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ABSTRACT

Through its control over the equilibrium dissociation of dis-
locations, the stacking fault energy has a marked influence on various

~ aspects of dislocation movement, such as climb and cross-slip, which,

in turn, affecf such properties as work hardening, creep and recovery.
The presence of stacking faults can play an important‘role in two phase
__‘alicy strengthening and phase transforﬁations.' Thus it is desirable

‘bto know the value of the stackihg fault energy as accurately as pdssib1e 
"andﬁmany methods have evolved for its determination. Each of the
}techniqués is briefly reviewed and the strong and weak points listed.

" Remarks are made concerning the methods in general,‘particularly when
‘applied to hexagonal close-packed metals. It'is seen that there has
been little previous work to determine the stacking fault energy of HCP
zirconium. What work there is, has been vague and/or inaccurate. . In
.this work an attembt-haSrbeen,made’to measure the stacking fault énergy -
| in Zr by means of the loop annealing methpd;.since thi§ is a réaéonablyf
atcurate method particularly applicable to high stacking fault energy
metals. This method involves a comparison of the anneaiing rates of

" faulted and perfect quenched-in vacancy loops in a metal. In this study,

however, the necessary loops were found impossible to generate because
of.experimental contamination (hydriding) and impurities present in the

starting material. The difficulties encountered are discussed in terms

of the pafameters affecting loop formation, together with the theoretical .
possibiiity of forming quenched-in loops in Zr. The discussion of alternative
~possibilities for estimating the stacking fault energy of Zr, even though

- they may- be less attractive, for experimental and theoretical reasons,

then foliows.



: “2;5 Genéral Remarks . . . .

-

- TABLE OF CONTENTS

List of Tables . . . . . . e e e e e e e e TS £ £ 1
List of Figures . . . . . . « . . e e e S iv
‘List of Phbfographs ¢ et e sie mie s e ee T

1. Introdhction e e e e e e “ o C e e e . 1

1.1 Fault Classification . . . . . o R

’  1.2 Stacking Faults and Mechanical Properties . . .. . . .. | 7

©1.2.1 Climb and Cross S1ip: e« « « o « & & e e e e « e o . .8
1.2.2 Work Hardening . . . . . . . . . . e e e e e e o0 . 8
1.2.3RECOVETY + & & v ¢ o o « & .. e e e e s e e e 9
1,24 CTreep v v v v o 4 4 o o s 6 o f 4 e s e e e s e 1
S 1.2.5 Precipitation and Phase Transformation . . . . . . . 11
2. Stacking Fault Energy Determination . . . . . . . . P LN
© 2.1 Direct Methods _
2.1.1 Node Method . . . . . .. c eie e e e e e .. 15
2.1.2 Tetrahedron Method . . . . . . . . . .. PN Ceo21
2.1.3 Other Direct Methods . . . . . . . . . .o . 25
2.1.3.1 Ribbon Method . . . ... e e e e e e . 26
2.1.3.2. Grain Boundary Intersection Method . e s .27
2.1.3.3 Intrinsic-Extrinsic Fault Pair Method . . . 29
v 2.1.3.4 Faulted Dipole Method | T 1 |
;:  »2.2 Indirect Methods .
2,2, 1 X-Ray Method . . . . . . . . e e e e eee s .. 33
2.2.2 Deformation Methods . . . . « . ¢« v ¢ &« & o . Tee o 34
2.2.3 Texture Method . . . . . . . . v i v v .. .. 40
~ 2.2.4 Twin Boundary Method . .. . . . . . . . . . e 42
_ 2.3 Theoretical Methods and Alloying Extrépolation e e e 43
2.4 Application to HCP Metals e e i e e 46
P I




3. Application to Alpha ZiTCONium . « « « ¢ ¢ & o « « o « & o 0 &
3.1 Previous Work . . . . . . ¢ ¢ v ¢ o o v o & e e e e s .

3.2 Vacancy Loop Formation . . . . . . C e e e e e e e e e
3.2.1 HCP Vacancy Condensation . .« « « « & & o ¢ ¢ o = & &

3.3 Loop Annealing Method . . e e e e e e e e .

3.4 Experimental Procedure . ; e e e e e  . e e ..
4 : ‘ 3. 4: 1 Zirconim ‘e o e o e & ¢ o o o A ¢ o s e.0 e o e
3.4.2 Aluminum . . . . . . . . . e e e e e e e e e e

4, Acknowledgements . . . . . . . . . . . . e '

5, References . . . . . . . . @ e e e e e e e e e e :

i



- iii

LIST OF TABLES
— Page
1. Common Faults in FCC and HCP Lattices . . . . . . . . . . . .. 6
2. Stacking Fault Enérgy 6f Silver . . . . . e e e e e e e e e 48
3  Stacking Fault Energy of Copper . . . . . e e e e e e e e . . 49
4. Stacking Fault Energy of Gold . . . e e e e« v .. . 50
5. Stacking Fault Energy of Aluminum . . . . . . . . ..... . 51
6. Stacking Fault Ehergy of Nickel . . . . . .. ¢ o . . . e . 51
7.. Stacking Fault Energies of HCP Metals . . . . . . . ... 5253
8. SFE Determination-Loop Annealing Metho’dv-. .. k. R . 80 |
9. Analysis of Crystal Bar Zirconium . . . . . . . .. . .. . 82
'10. Summary of Quench-Induced Defects . . . . . . e e ... . 103-106




LIST OF FIGURES

[ 2

.. Typical stress-strain curve for an FCC single crystal . . . ..

N

The three stages of recovery Creep . « « « + « s o & o ve e e

AW N e

. Schematic diagram of an extended dislocation held at precipitate
particles . . . . .. C e e e e e e e e e e e e e e e e

5. Extended dislocations on the same plane interacting to form: -
_a) an extrinsic extended node | '
%% b) an intrinsic contracted node

c) an intrinsic extended node . . . . . . . . . 0 0 ee . . .

6. Interaction of extended dislocations on intersecting1p1anes

- - producing a nodal network on one plane . . . . . . . o s o e

7. Extended node parameters . . . « . 4 4 c0 c o 0 . 0w . ..
8. Formation of quenched stacking fault tetrahedra . . . ... . ..
9. Defdmation tetrahedron formation . . . . . . . . . . . e e
;10. Sfacking fault-grain boundary interéectio@vv. . .'; e e . . .
" 11. Intrinsic-extrinsic fault pair . . . . . . . .. A “iela

12. Curves of energy/vacancy vs. number of vacancies fbi various
FCCplanes . . . . v v v eie v v 0 oo i o 0 o o o e e wie e

 13. Vacancy condensation in the HCP lattice v « v v o . . . e
14a. Schematic annealiné curve for faulted and prismatic loops . .

v -14b. Schematic annealing curve - experimental vs. theoretical . . .

. Close-packed plane in the FCC or HCP lattice . . . . . + « o « .

iv

17

19
22
23
28

S 30

67

74

re

%




LIST OF PHOTOGRAPHS

| Page
~1. Apparatus for He quenching of Zirconium . . . . . . . . .. .. 84
2. Close-up of Al foil ready for heating and quenching . . . . . . 84
3. Typical hydride distribution in Zr quenched in sealed tube from
1250°C t0 0°CWater « v v v v v e e e . C e e . 87
4. 'Large hydrides in Zr annealed 5 hr at'840°C and furnace cooled. 87
5. Unlform dislocation distribution in Zr alr-quenched from 1030°C 89
Dlslocatlon network in Zr quenched from 1250°C to 0°C water in o
‘'sealed tube . .. . . . .. e e s e e e s s s s s s e e e e .+ 89
7. Large impurity clusters (probably hydrides) in Zr quenched by He90
-8. Zr quenched from 856°C to liquid N, in air . . . .. P ) |
9. Probable foil handling dislocations in Zr common to thin areas
of many foils . . « o v v vt e e e et i e e 93
10. Dense dislocation tangles in Zr common to thicker areas of
many foils . . . . . . . . . e e e e e e s e ae e e e e e e 93
11. Particles as dislocation sources in Zr fufnace cooled from 840°94
12. Possible stacklng faults in Zr quenched 1n sealed tube from
1250°C to 0°C water e e e e s e s e e e P
13. Annealing twin in Zr annealed 5 hr at 840°C and furnace cooled 96
14. Loop distribution 1n 99.995 Al quenched from 600°C to 25°C
water a) once ’
b) five times . . . . . . N : 1
15. Loop distribution in 99.999 Al quenched from 600 C to 25°C
water a) once . _ S
b) fivestimes . . . . . . . e e e e e e e a e e « 99
16. Loop distribution in 99.999 Al quenched once from approxlmately

600°C by pre-cooled He . . . . . « ¢ v ¢« o 0 o 0 e e e 100




STACKING FAULT ENERGY DETERMINATION AND

ITS APPLICATION TO ALPHA ZIRCONIUM

1  INTRODUCTION

Defects in the crystal structure of metals have long been
known to affect, in varying degrees, many of their physical and mechanical
-prbﬁertiés. Thus, before improving upon the desirab1e>properties in
any given application or diminishing any which are undesirable, a
.thorough determination of the type and quanfity of defect present, and -
~ the degree of its éffeét on the relevant properties, is a necessary
prerequisité. To accomplish this, the nature of the defect itself must
be understood. V

Defects are generally classified in three categories; point
defects, such as vacancies or intérstitials,~1ine defeéts, such as dis-

* locations, and planar defects, such as stacking faults or grain boundariés.
It is the latter catégory, namely stacking faults, Which,shall be closely
examined in this study. -

The bhysical description of a stacking fault and how it may
 arise in the crystal lattite, is of primafyvimpdftance. Since ény‘system
'will tend towards its lbwest pogsible energy state, the area of stacking |
' fauit’will be dependent upon a certain sufface enefgyvabbve that of the
perfect lattice, whiéh, in relation to the energies of Varibus other
- defects, will determine the probability of the'fault occurring. Hence, -
-if'the presence of faults can be shown to affect a given mechanical
property, a knowledge of the magnitude of this stacking faulf energy;
hereafter denoted aé SEE (or Greek symbol v), coui& then help predict

,;to what extent the property will be affected.




Accordingly, a great deal of work Has been done to detérﬁiﬁe
the SFE of many metals and alloys. The methods of detefmination may be
generally classified as either direct or'ihdirect. The direct methods
~ involve a visual observation of faults or faulted defects followed by

appropriéte calculations from -the défect geometry. The indirect methods
Irely on observations of some parameter intimately connected with the SFE
to obtain an estimate of its magnitude. | |
‘ _A | " Of the three major metallic crystal latticeé; face—centered
. abic (FCO), body-centered cubic (BCC), and hexagonal close-packed (HCP),

| by far the'greatést'ambunt of work has been done on FCC metals_and alloys,
primarily because of their commercial importance. The rélatively simple
W. FCC lattice geometry has aided these studies a great deél. The BCC metals,
because of their complex stacking sequence of the atomic IaYers have, on
the whole, been considered to have SFE's too high to be of prime interest.
"HCP metals, because of a somewhat‘complicated lattice‘geometry and smaller
commercial usage have also been little studied with resﬁect to SFE.

;Accordingly, in this work the applicability of the various methods of HCP
o metals is explored and evaluated. In particular, determination of the

- SFE bf alpha‘Zirconium, important;in'nuclear reactor technology, has been

- attempted. P

1.1 FAUET CLASSIFICATIONS

If the atoms in a crystal lattice can be'appfoximated.by hard °
k'spheres, the FCC and HCP structures arise through different stacking J
sequences of'layers of close-packed atoms. Thus if one layer of atoms is

~designated as occupying 'A' positions (see Fig. 1), the next layer could -
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Fig.1 Close packed plane in the FCC or HCP lattice



“"then be placed in eithef the ;B} or 'C' pbsitions. Thus the FCC,iattice‘
arises from one layer ih the 'A' position, the next in the 'B' position
and the third in the 'C' position whereas the HCP lattice has the third
layer back in the 'A' position.

