane through the edge of a
dissociated Frank loop.



3D

3D,

XBL736-6236

Fig. Ai—14.1 The formation of a SFT from'a Frenk'loep.by dissociation of
. the Frank partials 8D, creating the dissociated loop (b)
and f1na11y the complete SFT (c) :

Oneé-formed,,the complete SFT can grow or shtink‘by.the fermation of
joglines (or’ledgee) on the {lll}—surface. The most prbbable |
situations are sketched in Fig. Al—lS The ledge in Flg Al 15 is an
‘obtuse ledge, %--1nterstitlal type, high energy fault, involving the
.absorption or emission of one vacancy for each —{121] step the whole
ledge moves.‘ The same motlon dynamics are the case for the- ledge 1n‘

A Fig,‘Al—16,‘Vhich is acute and of the %-;vacancy type and intrinsic.

'The 1edges in Fig. Al1-17 and Al-18 ate aetUaliytgliSSile and
inVolve_the abeorption'of one row of»vacancies eiong"the tetrahedron edge
tp,form Fig. Al—l?, ot the emission'of one roﬁ.of'pacéneieé-to form A
Fig; Alf18;-'The'first one is ehtuse end.of-the‘%-—Veeanci type, while

: _ o ' 2 L insi
‘the second one is acute and of the‘§-—1nterst1t1al type and extrinsic.
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APPENDIX 2. ENERGIES OF FAULTED DEFECTS: IN Ag
The_partial'dislocations in an extended dislocation (see Appendix 1),.
will at equilibrium be separated by de given by (H;rth'and Lothe 1968)
(b.*s 5(3 Xg . '
- _H TN Loy 2 727373
e T my [(bz 5p) (byrsy) + — 15 (A2-1)

where 52 and b

5 are the Burgers vectors of the two parallel partials,

and 52 and 53 are their respective senses. } is the shear modulus,

vV is PoiSson'svratio and Y is the stacking fault energy.
.Given in Table A2-1 are values calculated after Eq. (A2-1) for de

in the case of a perfect dislocation; b =_%&110}; AB:type, in the edge-

1

orientation (Fig._Al—ﬁ) and in the screw-orientation, dissociated into

2 3 6
also given for the case of a Frank partial; b = %-(lll), (D), in the edge

two parallel'Shockley paftials'B and b, of the type 2(112) (6B). de is

orientation, éplitting into a stairrod; 52 = %&110), (aB); and a Shockley

. T _ a
partial; b3 %

this last case, Eq. (A2-1) reduces to de = Uaz/[36ﬂY(l—V)]. ‘The constants

(112 ) (Fig. Al1-13), both parallel and edge-dislocations. 1In

for silver is used, Y = 3.38'10ll dynes/cmz, Vo= Of354, Y = 18 ergs/cm2
(Hirth and Lothe 1368, Escaig 1970b). a is the lattice constant}

~a = 4.0857A,
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Table A2f1'v The dissociation width d for ‘dislocations with
' Burgers vector b, and directions (senseg) s N
dissociated into two dislocations with b2 and b3.

ra a | a ' 1 a
§1 2(110) | 2(110) , - | 3(;11)
’ -> ) ‘ > . >
N -~ normal to bl parallel with b1 B normal to bl
51 -(edge—dislocation) (screw—dislqcation)- :(edge—dislocation)'
d_ : 76A ' 308 | 43&

To find the energies of intermediate truncated stacking fault

tetrahedra in silver, the formula given by Jossang and Hirth (1966)

XBL 736 - 6238

Fig. A2—1. The intermediate truncated STF, with‘L’ as a variable going
from L' = 0 for an undissociated triangle to L' =L for a
complete SFT. '
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is used

2 ' o
o Ha~ - E) AL E_) (E)
Wirune = 247 (1=V) © ;2(2 L )r %t F(L AN

, - - (A2-2)
RS E YO S S

The values of'F(L'/L) and G(L'/L) arévtabulatéd By‘JBSSang and Hifth

(1966). L'/L = x is the degree of truncation_with L being the length of the

edge of the undissociated loop, L' = 0, or the 1engthﬁof the edges of

the complete SFT, L' =L, 0 < x < 1vfor all the intermediate stages

(Fig. A2f1).  The energy of the undissociatea Fr;ﬁk‘triangle, x = O is

given by
2. . '
- Ua 4L /3 2 ;
W= (VY L[ln 5 " 0.20] + ‘L Y | , (A2—3).