Given these two ideal stécking sequences, a stacking fault
arises when an error occurs in the'sequence through-either removal,
insertion or sheér of an atomic plane.- The SFE is then the extra energy
createﬁ above that of the perfecf lattice and is composed of a surface',
ehergy.duekto the faulted area and an elastic energy due to thé line
tensipn of the bounding parfial.dislocations, i.e. dislocations whose
Burgers vectors are less than the full slip distancé of a perfect dis-
location. Splitting of a, perfect dislocation into two partials bounding |
a fauited area occurs only when it is energetically favorable (except

under unusual circumstances), as in the reaction:
F [1T0] » & [171] + & [2TT]
perfect dislocation ~+ 2 Shockley‘partiéls
where the configurational energ}A(taken as.the square of the Burgers
vectdrsl) is ‘
az +_a§ . a0 ) a2
26 § 3

This may also be deduced intuitively, it being easier to produce a

shift»from_B1 to B2 by way of C1 rather than straight from Bl to BZ’ as B

shown in Fig. 1. This separation of the partials is then given by a
balance between their mutual elastic repulsion and an attraction arising

from the tendency to decrease the surface energy of the faulted area.




Vaficus means of classifying the possiblé tYpes of faults
have arisen, one early method being that of having elther growth or
deformation faults. Growth faults are defined as those having the fault
boundaly'sepafating crystal portions having a twin orlentatlon, while
. deformation faults separate regions of paraliel orientation. Another
method has been to classify faults as either intrinsicz, where, for
an intrinsic fault, the atomic pattern of each half of the crystal-extendsl
to the composition plane (whether or not this is an atomic plane) and, |
for an extrinsic faﬁlf, the composition plane is an atomic plane which
is foreign to the 1éttice structure on either side of it. As an example,
removal of a layef of atoms (vacancy condensation) would correspond to
an intrinsié fault, while insertion of an extra layer (interstitial con-
densation) would lead to an extrinsic fault.

Guided by these rules (where applicable), the various types
of FCC and HCP faults can then be classified in a fairly orderly manner
as. seen in Table 1, using the del (A) notation of Frank® and Frank and
Nicholas4. Thus the regular FCC sequence is AB,C\A\B, C\A and the
regular HCP sequence is A\BA\BLA. Where the operators A and V re-
spectively iﬁdicate shears of (A>B, B>C, C+A) and B+A, CB, AC), i.e.
“the former.represeﬂts,an ABC-type sequence, while the latter represeﬁts a
CBA;type sequence. _The faults in this table are the common ones and more
complex stacking sequences are best regarded as clusters of simple faults.
It is also evident that, while the FCC faults can be easily seen to conform
to the classifications, the HCP faults are often rather difficult to | |

visualize since the rules were originally derived for the FCC lattice.




TABLE 1

COMMON FAULTS IN FCC AND HCP LATTICES

FOC

1) A,B,C,AB,CA

L TATATAATATA

-+ AABACA CAAAB

2) AAB C,AB,CA -

ATATATATA

- AABACA CVBAC

3) A,B,C,A,B,C,A
> AB CAGCEBA

—
1) ABoABAB
> ABACAC
2) AABVAABVAAB;
> ABACB,C
3) ApBhsBrAaByh
> ABpAGyBGAB

- a‘ZV, intrinsic, deformation fault

a 1V, intrinsic, deformationﬂfault corresponding'

to either removal of a layer of atoms or single
shearing of an étomic layer, i.e.B>C, C%A, A#B,-etc.
a 2v, extrinsic, double deformation fault corres-
ponding to either insertion of a layer of atoms or

a double shear, i.e. B+C, C+A>B, A>BC, eté.

a growth . or twin fault, corresponding to a successive

shearing of layers, i.e. B+(, C:A»B, A»B+(C2A, etc.

a 1V growth fault

a SV'extrinsic fault.




There are various types of faulted defects that can occur in

metals. The splitting of perfect dislocations into partials can iead

to bands of stacking faults and, if these interaét, intrinsic-extrinsic
fault pairs, extended dislocation nodes, faulted jogs or faulted dipoles
~can result. Point defects can coalesce into discs, f0rming faulted loops,
or, in certain cases, faulted tetrahedra may form. All of these may be
recognized as faulted defects, using tfansﬁission electron microscopy,

by a characteristic fringe.contrast of alternating dark and light bands;v
arising from the sinusoidal variation in transmitted electron Beam
intensity with crystal depth5’6. In addition, a great deal of work has
}been done in analyzing.slight differences in the visual appearance of
these fringes in order tq partially classify the defects askpér Table 1,
br to'distinguish them from other fringe-producing defects such as grain =

boundaries, twin boundaries and microtwins;7’8’9’10?11

The detailed formation of the more common of these defects will -~

be discussed later, but first we shall consider their influence on the

mechanical properties of a metal.

1.2 STACKING FAULTS AND MECHANICAL PROPERTIES

Any attempt to review the effects of a given defect upon the

s . . .
properties of a metal must of necessity be somewhat simplified, unless these -

effects are the prime topic of discussion. Hence, in this work, the relations

between stacking faults and mechanical properties will be dealt with in a
kshort, descriptive manner. To do otherwise would result in so great an
amount of theory, observations and explanations that the principle objectives/

of the work would become blurred.




1.2.1 CLIMB AND CROSS SLIP

In the previous section, the fundamental aspect of faulting,
i.e. extended dislocations, was established. This has a marked‘effect
on dislocation movemenf, notébly climb and cross-slip.

Many models have been.postulated~to descfibe the process of
cross-slip, wheréby a dislocation moveé from its glide plane on to a‘plane

intersecting the glide plane; in order to ﬁypass some obstacle blocking

its movement. Most of these, including the most common one of Seeger and |

Schock..l2 require the contraction of a certain length of an extended dis-
- location under the pile-up stress caused by the dislocations lying against

the obstacle, into a perfect dislocation, before cross-slip can occur.

Thus the lower the SFE, i.e. the greater the partials extension, the lesser -

will be the ease of cross-slip.
The process of climb of a perfect dislocation may be regarded as
the condensation of point defects, usually vacancies, on to the extra half

plane of the dislocation, resulting in its shrinkage. For an extended

dislocation, as the partials climb, the fault between them must also climbf‘v‘

by’means of a continuous shearing action, as proposed by Barnes13 and others.

A process of both vacancy condensation and shear or even vacancy conden-

sation after constriction would intuitively appear more difficult than

one.éf simple condensation, hence cliﬁb should be more difficult, the lower

‘the SFE. | |
1.2.2 WORK HARDENING

Work hardening, or the increase in resolved shear stress with

 increasing resolved shear strain, has been separated; for FCC metals, into

three main stages, each ‘involving changes in the type of dislocation movement, -




14, Unfortunately, the work

as originally suggested by Séégér‘et al

hardening of HCPvmetals is more complex due to the lattice geometry and
variations in the primary slip system; amongst the HCP metals, and has not
been studied as exténsively. Nonetheless, for some HCP metals, many of
the same principles are basically applicable.

Stage 1 or the easy glide region of work hardening (see Fig.'Z),
~in FCC single crystals_ié thought‘to mainly.iﬁvolve dislocation movement
on the primary slip plane. As these dislocations encounter obstacles and
new séur;es are exhausted, dislocations begin moving on secondéry slip
planes. Because movement on these planes is more difficult a higher hardening
rafe.develops, called Stage 2 or the linear hardening region. As these
secondary dislocations encounter pile-ups, tangles or Lomer—Cottrell‘locks,»
a stress builds up which can be relieved by cross-slip around the obstacle.
Thus-the‘hardening rate falls off, leading to Stage 3 or the parabblié
hardening region. Obviously then, the SFvaiil have a marked effect on
the onset of parabolic hardening, as schematically shown in Fig. 2, due
to its influence on the ease of crbss¥sliﬁ. The ease of cross-slip from
basal to prism planes in HCP metals will be similairly;affected. This
effeéf forms the basis for the indirect,-défdnnation methods of SFE /
“determinationﬁ. as sball be seen 1ater.

1.2;3- RECOVERY

The process of recovery in metals, in which the stored energy
: of a deformed metal is lowered through elimination of dislocation tangles,
pile-ups; etc., leads to restoration of properties that have been reduced
by severe cold-working, e.g.'ductility, formability or‘conductivity. Since
"this prdﬁess can involve both climb andcroSs—slip-of dislocations; a'low

SFE could then greatly hinder the rate at which recovery occurs.
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1.2.4 CREEP

The time-dependant elongafion of a metal under a stress
~greater than its yield stress but less than its fracture stress is known
as creep. The most common type of creep, reédvery creep, can be separated
Iintb.thfee main stages, as shown in Fig. 3. The onset of accelerated,

or tertiary creep, leading to fracture, is determined by the length of

| the secondary or recovery stage, in which a balance existé between re-
covery and strain hardening. The récovery in this region has beén.pro- :
‘posed as;resulting from both cross-slip15 and a combination of climb and
cross—slip16 of_dislocations. Thus,as above, the SFE wiIl have some
influence on the rate of recovery and, along with other factors, thus-

influence the creep life of a metal.

1.2.5 PRECIPITATION AND PHASE TRANSFORMATION
With the advent of more complex alloys in recent years to meet
new technologiéal-demands, the effect on mechanical prbperties of pre—‘
‘cipitate particles in association with stacking fau1t§ has aroused a good
deal of inferést. Apart from their inflﬁencé on work hardening; the faults,
along wifh undissociated dislocations, strengthen because they are con-
strained by the precipitates. |

Two notable examples of this arose from the work of Hirsch and

17 18

'Kelly™" and Honeycombe et aI . Simply treated, Hiréch and Kelly reasoned
that if coherent precipitates of a lower SFE than the matrix existed in
an aIloy, extended dislocations, in passing into these regions, would
,dIssociate,further, as shown in Fig. 4. 'Therefore to pull these dislo-

cations away from the particles, some extra work, i.e. an increase in

strength, wbuld have to be supplied to constrict them to their‘original
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Fig.4 Schematic diagram of an extended dislocation held at precipitate _
particles (after Hirsch and Kelly, ref.17) v
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o w1c1th | The same reaSoning would apply if the matrix ﬁas of lower SFE
’eﬁ_cc:ept now the dislocations would bé ‘repelled by the particles and an
extra force would be necessary to move them past the particles.
Expressions can be developed for this strengthening effect as a function
of the paramet.e-rs shown in Fig. k4, with varying amounts of strengthening :
between the two extremes of R >> W, and R << W The important conclusion A
| is that the étrengthening is directly proportional to the SFE difference

vbe'twee.n matrix and precipitate and yield stress values from this theory

- agreed quite well with experimental results for Al-Ag and Al-Zn, and to

some extent for Cu-Co(17-)°

A somewhat different process was observed by Honeycombe et 3118,
whefe, for NbC and TiC precipitafion on both faults and dislocations in
austenitic steels, the optimum yield and ultimate strengths were obtained
from an ageing process that resulted in extensive faulting with widespread

B postulated a

precipitation on the faults. Silcock and Tunstall
mechanism for this which involved climb of Frank partials : (from‘splitting .
of sessile dislocationszo) around the particles to rélieve the misfit
étrain from the larger Nb or T1 atoms. Once these particleé are imbedded,v
a strengtheni‘ngl of the Hifsch—Kelly type might result while the particle
femains coher_eﬁt, with a change to another mechanism when they Becomé
incoherent. Along with several other factors the authors conciuded

-that a low SFE matrix was necessary for this mechanism. Further study.

has confirmed this typé of mechanisrrlzl’22

23

and, in one study of Fe-Mn -
austenites™™, a direct correlation between faulted area and hardness was

also established.




From the nature offthe stacking sequences of various feults in}-
FCC and HCP metaié, it can be deduced that a certain regular distributianu'.
of faults in one structure is equivalent to the other structure, For H
example, a growth fault on every second plane of the FCC lattice is
equivalent to the HCP lattice. In otherlwords; if solute additioh to an
.FCC metal lowers the SFE, the faulting density may increase to a point
where the structure becomes HCP, i.e. a phaee transformation has‘takeﬁv
place. This type of tfansformationfis thought;to be the correct one ‘

24 and,Cu—GeZS., A slightly different

for several systems, such as Ag-Al
‘mechanism has been proposed26 for the nucleation of martensitic phases

in aestenitic stainless steels involving Shockley partial movement on
alternating close—packed.planes but -the important p01nt is that heavy
faultlng is a prerequisite.

The above sections: list but a feW'examples of propertles affected
by the SFE since this energy will affect to some extent any property
dependent upon dislocation movement and/or conflguratlon. The important
point to remember is that; in all of the eXamples given; the SFE is only.
one of several parameters which may affect a given property; For eXample;;
work.hafdening is generally considered27 to be influenced by metal purity;

vorientation; deformation temperature; crystal size and surface conditicn>
-as well as SFE. Thus a true picture of the‘quentitative effects of
stacking faults must usually be a rather complex one which attempts to v'
- account for every other varlable. |

Having thus establlshed the marked influence of the SFE on many
important propert1e55 the next\loglcal step would be to estimate the

Amagnitude of this energy‘fbr as many metals es ﬁoSsible; as accurately

as possible.




2 STACKING FAULT ENERGY DETERMINATION

2.1 DIRECT METHODS

2.1.1 NODE METHOD
B . This method was the first of the-direct methods, suggested
by Whelan in 19592.8 for extended nodes in stainless steel. Nodes can
be formed by the interaction of extended dislocations and can result from
interactions on the same plane; as in Fig. 5, or, byjmeans of cross—sli?,
'"ai from interactioné on intersecting planes,.as in Figr 6._-The nodes normally
" tend toward a screw character (a=0 iﬁ Fig. 7); since screw nodes have a
sligﬁtly lower energy (and are therefore slight1y 1arger9 as determined
by Brownzg.
o  Whelan's simplified analysis assumed elastic isotropy and took
no account of the interaction energy of nearby partial dislocations, and
of the variation of line tension along-ﬁhe gurved.dislocatidn. He cal- -
culated the force balance between points A,B and C; Fig. SC? as one
between the line tension, T, of the partials and the surface energy of

: ,the fault, vy, as

T R e e e 2

GbZ/Z ' L 'k'f‘ . - *
node radius of curvature '

Q!

where

[}

shear modulus

oo™ 3 <
]

Burgers vector of the partial dislocation
Unfortunately such modifying factors as repulsion of partials,
solute impedance effects, image forces near free surfaces, interactions

. with nearby dislocations and node character were not accounted for.
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AB. . cA AB_ - BC

. , SACS
(a) - (b) - (e)

 Fig.5 Extended dislocations on the same plane intei‘ac’ting to form

. - a) an extrinsic extended node ‘

e b) "an intrinsic contracted node
.c) an. intrinsic extended node -



" aC Da

Fig.6 Interaction of extended dislocations on intersecting planes
- producing a nodal network on one plane (after Whelan, ref.28)
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In several reappraisals of the theory these factors have

gradually been taken into consideration. Siems et a130

31

and Thornton

et al”" considered interaction of partials. Mader32 investigated the

effect of sufrounding nodes and Brownzg accounted for the node charactér

effect on line tension. The most recent analyses, which give concurring S

34

values of SFE, are the numerical one of Brown and Tholen> and the analytical

35

one of Siems”>, Besides R, these also utilize the inscribed node radius,

- w, and the sepafation of the partials in the arms, d (séekFig. 7). Their

equations, while appearing rather cumbersome, involve parameters that

are generally easily obtained if the nodes are large and suitably symmetric.
They are:
"Brown and Tholen:

a) YR/Gb%= 0.27 - 0.08(v/1-v)cos 2a +{0.104(2-v/1-v) |
o + 0.24(v/1-v)cos 2a}log_R/s~f et e s e e e e e s (2.2)
b) yw/Gb% = 0.055(2-v/1-v) - 0.06 v/ (1-v)Z)cos 20 = v
- +{0.018(2-v/1-v) + 0.036(v/1-v)cos2a}log R/E + « o v o . . (2.3)
.Siems: = - . , '
. 2 L » , :
a) R= G2 oifmm {1+ (W/1V) (300520/2 + I/DMR/E & v v v w o v v s (2.8)

b) R = (g%%737:1¥{1'+ 5vcos20/(2-v) (1 + 2cos2o)}InR/e o v o v o . . ; . (2.5)

= sz(Z-MO _'Zvcoszd

whered m (1 "—7:—\')—‘—). o‘oo‘.ocooo.."_ooool;. (2.6)

Poisson's Ratio

V.
7 .

cutoff or core radius of partial (usually taken as its

€
Burgers vector)
Thus measuring errors are minimized by use of more than one parameter,
although each has its own limitations. R is often difficult to fit to a

A node, especially asymmetric ones, although itiis the largést parameteg.

- . . o . 3



Fig.7 Extended node parameters (after Gallagher, ref.33)

~
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The separation d is almost imﬁbssible fo'meaSure in most metals and
alloys since its equilibrium value is usualiy of the same order as the -
partials image width. The inscribed radius w, while easiest to measure, '-
is only valid down to a critical node size of roughly one-third the extinc-
“ tion distance (roughly 75 R) due to amomolous contract ‘effects which occur
for smaller nodesg. -G and v can be modified if the material is highly

| anisotropic and, at present, fhe Valué of e=b is only an order of magnitude
estimate. - TheR and w values of nodes inclined to 'the.v electron beam should -
'be multiplied by a geometric correction factor while those of é_ size
approaching the foil | thickness are nof useable since the surface reduces

. . . . . 36
the line tension, anomolously increasing the curvature a

, 1.e. the nodes
should be reasonably far.from, and parallel to, the foil sﬁrface. Annealed
nodes. are desired in alloys since solute impedancé’ effects may result |
in asymmetric configuratvions due to Soiute pinning of ‘the partial’s. Even
when symmetric, the node size could be 1ai°ger in regioxis of slightly
highér solute 4)c.on_centrafion (lower SFﬁ) , therefore a 1iarge‘ nunber should
usually be meap'sufed, especially in alloys. When-these 1imiktations are:
‘takenv into consideration and corrected for,the vélu’es ob:tained by this.
technique are generally considered to be the most accurate of all the |
~present techniques and are often used as a base reference ;vv'ith Which to
compare values from others, The maﬁ or limitation of thié method is

 the fact that it is 1imifed to relatively low SFE fnaterialé , with the upper
limit bei_hg .éromd 3O:'ergs-‘/cm2.37 Thus, while it is .often used in studies
on alloys, when alloying lowers the SFE, it cannot be ﬁsed directly on most

~of the pure metals.




. 2,1.2 TETRAHEDRON METHOD

Silcox and Hiréch38 first Qbserved faulted, tétrahedrél-
shaped defects in quenched Au and explained their presence as due to a
combination of vacancy condensation and dislocation glide as ﬁer Fig. 8,
ﬁhich ié still one of the most widely acceptéd models for formation ofv
quenched-in tetrahedra. Tetrahedra growth by direct vacancy condensatioh'
. Onto jogs on the tetrahedron itself has been pfoposed by de Jong and

Koéhlersg and Kimuravetva140. It has also been found41’42’43

that these
.dcfects can be formed solely through deformation, by'Frank loop formation
from cross-slip of extended dislocatibns at superjogs and further dis-
 $ociation from there into the tetrahedron. An example is given in Fig, 9.

8

Silcox and Hirsch>® were the first to try and relate the edge

length (10) of the maximum stablé tetrahedra in quenched metals to the
SFE by a somewhat simplified energy balance as; '

L, 2Ga’ -

m—m -oo:‘-'oo..-o'.vo‘o..00.0(2.7)‘

where ro' core radius

‘lattice constant

a
_ This relation did not take into account dislotatioh interaction energies
or’the'dissociation of the Frank loop. First Czjzek&taﬂAA“and then
Jossang and'Hirth45 attacked the problem-much more comprehensively through
development of a general energy expression for the configuration of |
partials and faulted area as a function of the heighf of the truncated

_ tefrahedron, i.e. a more general caSe-where the'tetréhédron‘may not be-

fully formed. In plotting this expression vs. a parameter involving the




(b)

-.(c)

Fig.8 Formation of quenched stacking fault tetrahedra
'a) vacancies collapse on a {111} plane, forming a loop bounded by
, Frank sessile dislocations ' . ,
b) the Franks dissociate into stair-rbd and Shockley dislocations,
the Shockleys spread out on other {111} planes o
c) the Shockleys combine to form three more stair-rods -



Fig.9 Deformation tetrahedron formation (after Loretto et al, ref.44)

- a) screw dislocation’with edge superjog AD (Burgers vector BC)
b) AD dissociates as: §C > ﬁy + ?C (Shockley plus Frank) as screw
cross-slips on o plane and glides on § plane. New jogs DB and
.+ AB also dissociate as AD, with Shockleys annihilating, leaving
complete Frank loop '
c)'Loop dissociates to tétrahedron‘as per fig.8
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height for various lo's, it was found that, below a eertainﬂeriticel .
size of lo,,the tetrahedral defect was stable, and, above a much larger
value of‘io, only the Frank triangle was stable.‘ In between there was
a range where both.tetrahedra and loops could be stable.

) It is of interest to note that for Au the size for Frank
triangle stability was found to be‘veryvlarge (= 5800 RJ which would
. explain why tetrahedra are in the vast majority in this low SFE metal.
Quite probably then, this critical size is much reduced for a h1gh SFE
metal such as Al so that only loops. are stable, as found experimentally.

46 ight indicate

Thus the mixture of loops and tetrahedra cbserved in Ni
that it's SFE is at- least close to, if not lower than, that of Al, in
contradiction to most other estimates.
At any rate, the value of the SFE is then found by an iterative
process in which plots of the energy of the configuration vs. a function
of the height are‘drawn for different y values until,ene value gives a
plot with a horizontal inflection point‘(denoting the loop-tetrahedron
transition) at 1, = maximum edge length observed in the metal. |
| ~Humble et al47 refined Jossang and Hirth's energy.ekpressiqn.
by_more accﬁrately taking into account the. curvature of»the-Shockley‘
"_partials and, most'impertant, accounting fdr:any energy that might have
.to=be overcome for the loop-tetrahedron transformation, i.e. an activation
',energy. This would not influence quenched tetrahedra due to the absence
of any applied stress, but could definitely affect»defonnation‘tetrehedra
where the applied stress might be enough to push the 1oop over this barrier

_ before the equ111br1um transformation is reached resulting in an overlap

‘between  the size of the 1argest tetrahedron and the smallest loop. Thus
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~ amean value of these should be used, resulting in slightly lower values

than-Jossang and Hirth's, but still Eompétible with node results. This.

point is especialiy important since it is now believed that, Bécause

quenched tetrahedra could conceivably grow due to a vacancy super-

' saturafion, only deformation.tetrahedra can give accurate results for
the SFE,

B This method extends the range of SFE measurement up to roughly

100 ergs/cm2 and complements the-node mefhod, éspecially in enabling more

"accurate extrapolations to be made in plots of y vs. alloying content k?ﬁf
(for example, Humble et a146). As with the node method, onlybtetrahedra o
away from the foil surfaces should be used and, of course, for high SFE

metals where 1O may.be as small as 100 R, extreme care must be taken in

measurement. Since the largest edge 1ength is of’importancé, a very

thorough search of the thin foil is required. Finally, since the determi-

nation is an iterative process, the calculations becqme quitevtedious

and are best computerized.