For‘the perfect (compleuﬁ SFT,x = 1, Eq. (AZ—Z) reduces to

2
57 . o _ Ha 4L - ] 2 _
Yspr = 12m(1-v) L[ln 5 +1.03+.0.96 V| + /3 L% (A2-4)

The euergiesvhave_been calculated for the case ofvsi1§er for differeﬁt
values of L and the results are shown in Figs. A2—2 to A2-6. Figure A2-7
shows the energieé of the complete SFT together with thg.minimum and
maximum energies of the intermediate truncated SFT é és function of L.

From tbese figu?es we find Lé ~ 6904 andeE ~ 960A which giveS-thg
étability ranges for the dissociated Frank triangle and the SFT
(Hirth and Lothe 1968) in silver. The SFT is the only stablé configuration
vforvL <'Lc’ the most stable cdnfiguration for Lc <L < LE’ whiie metastable

for L > Lﬁ. For L > L_, the dissociated Frank triangle is the most

E’

stable configuration while it is metastable for Lc,< L < LE'
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W, 1070 ergs
' L
24+
L, A
500
400
300
250
4 l' | L | al | 1 1 1 | 2'00 > X

-0 0.2 04 06 . 08 1.0
’ XBL 736-6239

Fig. A2-2. Variation of the energy of the truncated SFT with the degree
o of truncation, x, for L = 200A, 250A, 300&, 400A, and
500A. x = 0 represents the undissociated Frank triangle
and x = 1 the complete SFT.
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W, 1079 rgs
}
LA
800
700
. 600
22 Y 1 y E— L I 1 1
0 02 04 06 08 o

XBL?36-624O

Fig. A2-3. As Fig. A2-2, but with L = 600A, 700A and 800A.
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w, i0 "O._erg

A .
60—

s6(-

54

o
L=1000 A

solL 0oy
0 0.2 04 0.6 08 10

'XBL 736-624|

Fig. A2-4. As Fig. A2-2, but with L = 1000A.
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: flOQ'—. :

W, 10"Oergs
A :
104 —

. °
L=I500 A
100
98;
96

94
92}
90

4

gl ]. | L .l-‘:j I l -x
-0 02 ‘04 06 08 10 o

XBL736- 6242

. Fig. A2-5. As Fig. A2-2, but with L = 15004,
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L=2000A
125 PR IS G N S ST TR N S O -
0} 0.2 0.9 0.6 08 1.0

XBL 736-6243

Fig. A2-2, but with L = 2000A.
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Fig. A2-7.

800 :

, 1000 1200 1400
XBL7 36-6244
‘A plot of the energies; WSFT and WDFT as a function of L
t?aken from Table 52—2. wSFT;D' WDI*P;A .



Table A2-2. Ehergies Wy of the undissociated Frank triahgle, W

DFT of the .

dissociated Frank triangle and wSFT‘Of the complete SFT

calculated for different edgesizes L.

AW are ene

rgy barriers.