2,1.3 OTHER DIRECT METHODS

Another direct method that has recently béeh'extensiveiy used
1is theildop'annealing method which shall be discuséed in detail later
since it was chosen as the experimental method. The remaining direct methods
_ have‘either not been given much credence, have only seen limited use or

~apply to materials of little interest here. Therefore they shall be

described and commented upon briefly.




2.1.3.1 RIBBON METHOD

This méthodrutilizgs the "equilibrium spacing between the partiéls

of a dissociated dislocation to determine the SFE as;

. 2 ] ) .
Y=%—?}H%1ZZ—:,’%(1-5’%‘_’3—29).......,.....‘......(z.s)”

using Read's isotropic elasticity theory48.

where d partial's separation

o angle between partials and total Burgers vector

of extended dislocation -
The major limitation of this method is that, for any amount of accuracy,
d must bé fairly 1arge, implying a low SFE. If 300 Ris taken as a rough
1imit for accurate measurement, so that the actual separation is reasonably
'1argervthan the partials image width, the method then becomes limited to
SFE's" less than roughly é ergs/cmz, thus eliminating practically all |
metals énd their alloys. This method has been applied~suceessfully to
layer-type strqctures49, i.e. structures such asfgraphite;‘talc;.bismuth;
etc. whose main glide pianes are almost invafiably paréllel to théif'
cleavage or growth planes, resulting in long d1316Cation ribbons of

measurable spacing due to the low SFE's of these materials..

Great‘cafe has to be taken-that'the configurations.are |
equilibrium ones, i.e. they have not been influenced by eXternal stresses
such as foil handliné or beam heating. Faulted loops which grow sufficiently
large té cut the foil surface may also appear to be widely extended dis-

locatipné.' Surface image effects have to be especially watched for due

to the structure of these materials and the large size of the ribbon

configurations.



. 2.1.3.2 GRAIN BOUNDARY INTERSECTION METHOD - '

This Vme:thod, is based upon a comprehensive deteminatidn vof the
ratio of twin boundary free energy to grain boundary energy from the
coherent twin boundary-grain bouﬁdary intefsection configuration
(Murr et also). Only one investigationSI-has thus far been repérted',

which duplicates this work for SFE rather than twin boundary energy.

| Rather than requirihg any equiiibrium spacing measur_emeﬁt, this method‘

_ hinges. on two main assumptions; that the iﬁter‘facial; free energy of

the high—angle gréiﬁ boundary *and‘ the' stacking fault is thermodyna:ﬁically_
equivalent to the corresponding tensions, and that the balance of thesé
tensions can be resolved in any _direction in‘ terms of the true dihedral
angles, q;J. , between the intersecting interfaces. Resol'vipg an inter-
section such as found by Peterson and Queeneys1 (seé ﬁig. 10), parallel

to the fault results in;

Yop = “Ygg (COS¢; + cosdy) «w L. . R )
where forces normal to the grain boundary are thought negiigible since
it remains straight on either side of the intersection. The true .
50

dihedral angles, 9. and ¢,, are deté_rminéd as'per Murr et al™, from the

»'pjian view angles, ¥y and wz, and the inclination aﬁ.gles' to the foil sur-
face, 61, 62 and 63 /Wthh are easily determined ‘once the foil plane and
fault plane are known It does not matt.er if a single fault or a fault

| "bundle" is présent since Yy is a constant and eﬁctra faults should not -

affect the configuration. Although the gra_.in 'Bomdgry energy is an
average Value and fhus is not the actual value fox." any _giVen boundary;

“the deviation from this average value is only around 6% 51._ The main -
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ELECTRON BEAM

*

@

Fig.10 Stacking fault-grain boundary intersection (after Petérson and
" Queeney, ref.51) o ‘ '
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difficulty in this téchnique v.vouldvseevm to be the s'cafcity of gdod,
useable in’te‘rsectiéns, .since Peterson and Queeney réport only a

single measurement in theif work on Cu,A a risky practice at best. Other-
wise, 'theA method appeafs to hold promise, especially for high SFE

metals, since the fault does not have to be of equilibrium length.

2.1,3,3 INTRINSIC-EXTRINSIC FAULT PAIR METHOD

From various considerations, such as relative sizes in intrinsic-

"~ extrinsic node pairs.5 2, _X-réy workss, and the absence of extrinsic faulted

tetrahedra54 , it was long held that the extrinsic SFE »(Y.ezxt) was larger,

int) . This was in

in varying amounts, than the usual intrinsic SFE (y

disagreement with theoretical perturbation studiesssax,s}hich showed that

6 57,58

In support of this, Gallagher5 and others have

Yint © Yext-
recently experimentally confirmed this fact, explained the earlier in-
correct conclusions to some extent, and in the process have evolved a
simple, accurate method of SFE determination. In the definitive paper

56

for this method, Gallagher™  has explained several intrinsic-extrinsic

configurations, the simplest and most useful of which is the oné shown

in Fig. 11, in which two extended dislocations have joined and. interacted,
with one 'crossing-over' to form the band of extrinsic fault. Because |
of the fact that the three long partials are parallel and have the same :
Burgers vector, a relatively simple relationship may be d’erivevd‘ f.rom"

‘isotropic elasticity theory as;

-9 (170, + v, + dycostu + sinfa/iov 2.10
Yint = 75— (/d; + /@ L )(cos™ 511;1 a/ Ve oo .. (2.10)

or Yext = 7w (1/d§ +1'_/_(di * de))(CQszd +sin2d/l-v) . ‘.: R (2.11)
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Care must be taken to measure the d's away from the cross-over points
and to correct it for inclination to the foil surface. - As with the other
direct methods, the accuracy of measurement becomes less as d becemes

smaller and the method is limited to SFE's less than about 20 ergs/cmz.v

In addition this type of configuration is relatively rare, having been
observed thus far only in noble metal alloys. The absence of this
defect is thought to be due to some type of formation barrier caused by

the strong elastic forces at the cross-over points59 but not by the

greater magnitude of the extrinsic SFE, as previously assumed. One

9 is that of annealing multi-

interesting possibility raised by Gallagher5
layer vacancy 1oops in quenched high SFE metals, such as Al and Mg,

where some intrinsic loops havé'been found with regions of extrinsic
faulting inside them. Unfortunately the only study thus far, on an

= 1,4yv-

ipt and it is difficult to say just where

Al-Mgvalloyéo, shows v ¢

the discrepancy might lie.

2.1.3.4 FAULTED DIPOLE METHOD

The dipole method is essentially based upon a transition

between the_unfaulted and faulted condition of a dipole at some critical

separation of the slip planes of the top and bottom dislocations of the
dipole, i.e. at separations less than this, the total energy is lowered
by dissoéiation of -the dipole dislocations. As first formulated by

‘Steeds61 in a comprehensive study, this separation can be related to.

the dipoleIWidth in the plane of the foil as a fracfion of the extinction

distance (Eg). Various configurétions of dislocations resulting in

 either S or Z-shaped faulted dipoles (S-shaped involving both intrinsic

and extrinsic faults, Z-shaped being similar faults) were determined o




e

" and transition curves drawn for each. Tt was concluded that Z-type

| dipoles were the mos"c suitable because of the uncertainty of whéther
intrinsic SFE was equal to extrinsic SFE. In addition the image contrast
for different operating reflections ‘was. determined, with iil being the

. most suitable. A typical de?:emiﬁation on Cu-Zat%Al62 is based on = &7

Steed's formula;

Y = 1.28bP1/(Wmax - 0.14) fOI' A<0.4§g e e o o & o o o o o o o (2.12)

where A =-séparation of Shockley partials in the direction of the .
B incident beam

Wmax = maximum dipole width (along plane of dipole)

P1 = a material constant

.Wm ax is usually determined by microdensometer traces and P1 is a function
of the elastic constants of the material. There are two other possible

relations between .Y and Wmax” for 0.3gg> A > 0'4_£g and for A= _Eg’ but in
~ any determination the governing relation is usually easily found. This
method extends the range of measurement into-approﬁcim’ately the same range

as the tetrahedron method. It is not applicable for low SFE's61_since the

favdred mechanisms for dipole formation (mutual trapping or superjogs on

: scréw dislocations) become less and less feasible thé lower the SFE. Though
| most of the calculations come from: isotroﬁic elast.icity the'ory-,.“anisotmpy
can be ,eésily taken into account. Some of thé other disadvantages are61;v

a) Contrast calculations break down for small dipoles (possibly similar

to the aforementioned difficulty with small hodesg) .
b) The small values of Wmax used (é,s low as 100 X) cast some doubt on
the use of linear elasticity theory.

c) Uncertainties in the extinction distance.
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‘-'_.d) The usual uncertalnty in the values for cut-off radii in the dlS-
| 1ocat10n cores. _

In addition the determination of the constant P, seems a bit vague, as

"are some of the quantitative assumptions made during the calculations.

""" The harshest criticism for this method is probably the wide variation G 556

in results from different workers as shall be seen later.

2.2 INDIRECT METHODS

2.2.1 X-RAY METHOD

Since stacking faults were first detected by their effects‘on_
X-ray diffraction patternsés, an enormous amount of data-and theory has
been generated on the effect of faulting on the X-ray intensity"profile;
with the three early definitive works being those of Wilson6‘4 Warrenlandv

65 and Paterson66 - Their work essentially Aeveloped diffracted

“_Warekois
1nten51ty expre351ons in which faulting affected the 1nten51ty ‘profiles
in four main ways; symmetrical or asymmetrical peak b;oadening,and/or _
peak shifts with either type of broaderiing, Various systems have been |
derived to separate out the different’types'ef faulting in FCC and HCP

36b

‘metals™ ~, but the end product of these calcnlations,vthe deformation

stacking fault probability (o), is of interest here. This parameter

may be defined as either the prodnct of the dislocation density, disloca-
tion width and close-packed plane spacing or as the probability of a

fault forming on a part1cular plane, given faulting on only one set of

planes. As can be intuitively seen, this probablllty (as well .as the
- growth fault probability, B) should vary in some inverse fashion w1th
SFE, but in just what exact manner has been very dlfflcult to determlne.v

67,68,70

A few attempts have been made to relate o to v in an accurate

enough manner to obtain reasonable values of SFE, but little success has been
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‘achieved. A more recent effort byGallaghei' and Liu69 has shown some
promise, but only for certain systems. In plotting y_/yo and

a'l/a;l vs. e/a ratio (where Y and o apply to the solvent metal), it

was found for the Ag-Sn and Ag-In systems (but not for the Ag-Zn) that

the respective curves could, to a certain extent, be approicimated by an

0,

equation of the form y/vy = ff(ic)d'l/oz;l,hhere x is the atomic % solute.

One equation proposed for this®® is;

SKN/Y oe e e e e e e e e e e e e e (213)

‘where k' = a constant that can be calculated -
N = dislocation‘density.

'Using “a. relation',between N and x for the Ag-Zn system, and using
faulting probability data, a plot of SFE vs.. x gave a line of similair
' s'lope to a plot from node data but displaced about 2.6 times lower. This ‘
_FWa‘s"' t‘h‘ought" to be due primarily to fundamental theoretic:‘al diffe‘ren‘ces
between the above ‘type of equation, (2 13), (based on equ111br1um partlals
separation), and X-ray theory (faults extendlng completely across the

.crystal). If these theoretical difficulties could be resolved this

' "method would be very attractive since a can be calculated for even the

hlghest SFE metals. It should be remembered however that the hlgher
~ the SFE, the harder it will be to detect the peak broadenings and shifts |

upon which o and 8 are based and the larger the error range will be.