L ¥a . bw YoFT AW Whax Aw YsPr
A |10710erg | 10" 0erg | 10710erg 10™10eyg lO_lOerg' 10'1°erg 10—10erg
200 7.85 4.49
250 | 10.29 6.13
1300 12.86 7.95
400 18.27 12.11
500 | 23.99 16.96
600 29.99 - 22.48
700 36.31 | 4.96 31.35 | 0.02 31.37 | 2.72 28.65
(1.25eV) 1 (170ev)
800 42.85 37.52 | 0.48 38.00 | 2.53 35.47
‘ (30eV) - " (158eV)
900 42.96
950 47.06 46.94
1000 | 56.66 1 50.36 | 3.11 53.47 | 2.39 51.08
- (195eV) -] (149ev)
1500-|  95.15 86.18 | 17.54 103.72 | 2.25 101.47
. (1000eV) | (140eV)
2000 | 138.68 127.04 | 42.96 170.00 | 2.14 167.86
(2700eV) | (134ev)
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In Table A2-2, the extremal values are given together with the
different energy barriers between the configurations; undissociated

Frank triangle A, dissociated Frank triangle DFT and the complete SFT.

Table A2-3. Values of x = L'/L for Wyoprs the energy minimum for the
dissociated Frank triangle, X, » and for the energy maximum
wmax’ xb. L is the complete edgeleﬁgth,]L' is the length of

the trunkated edges and he is equai to-the-diséociation

width.
Lo ox, L', | b S AN L',
A A A A A
700 | 0.23 161 139 0.27 189 511
800. | 0.14 | 112 | 97 | 0.46 368 432
950 | 0.10 | 95 82
1000 | 0.08 80 69 0.60 | 600 | 400
| 1500 | 0.045 68 »_59 075 | 1125 | 375
2000 | 0.63 | 60 52 0.81 | 1620 | 380
o 43 .
From x = L'/L for W_. the enefgy minimum fof the dissociated

DFT’

Frank triangle;we find the dissociation width de = Hé for the different
L, ATable A2-3. For L »», i.e., for the splitting of a Frank partial
into a parallel stairrod and a Shockley partial wé have used the value
from Table A2-1. The table (Table A2-3) also gives the value of |

L', L', for the energy maximum W

b _ ax’
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APPENDIX 3. CONTRAST FROM FAULTED DEFECTS
An imperfection in a crystal introduces an additional phase factor
-i0 ' v .
e ™" in the amplitude of the scattered electron wave (diffracted beam)

(Hirsch . et al. 1965) wherg

| a=Z % % - | : : | (A3-1)
E is the operating reflection and § is the displécement vector at a
.:‘déptﬁlz ipvthe hryétai. | | | |
In the case of ; générai dislocgtidn’(Howie éqd Whelan 1962), the -

, : N
displacementvvector R is given by

(A3-2)

o> 1-2v cos2d \ [
b Xs (—————— in |r] + Z?I:UY>§

be is the edge component and r and ® are coordinates in the crystal.

> "
The three terms in R are given as

R-R +R + %

B | 2 3

> >

Even if g '.R1

-> -> ’
0 and g * R, = 0 and thus cause no contrast, the term

2
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E . E3 might be nonzero and giving rise to the socalled residual contrast
Bxs 1 2. B |
R, = = o (n(®) + 3 cos20) - (A3-3)

3 8
Intensity profiles calculated on the dynamical theory suggesté that the
image will be effectively invisible if the parameter m (Howie and

Whelan 1962) is

m=-<a@x2s Y008 (A3-4a)
8a . _ .

or

L@ x3 506 | B (A3-4b)

. ’ 1‘*;*,’ R S <
The dislocation is not visible when ;-g-b = 0 or rg with m < 0.08, and
- B -

it may not be visible'when %-g-g = - %-(Silcox and Tunstall 1964).

In the case of stacking faults, the crystal below the fault plane
> ' > o

N is displaced by R with respect to the upper part (Fig. A3-1).
In fcc crystals, the stacking faults are on {lll}Fplanes and have

E = %%111) which gives from Eq. (A3-7)

@ =0, 55, &2, 22m, S (A3-5)
withn = 0, %1, %2, ..... =h+k+2
g = [h,k,2]

Fringe contrast from the fault is obtained when-a =lgg'i 2Tp and
o = ﬁ% + 2np. . The last case gives reversal of the fringg contrast in the
first case. No éontfast is obtained when O = 2Tp, p = 0, 1, 2, ...