2.2.2 DEFORMATION METHODS

Deformation techniques generally involve a SFE estimation from
~ the ‘plastic behaviour of a metal and are perhaps the most used indirect
- methods. As comprehensively summarized recently by Ahlers71 , 'there are

three major types of deformation techniques. The first is from the
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.Eifémperature and strain rate dependence of the critical resolved shear
sfress (CRSS) of FCC metals, wﬁich ﬁSually corresponds to the CRSS for
basal glide in HCP metals. Based on a forest-intersection type rate
controlling mechanism, estimation of the SFE should be possib1e72._
Hdwever; more recent studies.have also indicated the possibility of either
Peierl's friction or dislocation-impurity interactions being rate con-
trolling mechanisms. Also, other studies have shown substantial disagree-
| menf between the forest dislocation densities predicted from the above
" theory and those dete;mined using electron microscopy71. Thus it is
generally considered invalid to obtain SFE values in this manner.
The.major technique is undoubtedly the T method, which utilizes
thebtemperatufe and strain rate dependence of the cross-slip stress
.V(TS)Vin FCC single crystals. As developed mainly be Seeger and co-workers73’74
this method essentially relates the cross-slip rate (soﬁé fraction of thé
- total strain rate) to an activation énergy for cross;slip; through an

Arrhenius-type equation,

é'C = é'c(o) (UTS/kT) e o e e © & e o s o o‘ s o -. ® & & & o o o o (2014) A
fnwhere. ~éc = cross-slip rate
& (o) = proportionality factor
e
: UTS = activation energy for cross-slip

This activation energy is in turn logarithmically related to the cross-
- slip stress as,.

Ut

5 = -Aln (TS/.Ts[O]) e e as

* where A proportionality constant
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~ Taking into consideration the temperature dependence of the shear

modulus and Burgers vector;‘thé two relations may be combined to give;

G(T)b3(T). T5/G(T)

kT In &/4 = A(0) G(O)bsto) 73(0)/G(0)

. . ... . .« . (2.16)

where & = strain rate -
a4 = a proportionality factor
A(0), G(O), b(0) and TS(Q) are values at OQK;

By separate differentiations, the temperature and strain rate dependences

can then be derived, which have been ekperimentally.confinned; but oﬁly _

at low temperatureé; From these equations three parameters, ao, A(0) and

Te(O), may be determined. 3, is very dependent on the metal being
tested while 13(0) is related to the SFE through an equation which is a

very weak finction of v,
o0 = ZO (0056 - v/B) ... (2.17)

where n = number of pile-up dislocations in front of the obstacle.

7

- However A(0) has been related to SFE by Wolf 5; for Gb/sA > 4, through

the following relationship: -

(1 + 1/900) (1 + 180YGb) = 0.3526b/A o v v v v v v v v v v . (2.18)
Althqugh a great deal of work has resulted from this theory,

especially since it allows a very wide range of SFE measurement, difficulties

and criticisms abound. To begin with, a réaSonably long, straight stage 2

of hardening is necessary for a reasonable determination of the T, CTOSS-
slip sfress; and; with increasingly more accurate studies; it is now
thqught~that this may be one of the hardest parts of the technique; Also;
o the neéessity of using single crystal can often be'more than a little

fdifficult'and_time—consuming.' Impurities (or a solute for that matter)
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can .also have a substantial effect on cross-slip. This effect has been
used by ‘Gallagher and Liu69“ to explain the anomolous behaviour of SFE
with alloying content arising from the work of Peissker76 using the To

method. This behaviour, a rise in SFE with alloy content, then a fall, '

rather than a steady decrease has, incideritally , not been found by any

| other method (especially node and x-ray reéults) , to the best of the
author's knowledge. As shall b.ev,s,.vee,n shortly, the scatter in the results
is severe and this method's authenticity has been increasingly -critic-i‘zed

7 or Kuhlmann-Wilsdorf’ S

of late, e.g. Gallagh_er7 . The latter's criticisms
céntain the facts that cross-slip has been observed in Au foils at |
stresses much below ‘_those predicted by theory, tying in with the above

| difficulty of choosing Tzs and that screw dislocations have been seen

~to bé conspicuously absent in low SFE specimens deforméd into Stage 2,
probably indicating cross-slip out of the foil prior to Stagé 3. She
also mentions the fact that long pile-ups of disl‘ocatioris, essential

to the theory, have never been observed in Stage 2. Finally, there

generally always exists a large difference between. '% values and any

- others, with the: Tz values being the higher ones. There still may be
something té be said for thls method as a means of relative SFE deter-
mination for 2_111:9_, high SFE metals, eépeci’éliy in view of the fact fhét
’much of the neceséary data is generated in nonrial deformation studies.

~ Unfortunately this theory has proved almost impossible to

correlate with SFE for HCP metals, mostly due to wide variations in their

work hardening curves. Some attempts have .be_efn made on Mg'-79, Cd80 and

Zn81, but the results have been given little credence in Ahler's review?l.
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. The only partlal estimation of SFE for HCP metals has arisen
through the temperature and strain-rate dependence of the CRSS for
prismatic slip (Td). This dependence could be due to either cross-slip

of dislocations split on the basal plane, or to the initial forest

cutting'of dislocations on the prism plane. Whatever the model, the
SFE will play an important role, and, as in the T3 method, the strain
rate (or cross-slip rate) can be related to the thermal component of

SR *
T ('% ). Since T, is determined by the value of the athermal (temper-

" ature independent) component, this value can be critical, unless, as

~ Ahler's suggests, the inverse of the activation volume (v) is plotted
against Ty since fo/A (= 1/v) is independent of the athermal component.
‘Therefore a plot of the inverse of the activation volumes (determined
from strain rate Changes) vs. the CRSS for prismhtic slip, at varioué
temperatures, should be linear and of slope 1/A. Unfortunately this is
asbfar as the anaiysis has developed and a relation between A and ¥y
(eq'n. 2.18), such as in FCC metals, has not been devéloped. All tha1;.
can be said-is that some type of inverse relationship exists between

‘the two parameters. For example, studies have shown that GbS/A'for

Ti,Zf and some Mg-Li alloys are roughly the same71, indicatingfsimilarf.
'SFE's, -and should be/highef'than GbS/A for Cd and Co, which arefgenérally
conceded to have fairly low SFE's. As with the Tz data, there appears

to be a good deal of scatter in the experimental results and very few

studies, making any conclusions drawn somewhat unreliable.
In addition to these major methods there exist several minor
methods worth mentioning. One very early method was a calculation of

the fault width from low temperature creep databy~Thornton and.leschsz,
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which provided rough estimates of the_SFE'of several important metals
at that time. However, besides the above difficulties with the strain
rate and temperature sensitivity, their model required knowledge of the

glide and forest dislocation spacing, unless some assumptions were made

as to their relative sizes. Then too; the calculated width had to be
related to the SFE (as in the Ribbon Method). Thus it has not been

often used, although there is a recent estimate for Zr SFE83 by this

method.

Cousland84 has recently established a tentative reletionship-
between the SFE and the Cottrell-Stokes Ratio of several FCC metals;
Such a correlation seems reasonable since this ratio involves the
temperature dependence of the thermal component of the flow stress which
depends on short range interactions which; in turh;uare dependent to.
some degree on the SFE. Further correlation-andrverification could
possibly enable this relationship'to be used aeja means of SFE deter-
minatioﬁ.

Another interesting p0551b111ty, as suggested by Tangrl85 is

a correlatlon of the SFE with the requ1red temperature change to produce‘

equal amounts of work softening as found by Cottrell and Stoke586, since

this yield drop upon restraining at hlgher temperatures is thought to
be due to thermally-activated cross—sllp Both of these last two .methods .

~ would, of.course, require accurate knowledge of the SFE of some reference

metals,
Finally, it is known that the SFE is related to the stress

necessary to produce 1arge non-equilibrium faults in metals, denoted by

the critical tear stress, as descrlbed by Saarlnen and Miekk- OJa87;

O o ".‘. e e e . e (2 19)

P
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‘ The(stress to first produce non-equilibrium faults‘in a recent sfudy
of Nigs;'used in conjunction with an assumed SFE value of 150 ergs/cmz,
di& glve ‘reasonable Values for the number of pile-up dislocations, n.
To reverse the determination_would require an accurate knowledge of n,
p0551b1y through etch-pit studies, but the main advantage of the method
would be the extreme simplicity of the relatlonshlp, i.e. fewer

parameters and fewer sources of error.

2.2.3 TEXTURE METHOD

The effect of cold rolling on FCC metals an& alloys isla com-
pression normal to the surface and a tensile force parallel to the
rolling direction. The compressive force first Totates primary slip
planes parallel to the surface and then finally {110} planes. Similayly
the tensile force rotates slip directions parallel to the tensile axis-
wifh <112> eventually becoming stable. This is the alloy type or brass
texture, indicative of‘lcw SFE metals. If eXteneive cross-slip can take .
place, further rotation of the slip planes into the {124}-{146}<112> .
orientation can take place. This is called the pure metal or Copperk}
type texture representétive of high SFE metals.' This connectien betweenfi
texture transition and SFE has been utilized by Dillamore et a® o

estimate values of the SFE for some common FCC metals. They first

estimated the degree of brass texture by the ratio of intensities of {111}

.poles in the transverée’direction to that 20° from the rolling direction
in {111} X-ray pole figures. This ratio was used since the 20° intensity
remained the same for both textures while the transverse peak shifted

" towards the figure center with increasing copper'texture; ‘From S‘eege’r's?3

cross-slip theory, and assuming that single cryStal stress-strain curves
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of;metals of the same y/Gb values with equivalent thermal activation
- and orientation are identical if stress is measured as fractions of
G, they concluded that y/Gb could be correlated with the above'intensity

ratio at equal values of kT/Gb3 for different metals. Utilizing known

values for Ag, Cu and Ni, correlation éurves were drawn-and.SFE values
of other metals determined.

As previously noted, an immédiately épparent drawback is the
accuracy of the values for the reference metals. Also; as ndtéd recenfly

90, the intensity ratio technique is convenient but

by Liu and Alers
there is no tﬂéoretical reason for any ratio best describing the tex-.
ture. This method also assumes no temperature dependence of the SFE.
Of prime importance is Liu and Alers finding that‘the tekturé transition
is better described in terms of the '"'dislocation interaction"'hyﬁothesis

of texture fonna.tiong1

, in which the separation of the partials, be they
of equilibrium spacing or not, is the controlling factor;. Their work |
- on Cu-Al alloys concurred with this theory in that the brass to copper
transition took place over a very narfow(range of solute content and‘notk

~gradually as the earlier theory would suggest. Thus there is a functional

relationship between SFE and texture,.but nio one-to-one correspondence.
For the alloy content at this critical texture (defined as 50% brass
and copper), y/Gb can be empirically determined, but for no other. In

.addition, their tabulétion shows a low SFE metal, Pb, as having the

copper-type texture, while Ag, of almost identical SFE, poSsesses the
brass-type. As if .to further complicate matters, recent work by Kamijo

and Sekine® has_suggested that mechanical twinning and not cross-slip
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is the prime factor for texture transition. Obviouslyvfhis method: can
therefore no longer be regarded as trustworthy,Aexcept, perhaps,'for

the special case at the critical alloy content.

2.2.4 TWIN BOUNDARY METHOD o TR

The geometry of stacking in FCC ﬁetals indicaﬁes that two
coherent twin boundaries (gdeth faults) lying on adjacent planes have
the same stacking sequence as an;intrinsic‘fault._ Therefore the SFE
- should equal twice the twin boundary energy, andithis iaea waé utilized
by ]Er‘u_llmang3 to give the first estimates for SFE, on Cu anaiAl. Using
the analogy of twin boundary-grain boundary iniersections,being under -
equilibrium surface fensions due to their respective energies, he cal-
culdted the ratio YTB/YGB from the dihedral angleg'of the inﬁersections.
SiﬁCe yéﬁ can be independently calculatedg4’95, a;ﬁalue of SFE‘could then -
be.dbtained. This would be especially useful for high SFE‘metals, where .
annealing twins can be formed but equilibrium faults cannot, However, |
several drawbacks exist. |

Since the material is annealed at a high temperature to obtain

theequ111br1um anneallng twin-grain boundary 1ntersect10ns one 1is

essentially measuring the SFE at that tempgraturevand‘not at room temper-

~atuie58. - Since the ?emperature-dependence of the SFE is uncertain at

37

best™’, this could lead to a large variation in results as compared to

'other methods. Recent work on Cu96 has indicatedAthat purity, as usual,

can affect results significantly, and, in addition, grain orientation
must be taken into.account. By far the most serious drawback to this
- method is that, despite reasonable SFE values obtained for Al and Cu,

there appears to be no correlation whatever between ZYTB and generally
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5b

‘- ' accepted SFE values for Au, Ag, Fe, Ni and Pt5 - and for Inconel 600

58.' This suggests that the approximate agreement

‘énd Stainless steel
for Cu and Al is more fortuitous than anything and makes this method
extremely risky.

- 'Mention should also be made of the connection between the SFE _

- ‘and frequency of annealing twins, with twins becoming more frequent the

:  -10wer the SFE. One attempt to graphically correlate SFE with the number -

" of twin intersections/grain97 showed such a large degree of scatter,

~ however, that no reasonably accurate relationship could be fitted to it.

2.3 THEORETICAL METHODS AND ALLOYING EXTRAPOLATION

| Several attempts have been made to estimate the SFE from first.
‘ ?riﬁciples, but with limited success. As mentioned earlier; some works -

have demonstrated the approximate equality of the intrinsic and extrinsic

fault energiesss’gs

. As far as direct SFE determination, several
~approaches have been attempted. Hirfh and.LotheSde13cussed a method
 whereby the number of'ﬁéirs of atoms of separation N, at 0° K, that are.
not in the proper stacking sequence, are multiplied by the distortional
-energy/pair and summed over the lattice. Neglecting dilatational forces
~normal to and within the fault plane, i.e. the usual spherical ball
model bound by. centrglvforces, values roughly two orders of magnitude
16Wer than normal were obtained by Jossang99 for several metals using
,fhis theory. It is interesting tb note that by imposing a 1% com- |
pression normal to the fault Jossang then obtained a valué for Cu of
- 50 ergs/cmz, in fairly good agreement with experiment.':Tﬁis presence

" of non-central forces is further indicated by the deviations from the

ideal c/a ratio in HCP metals, making similar calculatiors in this lattice
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even. more- difficult.

100 calculated SFE values for Be; Cd and Mg

Regently Ducharme
using a non-local optimized model potential theory and obtained values
~of 225, 12 and 8.7 ergs/cm2 respectiVely. As shall be seen shortly,
the values for Mg and possibly Cd'aie quite far off experimental
estimates.

101 has met with more

Another recent attempt by Krasko et al

- success.  They calculated the energy of faults in non-transition metals.

by means of an assuméd pseudopotential méfhod in which an effective inter-V 

atomic interaction potential is affected by the faulting and then summed

over the lattice. Their values for Cu, Al, Zn and Mg were in feaSOnable

: agreement with experimental values but not accurate enbugh to be used

with any real confidence because of the sensitivity of the SFE value to

the chosen potential. B |
Finaliy, of great importance, both tﬁeoreticélly and practically,

is theeffect of alloying on SFE. This has long been held to be related

to the free energy difference between the FCC and HCP phases in a system. .

- That is, addition of solute lowers the SFE; enabling creation of more-
faults untii, at thé phase Boundary, Qhere the SFE. is expected to be zero,
the entire structure is faulted and equivaient‘to the other‘structufe;'

as previousiy noted in section 1.2.5. This simplified model is not com-

-pletely accurate, however, as was pointed out recently by Tisone et a11°2

in a discussion of the theoretical cbmponents of the SFE. They showed
that the SFE woulé;go to zero aloﬁg with the free energy if only first

' nearest”neighbour interactions affected the SFE. Since faulting does
'affect numbers of other nearest neighbours the SFE.is-then not necessarily

zero when the free energy is zero. This is borne out by many instances

-
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‘of non zero (although low) values of SFE arising in experimentél work
where SFE vs. alloying content curveé have been eﬁtrapolated to a.phase:
change composition. This is further bome out in the simplified theory

- of SFE decrease due to allbying. Qualitatively, addition of a solute of
higher Valency adds more free electrons to a metal, which increases the
denSity of statés at the Fermi surface, corresponding to the decrease in
~ SFE. This expands the surface until it touches the Brillouin zone, where-
‘upon the'energy can be reduced by a phase chahge, corresponding to a zero
" SFE. - This relatively simple concept of the relation between SFE and free
electrons'has indeed shown up well in many studies on the faulting proba-
bility in monovalent noble metal-higher valency solufe,systems, e.g. |

103

Davies and Cahn or Gallagher's review37. For that matter the reverse,

or an increase in SFE by addition of a lower valeﬁcy solute, has been
1nd1cated for Pb-T1 alloyle4.

Unfortunately the situation is not. always as simple. For
polyvélent metals the multiplicity of Brillouin zones leads to a very
complex Fermi sﬁrface. Since it is the long rangerinteractibnsiwhiCh
affect the SFE (faulting affects oniy third, and‘higher, neareét neighbour
distances and numbers), the SFE is likely to be fairly depehdenf upon the
exact (and difficult;to*determine)'shape of the Fermi surface; as has been
suggested104’105. Similarly, Gallagher's review37 indicates that the effect
of muitivalent solutes is not as predictable as the case where a clear-cut
difference exisfs between solvent and solute. When solvent and solute are
of roughly the same valency the effect of alloylng on the SFE may be a
substantlal decrease (Ni-Co alloys) , an increase (Co -Fe alloys) 7

non-existent (Ag-Mn and Cu-Mn alloys) , Or a simple monotonlc variation

between the pure metal SFE's (inter-noble metal~a110ys)36c. Thus

-
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alloying can. only be qualita£ivelylprédicted, as the Fermi surface-
Brillouin zone model would indicate.

At this point, a distinction should be made between the
absolute or equilibrium SFE (dependent on the electronic contributions)
and the apparent or dynamic‘SFE (dependent on the dislocation spacing).
The former is. the hain concern of fhe theoretical studies while the latter -
is of prime importance for any properfy dependent on the partiéls spacing,'~
which ié the concern of préctically all the work previously menfiqned
in the various methods for SFE detérminations. It is this apbérent SEE .
- which can show a marked temperature dependence or a marked variation at
a given alloy content. The alloying effect can lead to.hon-equilibrium
configurations and a much greater initial decrease in SFE than that pre-
dictéd by the gradual decrease of the free electron theory. As long
as an absolute vaiue is not of prime concern, this is not too important.
It does give rise, however, to one of the major failings of theiextra-
polafion:techniquevin that the SFE vs. alloying'content curve quite
6ften rises slowly with decreasing alloy content and then.sﬁddenly
bends upwards at the lowest content, méking thé pure metallektrapolation
‘very difficult. Of course_the'accuraéy‘is also dependent én the re-
liability of the method used to determine the values for the various com-
positions. Nonetheless, this stili remains one of the bestAchecks for

a pure metal SFE value as determined by some other method.

2.4  APPLICATION TO HCP METALS

Given the variety of ways that the SFE can be Calculated, it
- is perhaps not too surprising that a large degree of variance should be

observed in the many determinations, although some portion would undoubtedly

-
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" be due to relatively crude early studies. This is indicated in Tables
2-6 for the common FCC metals, primarily compiled from Gallagher's
recent réview37, and in Table 7 for some HCP metals. It is immediately

apparent that the results for the HCP metals are fewer and more variable.

The main reason for this could be the difficulty of épplYing the various
methods to HCP metals. Because of the very nature of the lattice,

multiple intersecting slip planes, as in FCC metals, do not really occur,

. therefore faulted tetrahedra cannot be formed. For similar reasons the
present texture and-dipole thepries cannot be applied to HCP metals. ' 3;;;
To the best of the author's knowledge, fault pairs have not beén observed
in HCP metals. The twin boundary and 13 methods»cannot be regarded as
trustworthy, the one for theoretical and the other forﬂpracticalireasons.
The relatively untried methods, grain‘boundary interséction; criticai

~ tear stress, etc. hold interesting possibilities Bﬁ%bnééd,a good deal more
theoretical work and/or experimental verification. Eliminating all these

as prime possibilities, only the approkimate estimati&ﬁ'from the temperature

and strain rate sensitivity of the prismatic slip CRSS remains in the

indirect category (unléss a better correlation can be found from X-ray
data). Similarly,oﬁly the hode; ribbon and loop anﬁealing methods remaiﬁ :
in the direct category. Even with this dréstic 1imitafiqn on the nﬁmber
of choices, there should be no reason why; following a procedure to be

- shortly stated, these methods could not be utilized to furnish at least one

estimation for the SFE. In short, it would appear that lack of accurate
‘studies, not lack of methods, is the primafy reason fqr’the scarcity and

; unreliability of many SFE values for HCP metals.
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STKCKING FAULT ENERGY OF SILVER

METHOD SEE(ergs/cn®)

REFERENCE

"~ node - 21

5 - _

21.

27

22,

17

17 ¢

19.6

43

29

>30

40

15

v , _ 65

- tetrahedra <43

| 7.5 + 1

17 £ 4

_ 15

dipole 21

30.7

normalized X-ray data 24

v < 18

fault-pair - 30

creep data 26<35<58
stress for mechanical 21

0 I+ W
+

H o~

]
(93]
N

I+
+. W

1+

I+

4
(=)}

I+

3.5

twinning

3.5

2.3

Loretto et al, 1964 (108)
Gallagher, 1964 (109)
Gallagher and Washburn, 1966 (57)
Wilkens.et al, 1966 (110)
Ruff and Ives, 1967 (111)
Clarebrough et al, 1967 (112)
Gallagher, 1968 (77)
Gallagher and Liu, 1969 (69)
Seeger et al, 1959 (73)
Berner, 1960 (113)

Thornton et al, 1962 (31)
Buhler and Lucke, 1964 (114)
Ahlers, 1965 (115)

Ahlers and Haasen, 1965 (116)
Seeger, 1964 (117)

Loretto et al, 1965 (42)
Jossang and Hirth, 1966 (45)
Humble et al, 1966 (47)

Haussermann and Wilkens, 1966 (118)

Steeds, 1967 (61)

Hu et al, 1961 (119) -

Otte, 1967 (70).