.If we have an intrinsic SF on tﬁe (111) plane with ﬁ = [lll]
pointing towards the top of the foil, the displacement_will be K = %{lll]v
and as we have seen in Appendix 1, this displaéemént‘is equivalent to
the displacements %{Zii], %{IZi].and %{IiZ], ali vectbfs starting at ¢
in the Thompson tetrahedron. All these.displacements.give the same

. . 1
phase factor, @ = @ % 2T,
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Fig, A3-1. Schematic cut through a crystalfoil containing a faulged plane.
: The part of the foil below the fault is displaced by R
~relative to the upper part. N is the normal to the faultplane.

For the extrinsic'fault,'i = - %{111],giving;—q as the phase factor.
Howevér, contrary to what is stated in Hirséh:et“él.'(l966, p. 166) this
‘fault can ndt be represented by the single displécemeﬁts AS, BS or C6
except in ;he éase of the higﬁ energy fault. Instead it must be
regarded as two overlapping intrinsiéifaults.éith the displacéménﬁs e
~and 6A, GC.and.SB, or SA and 63', The resultaﬁt &ispiacément being B6,
AS or C6. Anyway the phase factor is -0 for the iast case éﬁ& 200 > -0
~ for the,fifstbcase. |

The resulf of this contrast éonsideratiéns is given in Table A3-1.
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Table A3-1. Expected contrast, schematically drawn,; from dislocations
and stackingfaults in the cases of a dissociated and a
undissociated Frank triangle and from a SFT, with [011l] being
the foil normal, for different operating reflections g. The
"wavy' contrast are from the faults.

S FRANK DISS. FRANK
g .

TRIANGLES TRIANGLES SFT

|72

SISIpI b b
S S b D Pl
S S b b B




APPENDIX 4. DISPROOF OF ESCAIG'S MODIFIED NUCLEATION THEORY

vThe genefal nucleatiop theory gives a nﬁélaation féte expressed -
thrddgh an.Arrheﬁius.law; J*’~ exﬁ(—G*/kT)? Qhere:G* is the maximum energy
of thé’barrier; Escaig (1970) ﬁroposed a modified nucleation theory
showing that the faté controlling energy of an'aétivated process not
always shopld be identified with the maximum energy 6f the barrier.

Taking the example of building up a critical 120° cornmer of length

1=7

XBL 736-6246

Fig. A4-1. A Frank stacking-fault triangle with one corner unfaulted by
filling in i atoms to make the triangle shaped cluster of size 1i.
i=6PQ is complete,’while at i = 7 a jog is formed on PQ.

-

-

At



-110-

* ' ' :
PQ on the Frank triangle, Fig. A4-1, this would be expressed through a

series of bimolecular equilibrium reactions;

a+@ld-1)=1

a+i=i+1 L (A4-1)
* ) *
a+ @ -1=1i .
* *

a+i »i +1
where a is an atom of the metal and i is fhe triangie shaped cluster of
i atoms which fillsvin.the ldop corner (fig; A4;l). 
The nucleation rate is given by the last steb in this equilibrium
reaction (Hirth and Pbundvl963)§
5* = Sy AV - exp —1UD/kT : o (A4-2)
i _ : :
where ce¥ is the equilibrium concentration of critical sized clUsfers i*,
A is a ;reexponehtial factor, V is the atomic frequgncy gnd UD is the
activafion enérgy of éelfdiffusion as the process is nonConsefvative
involving thé emittance of vacancies. The energy cufve is séhematically
shown in Fig. A4-2. The probability of going from i to i + 1; pI, and
the probability of going from i + 1 to i; p;+1, is gi&en by:
h=Ac Ve - W tALOKT  (Ad3a)

Pigg AV rexp - (U + A, - (G, - GI/KT (A4-3b)
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Fig. A4-2. The free energy G of the triangle shaped cluster (corner) as a
» " function of the size i with the energy of selfdiffusion
super—imposed, shown schematically. AG  is the nucleation
energy or the difference in energy between the critical
corner i~ and the 60°corner (i = 0). The insert is a detail
of the curve between i - 1 and i + 1. gi+% = Gi41 — Gi’ p; and
~1/2 ‘ ‘

Py gre the'jump-frequencles, apd Ai+I Agi+l"

with Gi being the free energy of the i-sized corner.gnq Ai+l ~ 1/2(Gi+1 - Gi);

Then the respective fluxes are given by:

et _ e, + B _
qi .= ci Py E - S , ‘(A4‘4a)
3% =S, pl | R (A4-4b)

and at equilibrium (e);.J§+ = Ji;lldue to the principle of détailed
balance, yielding:

8 cé~ +/ - .
i+#1 ~ 1'Pi/Pit1

(A4-5)

. o
c;exp - Agi+l/kT
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' This gives us the equilibrium concentration of .i 4+ 1 sized corners;

. € = e. - c ) | -
e c + exp -AGi+l/kT o . (A4-6)

e . SR o
where ¢ is the equilibrium concentration of perfect, 60°, corners and

AGi+l = Gi_'_-1 - GO. (GO ='Gi=0)' Thus we can put up_the_nucleatlon rate,
Eq. (A4-2) adding for Ai+1; |
e* e ok - \
J = ¢ *A*Veexp - (AG x Tt UD -4, )/kT (A4-7)
i i+l - ' ’ ‘

In the steady state treatment there is an actual flux through the
system of i's and we can put up a difference-differential equation (Feder

1964 and Feder et al. 1966);

dc¢ _ + . - + - ' L »
3e - Ji-1 T T Ty | ' (44-8)

. o . 3. 3 f+ . e 3 e }
This equation might be solved,yleldlpg 5t = 31 {pi c 31 (ci/ci)
from which we get the "current" J(i) = JI - J;+1 as the net number of

corners growing from i to i+l per unit time and volume;

J3@) = ‘P: e gi (ci/ci) : (A4-9)

In the steady state, 9J/0i = 0 and J = J® thus independent of cluster

size, and 9¢/dt = O. Js is nothing but the steady state nucleation rate,

. *
and using the values for the critical-sized corner i ;

+
=z p, r 5,
i

i ' - (A4-10)

[

*
c®z-Avexp - (86T + Uy - A



ow d U3 9w w3

Z is the Zlc‘a‘l“dovich falcvto;"; Z = '—%‘i" (di/ci), a nonequilibrium factor
repfesenting ﬁhe.rafio of the actual flow througﬁ siée.i* to the flu#

from aﬁ equilibrium population'of:i*,~ci being.theiéteady state

" distribution. Both for Je* and J° the raté deterﬁining factors are similar
inAthat Both.are'functibns of ce*(AQ*) and of‘UD.

-1 : ; »
tion rate based on a chain-reaction. Looking

Escaig determines a nuclea
~at Fig. A4-1 and A4-3, we can see that at certain steps in the reaction, -

- the backwards reaction II is more difficult than the forward reaction I.

These reactions start from a completed row PQ (Fig. A443). Once a completed

XBL 736-6249

Fig.'AA—B. The two possible reactions involVing the_adding (I) or removal
(II) .of one atom from a Frank stacking-fault triangle with a
unfaulted corner having a completed row PQ.
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row PQ is formed it is easier to emit one vaéanCy.(I);from, than to
condence orne vacancy (II) on the dislocation segmént PQ. The length
of a complete segment; PQ = (nl+ 0.5)b with n equal.to the number of <.
atoms along PQ. The size of the corresponding cofnér~is given by
i = 0.5n(n+l). :
A simpié calculation of the-energy.diffefencerAU £etween the
reacfions 1 aﬁd'II'gives AU ~ 0.25 eV (Escaig_1970§&b) which leads to
a probability of going forwafd (I) a 100 times higher than going

backwards (II) at about 400°C. By then completély neglecting the

backwards reactions, Escaig puts up a set of chain-reactions;

a~>1

2a + 1->2

(n + 1)a +_n +n+ 1 v (A4-11)