Gallagher and Washburn, 1966 (57)
Thornton and Hirsch, 1958 (82)
Suzuki and Barrett, 1958 (120)
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STACKING FAULT ENERGY OF COPPER

REFERENCE

SFE(ergs/cmz)
T3 170
‘ 102 - 165
163
>170
50 £ 6
- twin boundary 40
42
40
24
70
tetrahedra 78
' 73 £ 15
59
dipole 59 .
| 150 * 30
94
_extrapolation (node) . .48 * 10
- 70
- grain boundary 46
- intersection
normalized X-ray data 70 % 15
creep data | P 40
stress for mechanical 33
twimming
theoretical 40
' 50

Seeger et al, 1959 (73) ‘ S

‘Haasen and King, 1960 (121)

Berner, 1960 (113)

Thornton et al, 1962 (31)
Peissker, 1965 (122)

Fullman, 1951 (93)

Fisher and Dunn, 1952 (123)
Seeger and Schock; 1953 (124)
Inman and Khan, 1961 (125)
Valenzuela, 1965 (96)

Loretto et al, 1965 (42) ‘
Jossang and Hirth, 1966 (45)
Humble et al, 1966 (47)
Haussermann and Wilkens, 1966 (118)
Steeds, 1967 (61)

Pande, 1970 (62)

Gallagher and Liu, 1969 (69)
Nordstrom and Barrett, 1969 (126)
Petérsqn and Queeney, 1969 (51)

Otte, 1967 (70)
Thornton and Hirsch, 1958 (82)
Blewitt et al, 1957 (127)

Krasko et al, 1970 (101)

- Jossang, 1967 (99)
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STACKING. FAULT ENERGY OF GOLD

METHOD _
‘tetrahedra

TS,

dipole

texture
extrapolation (node)
creep data -

stress for mechanical

twinning

SFE(ergs/cmZ)

REFERENCE

55
45

16

12

56

BL N

11

30.

10

13
42

I+

19

- 61
45

12+
24<33<47
30

I+

Czjzek et al, 1962 (44)
Seeger, 1964 (117)

Loretto et al, 1965 (42)
Jossang and Hirth, 1966 (45)
Humble et al, 1966 (47)
Seeger et al, 1959 (73)
Berner, 1960 (113)

Ahlers and-Haasen, 1965 (116)
Haussermann and Wilkens, 1966 (118)
Steeds, 1967 (61) |
Dillamore et al, 1964 (89)
Gallagher and Liu, 1969 (69)

~Thornton and Hirsch, 1958 (82)

Suzuki -and Barrett, 1958 (120)
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TABLE 5
~ STACKING FAULT ENERGY OF ALUMINUM

. METHOD SFE(ergs/cm’)  REFERENCE
Joop annealing 210 : _ Kannan and Thomas, 1966 (128)
' 200 . Clarebrough et al, 1967 (112)
135 £ 20 - Dobson et al, 1967 (129)
110 ' Tartour and Washburn, 1968 (130)
twin boundary 200 Fullman, 1951 (93)
" 200 Seeger and Schock, 1953 (124)
Ty ' 170 - 230 Seeger et al, 1959 (73)
238 Berner, 1960 (113)
texture » >150 Dillamore et al, 1964 (89)
creep data >200 Thornton and Hirsch, 1958 (82)
theoretical 260 Krasko et al, 1970 (101)
TABLE 6

'STACKING FAULT ENERGY OF NICKEL

METHOD SFE(ergs/cm®)  REFERENCE
T4 2.2yq, Haasen, 1958 (131)

410 Seeger et al, 1959 (73)

300 Berner, 1960 (113)

300 Mader, 1963 (32)
dipole 185 . Haussermann and Wilkens, 1966 (118)
extrapolation (tetra- - 160 " Humble et al, 1966 (46) |
hedra) 4 A :
extrapolation (node . 240 ' Beeston et al, 1968 (106)

and texture) _ :
creep data 64<95<140 Thornton and HirSch, 1958 (82)




TABLE 7

STACKING FAULT ENERGIES OF HCP METALS

METHOD ' SFE(ergs/cin’)
Beryllium -

extrapolation (node) 155
theoretical 225

Cadmium

electroqic_and defor- 200 - 400
mation data

creep data - - >130 (80°K)
from presence of <30
dislocation ribbons

Tz - 10q

loop annealing 205 = 50
theoretical 12

Cobalt - ,

creep data 26 + 10
node 315
Magnesium

electronic and defor; 200 - 400
»mation data

basal CRSS theory: _ 60
Tz : 40
prismatic CRSS theory high, > Ti § Zr
loop annealing 280 + 100
: | 125 + 25
102

theoretical 8.7

REFERENCE

. Saulnier, 1963 (132)

Ducharme, 1970 (100)

Seeger, 1955 (133)

Price, 1963 (134)
Bocek et al, 1964 (80)

Westmacott, 1970 (167)
Ducharme, 1970 (100)

Ericsson, 1966 (199)

Seeger, 1955 (133)

Seeger, 1963 (135)
Bocek et al, 1964 (79)

Ahlers, 1970 (71)
Harris and Masters, 1966 (136)
Hales et al, 1968 (137)
Leighly, Jr., 1970 (166)

Ducharme, 1970 (100)

52

~ Thornton and Hirsch, 1958 (82)

Thornton and Hirsch, 1958 C82)




METHOD
Titanium

53

REFERENCE

SEE{ergs/cmz).v

HCP-FCC transformation 10

prismatic CRSS theory high, same as Zr

Zinc

electronic and defor-
mation data

creep data

- from presence of
dislocation ribbons
T

3
loop annealing

theoretical

Zirconium
Tibbon
creep data

prismatic CRSS theory high, same as Ti

theoretical

200 - 400

- >250 (80°K)
<30

134
300 = 150

290, 220, 230

- 140
96

>65
250

250

Spreadborough, 1958 (138)
Ahlers, 1970 (71)

Seeger, 1955 (133)

Thornton and Hirsch, 1958 (82)

Price, 1963 (134)

Lukac and Svaboda, 1965 (81)
Harris and Masters, 1966 (136)
Dobson and Smallman, 1966 (139)
Hales et al, 1968 (137)
Krasko et al, 1970 (101)

Roy, 1963 (140)

. Ramaswami and Craig, 1967 (83)

Anlers, 1970 (71).
Ramaswami and Craig, 1967 (83)




54

2.5  GENERAL REMARKS

At the risk of being repefitious, there are a number of
relevant points that apply to the usage of the various methods for any
métal or. alloy.

B ‘Some are theoretically suspect (texture, twin boundary), while
others (deformation, loopAannealing) are greatly dependent on the
authenticity of their rate-controlling mechanisms. The various "mihor"

methods need a good deal more clarification, while the more common
'vapproaches (TS, dipole) have shown such a wide range of values for the
same metal as to make their accuracy difficult tovjudge. The theoretical
estimations are very dependent on thevassumed model for displacemenf’
effects on interatomic forces, and the eXtrapolatidn technique, is, of
course; dependent on the methods utilized in it. Even the most accurate
célculations (node, fault-pair, ribbon) are limited by their applicability
o range. Most of‘the difect methods can be hindered by the difficulty

';of creating the necessary defects (loop annealing; tefrahedra, fault-
pair, dipole, grain boundary intersection). The indiréct methods are
néturally often criticized because of theirbusual measurement of a
parameter that can often be influenced by several factors, of whiéh SFE
is only one, thus its "relative wéight" may be difficult to defermdne.

| Finally, there are a number of points that bear meﬁtioning
because of their general applicability. Some examples are;

: l)b accurate measurement of the neceﬁsary dimension of"pérameter, i.e.
application of all possible correction factors; such as for

inclination to the electron beam of a node, loop, tetrahedron, etc.




Z)

3)

"

5)

6)
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- the likelihood that errors can increase greatly as measurements

become finer, e.g. taking dislocation image widths into account

when fitting circles to small nodesss°

Aimportance of specimen purity for most methods, or at least some

awareness ef possible impurity effects.

the necessity of a reasonable number of measurements due to the
commonplace 1arge variation in defect size.

the careful estimation of an error range, e.g. a value of

135 +10 ergs/cmg is a good deal more valuable than one of

150 £100 ergs/cn’.

measurement of a defect in a stress free region of the foil is

desirable (e.g. reasonably far from the foil surface)~a1theugh

. probably the most difficult requirement to obtain.

From the above and from Tables 2-7 one point becomes quite

evident, that of the individuality of each work. That is, there is no

: "best' method per se, thus the task is to determine the best method for

any given metal or alloy. In conclusion then, this might possibly be

achieved as follows;

a)
b)

d

Eliminate those methods that cannot be used
If possible, estimate the approx1mate range that the SFE lies in
(high, medium, low) from such sources as X-ray data, work hardening

behaviour or dislocation structure, e.g. low SFE tends to co-planar

Aarrays while high tends to a cell structure.

Choose the most reliable method in this range, preferably a direct

‘one,

If time and equipment are available, choose one or two other methods,
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possibly a minor one, to be used either in conjunction with the
main method or as a check on it.
e) Be aware of the shortcomings of each method, either to discount

them or possibly correct for them.

106

Good examples of this type of work are Beeston et al's™ . combination

of node, tetrahedra and texture data for an ext.rapollative \zalué of Ni SFE,

Gallagher and Liu's69 use of node, Tz, X-ray and texture methbds on Ag
107 |

alloys, or Tisone's use of node, fault-pair and tetrahedra ‘techniques:

on Co-Fe alloys.
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‘3. APPLICATION TO ALPHA ZIRCONIUM

3.1 PREVIOUS WORK

As is evident from Table 7, the estimations for Zr SFE are few
and, e_eve}l more important, somewhat 1acking in accuracy. Roy's work140
‘was on a Zr alloy (Zircaloy-2) and while it can be said that the SFE
of pure Zr is undoubtedly higher, just how much higher is difficult to
| say. It would seem a little implagsibl—e, however, that the relatively
small alloying additions in Zircaloy-2 'shoﬁld lower the SFE by a factor .
of nearly 4, as the other results would indicate. As already;hoted,
the creek data calculations of Ramaswami and Crai‘g83 , based on Thornton
.and Hirsch's worksz, are subject to several inaccuracies, while their
thebretic;':ll calculations, based on Chou's theory of extended dislocation
width141.,' are Béset by many of the pi‘oble'ms common to all theoretical
determinations .b The s@e sense of vagueness' applies to the deformation
. data. If indeed Zr SFE is less than that of Mg, the most accurate
~ value of Mg SFE (125 ergs /(:m2 - 1oop‘ annealing) would indicate fhat Zr
‘might even lie in the medium SFE range. This is contradicted by the nature
of the dislocation substructure in deformed. Zr (e. g eaéy tangling) ‘and
the absence of fault; in any electron microscope studies.
Lele and }_\nau'u:haraman142 found o, the deformation fault probability,
.to be negligible in Zr. (as did Mogard and Averba¢h143) and slightly greater

144

in Ti (0.008), while Krishnan concluded that o in both was 0.002 and -

B (growth fault probability)was 0.013,
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Ail that can be concluded from the above is that the Zr SFE
is high and close to that of Ti, althdugh here again difficulty arises

138 and his observation Qf

in view of Spreadborough's Ti SFE estimation
profuse faulting in thét metal. Thus 1:h‘e;re is a definite need fqr a
| reasonably accurate, quantitative detenﬁi;x.ation” 6f VZr SFE. This is
somewhat limited by the aforementioned restrictions on HCP metals, but,
if vacancy loops could be created in Zr, the loop annealing method could
_ fill‘thesé requirements, especially in view of i‘;s extensive use on o
other high SFE metais such as Al, Mg aﬁd Zn To gain a better insight
into this relatively new method, a good understanding of loop formation,

while perhaps not essential, would be very helpful.

3.2 VACANCY LOOP FORMATION

| " Since the loop annealing method requires the presence of both
'faultéd_ and prismatic loops, this discussion will be limited to those ,
" loops formed by rapid quenching rather than by dislocation interactions.
| There exists at any texﬁperature_, an equilibrium concentration
. of vacant lattice sites, or vacancies,given by; |

Vy = ny/N = exp Sv/k exp(-Eg;/KT) = exp (-Egy/KT) . . . . . SERD

where Sv = entropy of formation for a vacancy
A .