* * *
na+(n ~-1)>n

each step involving the reactions (I) from a complete row PQ with n atoms

along it and i = 1/2n(n + 1) atoms in the corner, building a new complete -

row with n + 1 atoms along PQ and i = 1/2n(n + 1) + n + 1 = l/2(n + i)(n +.2)
atoms in the corner. The left side of Eq. (Aé-ll)‘indicates the new fow )
of atoms added to the exsisting row giving the number of atoms along the

new PQ (and the stepnumber on the right side). ForAall the intermediate

steps 1 between n and n + 1 equilibrium are assumed. The energy

situation is schematically shown in Fig. A4-4 and Fig. A4-5a,b. The ‘



chain—reaction in Eq. (A4—ii).is represented by the dottgd curve in
Fig.vA4—4. ‘The criticaifsized_éorner_is now dgndtédvby‘ﬁ*;v The fully '
drawn curve‘tékes into account that the stabie_cotners of.the defect not
gre‘60° cérners, butvbluhtéd by i =3 atpﬁs. This cufve will.aLSO have
the same oscillating éharacfer as the dottéd one because §f Au. This
is shown-in-Fig. A4-5a,b iﬁ more detail ﬁhere the free energy of the
defect is given as a function of both i and n. | o

. By neglecting'the probability of the backwards reactibﬁ, p;, this
il‘chain reactioﬁ.giyesvthe pucléation rate; J* = J: = cn‘p: = Jn?n%l as;

* . ) V ' : v
= eAeVe - 8 - -
J cnvA_  eXp (Agn_‘-1 + 1/2 AU +.pD A) /KT (Aﬁ 12)

. ,WiFh Agﬁ+l-% Gn+1 ian‘and ARﬂ/AAU (see Fig. A4-5a,b). c is the
" cbncentration of corners with n atoms along PQ. Taking the basic step

asn=2>n=5 (Bscaig 1970a,b) with AG, = G,

n=5 - anz‘(Fig. A4-5a) we

‘get the nucleation rate: .

* R . - L -
; = §n=2°A'V'exp -'(AG5 + 1/2AU + UD - A) /KT o (A4f13)‘

which gives an activation.energy AGS «<ABG =G x Gn=2' However, in
: o S , ‘'m n
this calculation the backwards step is represented by the probability:

P, = Af“fex?»' Wy + D)/KT (= Py_y /90 (nt1)) .‘ (A4-14)

which can not at all be neglected relative to p: giyen in Eq. (A4-12)

as
+'— vo -. .v... “ ) 1 | - \ ‘ . | -
an—’A v exp (Agn+l + 1/200 + U  A)/kT : (A4-15) .

(1/2AU - A é:A). This gives p: < P,-
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| : ' |

0] 5 : 10 N
XBL736-6248
Fig; A4-4. Variation of the free energy G of a Frank triangle_with'

‘the formation of an unfaulted corner (cluster) as a

function of the number of atoms n along the edge PQ.
The dotted curve is for the 60° corner being the stable

. configuration, the oscillations due to the energy

difference AU between reaction (I) and (II). The fully
drawn curve represents the case with blunting by i = 3

atoms being the stable configuration, without taking AU .

into consideration.
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- » . ' . XBL 735-6097
. Fig. A4-5. (a) Variation of the free energy G of a faulted Frank triangle
‘ with the formation of an unfaulted corner as function of the number

of atoms i in the corner or the number of atoms n along the complete
row PQ of the corner. AU is the energy difference between the
reactions (I) and (;I) o? AU = Gi=1/2n(n+1)—1:i Gi=l/2n(n+l)+lf'
_(b) Detail of- the curve shown in (a) with the energy of self-
diffusion superimposed (UD).- Also shown are the energy-corrections

AU and A, A ~ 1/400. i = n/2(n + 1).
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Using i = 1/2n(n + 1), it is p; << pI by a factor of about a 100 th
leads to Escaig's érgument of neglecting p; and subsequently.p;. By

only using'pi's we get the picture; Fig. A4-5b, and the following

- J

expressions: the net flux from i -1 toiis J@E -'1) = Ji—1+i =
+ - + '
-J = .
i-1 i Ji—l’
J(@E - 1) =_ci_l'A'v'exp _’(UD - A)/kT_» _ .(Aé
with p:—l = A*veexp - (UD -~ A)/KT, neglecting p; = A*Veexp - (UD + A)/kT

and thus J;. Taking p;=15 as the first negligible probability yieldé

* +
T T
o *

37 = ey q,tAvVrexp - (U - D)/KT (A4

Assuming equilibrium up to 1 = 14;

* v
- J =ci=3'A'v'exp - (Gi=14 - Gi=3 + UD - A) /KT

+ l/?AU‘and Cil14 =

equal to Eqi (A4-13) with Gi=l4 - Gi=3 =_AG5

ci=3-exp_— (Gi=14 - Gi=3)/kT. Neglectlng P gives the.ﬁollow1ng steady

state conditions;

+ + - o+ - + + -

Y14 = Ji=15 " J4a16 T o0 T

This set can be solved with respect to.the'ci's, giviﬂg;_A

. 1y . _ . '
Ca16 ™ Cim14 | X AIKT + exp(Gy gy = Gy g ¥ AI/KT

GA ' + A') /KT

— ' -
+ exp(Gy_qg = Gyoqq + AD/KT + exp(Gy_1g - Gyg

)/kT{

*exe(C;_50 7 Ci-16

at

-16)

-17)

1=19 7 J1=20 7 Ji=20 =,Ji=21 T =0 T e

(A4-18a)
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and
U a . - - ' ' n _ T |: _‘
Cio15 ~ Cyapq |1 T ¥P(Cg ~ Cyays ¥ AN/ +exp(Gy )y - Gy yg F AD/KT
. - ’" A C - 1 .
o rexp(Gy 15 = Gy5 T AD/KT + exp(Gy g = Gy g5+ AD/KT

+ exp(Gy_pq = Gy 15) /KT (Agflsb)

~ l/ZAU, and.

Q

. _ _ ) o
Here we have A1+A5, A1+A7, A1+A9, A1+A11 A
=A +A and A1+A13.~ 0 (see Fig. A4-6). As all the terms are positivé
as are most of the.expénentlals, we find Cio15 77 C42140 and as
_Gi=l6 _Gi=15 wg see that éi=l6 .Ci=15. With fu:thgr increase of i, |
c, will decrease until the next step is reached; i = 20 where c, . ~c. _,.
, - ~i=20 i=14

Gao[~
P
lv
L _ XBL 735 6104
'Flg A4 6 Datall of the energy curve for the faulted Frank trlangle
= 14 and

'with an unfaulted corner for the steps between i
= 22. Also shown are the energy corrections A to the energy

v of self~diffusion UD
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Even though P;=15»<<>PI=14, we find by using'Eséaig's argument further.

: ‘ + +
- >> . = .o .
on, that 15 ci=14. The resultant fluxes, Ji=14 ¢ =14 "~ Pi=14

_ gnq Ji=15 = ¢i15 ° Piays vlll thus probably be of the,same.prder.qf

~magnitudévand it Qouldvbe meaningless to néglect;p;=15 and J;_ls'as

Escaig does.



'~ APPENDIX 5. = ENERGIES FOR SFT COLLAPSE MECHANISMS
The‘total energy of piecewise straight configufation made up of
dislocation segments Li with Burgers vector Ei and sense Ei is_given’ﬁy
W =-§: ws.~+- 2 wij o BECae
i 1 i<j : o ' :

where W_ is the self-energy of the dislocation segment,_and wij is the-

i : , .
interaction energy between the segments i and j. ws - is given by
A . : i
: - = 2
- (b.%s.) _
SO U Tt S SO I P I (A5-
Wsi =4 [(bi ;si) + - L 1n =5 (A5-2)

andvthe interaction energy for the coplanar case'(Hirth and Lothe, 1968,

P- 142)Zis given by

B TR Ty - T Ve (S xo
TR {Fbi si)(bj sj) 2[(bixbj) (sixgj)]

1- 7 e
I (A5-3)
A -w [(by-e)(byreg)] X fR(xa,yB)

- cosf[x 1ln Kxa,y55 + yBlntixa,yB)]}
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Here

‘and

F(xy:¥g) = F(x,5y,) = F(x1,y,) = Flx,,y)) + Flxp,y)

for.F = I,'R, t, s. béing the dislocation segmént Li, and yly2 being

*1%2

the segmént'Lj. See Fig. A5-1. The integrals are

R + y - xcosb
x

R + x - ycosb

+ In
y 4 y

I(x,y) Xln

RZ(X,Y) = X2 + y2 - 2xy cosB
s(x,y) =y cosb - x + R

t(x,y) x‘cosQ -y +R

For the gasg ip Fig. A5-1 with both segments of éize L we. get
I(xa,yS).= 2L-;n_3 = 2.2L
. and
g(xa;ys) - cosep&}n dxu,yB) +'y8h1t(xa,y8)}'=>L(ln 3-1) = 0.1L°
The energy éf qollapse of a SFT-corner, mechanism I;”Fig. V-3, is gi?en

- . . - — . 2- ‘
b = wSTC wSRC - 3/4 /3 L%y (A5-4)

Here WST is the energy of the collapsed SFT corner consisting of a
c

triangle of Shockleys (edges), W

SR is the energy of the removed corner
e

consisting of three stair rods, and the last term represents the energy

of the removed faulted area.



:X|“. _ | | %

" XBL 739-1903

Fig. A5-1. Corner configuration for intersecting dislocations
i and j. '
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-
&

o ua 11 Lo, | L '
wSTC w4 T-V {54 In = 54+ 3 [@ev-1n@.2) - 16(0.1)]1} L
| < o (as-5)
= A*{54 In L/P - 54.71} L _ .
) - il 2 ‘ . -.2
with V = 0.354, ¢ = 3.38-10  "dynes/cm”, a = 4.0857A, Y = 18 ergs/cm” .
and A = 4.018:107° eV/A. |
Wgp = A 18{ln E-18- (1 - 3WQ@.2) - 4(O.DIL
c o ‘ ' (A5~6)
= A{18 1n 5 - 18.78} L
P A 2 e
AW = A{36 In 5 - 35.93} L - B-L (A5-7)

B = 1.458-10° eV/A%,
The energy for unfaulting of one face of the SFT froﬁ a corner is
givenv(mechanism I1)

MW, =W.. ~W._ -
T ST T SRy

whefe.Wéf is the energy of the SFT corner with‘one,unfaulted face 
N , ; - v : .
enclosed by three Shockleys, W_., is the energy of the two removed

"stair rods, both cases includesvthe interaction with the third stair rod,

SR

-and the last term_representiﬁg the removed faulted area.

Wgp = A{27(2 - V)(n %—— 1) - (68 - 69v)(2.2) - 4(0.1)} L
= Al44.4 1ﬁ~% - 92.77} L (a5-8)
W - A2 InE-12- (- 3W2.2) - 40D L
C L o | (A5-9)
= A{12 1n i 12.78} L
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L L 2 -
AWII = A{32.44 1n e 79.99} L - C L (A5=10)
C = 0;486-10‘3 ev/22.

Finally, the formation of an unfaulted Shockley'triangle, mechanism

111, is
. _' _ 2
AwIII = Wgp - CL
CW... = A{27(2 - v)(ln'£»4 1) - gz-(z - v)(é'zj}'L
- UST , o 2 )
L . (A5-11)
= A{44.441n e 93.32} L
. . ‘L ) 2 o
AW = A{44.44 In = - 93.32} L - C L° - : - (A5-12)

I11 P

In our cases we can neglect the interactions with the other segments

with 6 120°.
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