E £ = energy of formation for a vacancy ~ 1 electron
Volt145 ’ .
Similax:ly , the concentration of di-vacancies is;

V, = 1/27 exp(-2E, /KT) expB/KT - . . . . . . ce e 32)

where B = di-vacancy binding energy = 0.3 e.v.

Z = co-ordination no. in the perfect lattice
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Substitution of the approximate energy values gives

Vy = 1/2Zexp(-1.7/KT) « v v v v e e vt vi v e e e . o (3.3)

Thus V} increases as T increases. It can also be seen that szvl'also
incfeases with T, .

'VZ/Vi =1/2 Z gxp(-l/kT)exp(+0.3/kT) = 1/2 Z exp(-0.7/kT). . - (3.4)
as experimentally found by Koehler'ef é11465
It has been,shown14
number'of-vaéancies in the configuration, i.e. they are increaéingly more - -
stable. Results have also shown that the migrafion energy, i.e. mobility,
- varies inversely with the binding energy. Studies145 have’détermined
that the tri-vacancy must dissociate to move, thus it combineé low mobility
with felatively high stability and can therefore be thqught‘of as the .
smallest cluster for void formation. | |

. Given: then, the 1afge degree of supersaturation of vacancies
| prodﬁced by a rapi& quench from near the melting point to room temperature

4

or thereabouts (Vl = 107" vs. Vl = 10_26), a qualitative picture of what

occurs during the quench would be similar to thatiproposed by Panseri‘

~ and Federighil47.

As already shown, near the melting point, a large

number of di—vacancig; will be presént along with the mono-vacancies. Being
highly mobile and reasonably stable; as,the quenching begins a significant
portion will last long enough to encounter another vacancy,iforming the
tri-vacéncy. As the temperature is dropping; vacéncy mobility is being
reduced;aﬁd the chances of a monovacancy reaching a tri-vacancy (or

larger cluster) before it diffuses to a sink (foil surface, grain boundary,

etc.) correspondingly increase. Thus the clusters grow,

5 e s . . P ; i
that binding energies increase with increasing
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Now if the quenChktehperature'is reduced to, say O;S‘h.p;,;
. the vacancy and di-vacancy concentration wili be greatly reduced and the
clustering time will be higher. Thus the relative.pfoportion of clusters
to vacancies and di-vacancies will be greatly reduced

. Further reduction of the quenching temperature to, say, 0.65 m.p;,

‘reduces the probability of clustering to nearly zero. The di-vacancy
concentration itself is very smalliduevto beth~decreased.number and
mobility of single vacancies, so that almost all the quenched-in defects
- are monovacancies. | |

There are a multitude of Teasons why_this is only a qualitative
picture.' The'formation, binding and migration energies of the mono-, di--
and tri-vacancies are not all known to a high degtee of accuracy, while
those for higher order clusters are almost wholly unknown. The for-
mation of clusters or, for that matter, even the concentration of Te-
tained monovacancies depends. greatly on the 51nk den51ty and distribution,
no easyvparameter ‘to evaluate. Further compllcatlng the p1cture may be :
dlslocatlons ‘produced by quenching stresses or quench—lnduced.phase
- transformations, which can act as both sources and;51nks of vacanc1es
(to betdiscussed later). Finally, there are always some amount of‘
impurities present that may be able to form impurit}dvacancy complexes. -
The binding energy of these~complekes depends on both the size and electree
static charge of the impurity atom. Impurities larger than'the_matrix |
- atoms will tend to form complexes with vacancies while smaller onee wiii “ft
tend to form complexes with interstitiais (if present) " The electrostatle h
binding depends on the excess ionic charge of the 1mpur1ty, Z, and the .
larger Z 1s the 1arger is the Coulomblc repulslve force between the |

1mpur1ty and surrounding atoms, thus the easier 1t is to remove one of
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matrix atoms., Since several impurities 6f varying sizes and concentra-
tions are usually present, the situation becomes quite complex. Indeed,
depending on such things as relative sizes, binding energy and type of
lattice, somé'complexes may be reasonably.mobile and these impurities
- (and their vacancies) travel to sinks: Other complexes may be so much
slower than single vacancies that the probability of their meeting and
growing before they reach a sink is fairly high. Thus they may be re-
garded, to:some extent, as nucleating agents‘for higher order yacancy |

148

clusters. An example of a "fast' complex is Mg in Al while a slow one

is Cu in Nil49,

'If enough impurities were presént, all of the vacancy
superséturation of roughly 10'4 éould be used up to form complexes since
this would only corresﬁond to 100 ppm impurities (impurities that would
form cémplexes).

As these clusters grow in size during the qﬁendh_ahd upoh
subsgquentyageing, one of three things will happen to them:

1) they will remain as roughly sphérical‘voids of ?arying_éiies
2). they will collapse to form dislocation loops -

_3)‘ they will form tetrahedral defects (in FCC at least)

The second result is the one of interest heré and was extensively analysed

by the Wilsdorfs in 1960;50

» who analysed vacancy condensation in Al from
three points of view:

- 1) whether or.not cluster formation was.neceséary fdr~loop formation

2) the mpdes; i.e. habit planes, of condenséti@n | |

3) a mechanism for the cluster-loopvtransition

‘_Calculating the energies of various loops from,

E=1/2 G%R/1-v (IR R/D # 5/3) 2 v ve e e e e e e e s e J(3.5)

where R, the loop radius, is obtained from the mumber of vacancies in the

-
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io_op, it appeared t};at the plane .of closest packing appeé.red té be
favored for loop formation. That is, the lowest energy configuration was
the faulted (Frank) loop, caused by direct collapse of a single layer

of vacancies on a {111} plane. Perfect (prismatic) {111} loops, on fhe
other hand, had a higher energy than double layer condensation on a

{110} piane, but it is possible that many of the perfect loops that are
experimentally observed result from nucleation of a Shockley partial on

' the Frank loops. The plots of loop energy/vacancy vs. the number of |

| vacancies are schematically shown in Fig.r 12 , along with the plot for

a void, given by | |

4.‘E/n'v=n_1/341ry (3a3/16 'IT)Z/S e e e (3.6)

where Y = void surface energy

a lattice constant

“There are three-wa}rs to determine the minimum number of vacancies
necessary for loop formation. One is that the energy/vacancy must be:
less than that for a single vacancy, thus the minimum nmumber for each

configuration is given by the intersection of its curve and the. 0.76 e.v.

(the author's assumed value for Eﬂ) line in the grapvh‘ of Fig. 12. These |

minima may aiso be given by' the intersections with the void energy curve;
cﬁrve 0, (shown apprpicimated by a tangent at lower values) .. Finally;
there is the'straightfozward, geometrical method of caAlculati_ng»,: for each -
;conf_i:guration, the number of vacancies in the smalleét‘possible loop; |
i.e., one in thch the dislocation cores on bpposite sides do not o.\rerlap:.,
- A1l three of these. indicate that even the smalle$t~-nxinijpa (curve A) is |

of the order of 10-;20 vacancies, and for the _others; rises drastically..‘

In other words, vacancies will meet and cluster in three-dimensional
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Fig.12 Curves‘oftenergY/vacancy vs. number of vacancies for various
- FCC planes (after Kuhlmann-Wilsdorf and Wilsdorf, ref.150)
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.aggregates to at least some degtee before‘it is energetically favorable
for them to collapse and form a loop. |

. Two qualitative mechanisms have been discussed for the cluster-
loop transition. If the voids are roughly spherical, they will be subject
to a uniaxial compressive stress, sliéhtly deforming the cluster into a
rotational ellipsoid. This introduces a stress CGﬁCéntféti§ﬁ at the cir-
cumference, causing vacancy diffusion from the stresé;free poleé, which
| subsequently flattens the ellipsoid into a lens shape 2 or 3 atomic planes
thick. This then collapses into a ioop. A more realisfic picturé might
be to have the void bounded by {111} planes. Then, along the lines of
a mechanism similar to, but more complex than, the one above, opposihg faces
6f the void would fuse together as they collapsed, forming a series of
concentric loops on the {111} piane which immediately move apart under
mutual repulsion. The smaller loops evaporate rapidly and are condensed
info.the largef ones,; leaving as an end result; only one large lddp or
péssibly a pair. Even though these loops may still be unstable with
respect-to é void, they will remain and grow as loops because of an (unkﬁown);
. activation energy barrier to reconvert them to voids. This type of
mechanism would reconcile the experimental results with the above energy
'curves since almost all lodps and loop'pairs‘(éﬁfveé A, B and C) will lie
on'{lll}Jplangs, as is found experimentally, even though energy con- |
- siderations alone indicate that {110} and {100} pairs should be more

frequent.
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A more recent analysis by Dohknér151

indicates that an aggregate
of only 7 vacancies on a {111} pléne in Cu is stable as a loop. Thus

this might be the nucleating size for loop growth as the tri-vacancy

is thought to be for cluster gfowth. Dohkner also studied the inter-
action of nearby vacancies with this loop and found them to be increasingly
more bound fo'the loop within a fadius of 3 interatomic spacings around
the dislocation bounding the loop. Thus the loop growth is not-by a
random striking process. He further discovered that the vacancy movement
towards ‘the loop was directionally faVored‘to head towards the plane of
the loop, 1.e. even vacancies directly under the ioop would first migrate
away from it, then up into the plane of'the loop and into the loop itself.
This might be qualitatively eXplained as the vacancies tending to pass
into the compressed region arocund the extra half planc of the dislocation
rather than migrate into an already_extendedfregion, Quantitatively;'
Dohkner derived the activationlenergy for loop growth as O.8Em (migration
energy of a monovacancy far away from the loop) vs. 1.2Em‘a5nthe activa-
vtion-energy for loop shrinkage.

There are many other points‘that could be discussed: whether

- or not there is an activation energy for the'void_collapseior; what other
factors besides energy consideratiqns.cén have an effect on either the
void-loop transition or the condensation plane; However this simplified
approach ‘does point out the necessity of the clustering proceés and
explains :to some extent just why the ioops appear where they do and why

they grow.
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_ 3.2.1 HCP VACANCY CONDENSATION

Due to the nature of the stacking sequence of HCP metals, the
loop -formation process is more complex than that for FCC metals. " In HCP

metals, condenhsation of a disc of vacancies results in two A or B atoms

directly above one another. This can be obviated in two ways: .
1) part of the layer above the loop (and only that layer) caﬁ coilapse
as shown in Fig. 13a, i.e. there are three violations of the stacking
sequence, with a oS type bounding partial (c/2f0001]); using | , O
Berghezan's bipyramidal notationt>?, | o .
2) a collapse and shifting» of all layers above the loop as in Fig.v 13b;
i.e. only one violation of the stacking sequence with an AS
(1/6[2023]) type bounding partial (not perfect as occurs in the FCC
lattice with a collapse and a shift) resulting from the reaction of
an So Frank and a oA Shockley (a/3[1010]). |
(1) is a lower energy dislocation but (2) is a lower energy

fault so that; barring other factors, the tendency for one type to pre-

dominate arises from an energy analysis:

B, = 1/8(GR - Y)<” INR/R, + 3R ¢ o v v v v v e v o s (3.7)

E, = 1/4GR {1/3a% + 1/1-v (1/32) + 1/2¢} m R/R_ + mR%y. . . (3.8)
taking: c:2 = 8/ Sazj v = 1/‘31;, E, < El’ for a critical radius

R > -5 a2 1 R/R R G )

C' l m—w' - o 3 L) . L) . e o ® L) . [ © » T
Using typical values for ansz, : S

R =5 5{_10‘8 n .

R =5x10° cm

¢ = 4 x 101 ayne/cn?

a = 2,66 X_IO—S cm

this becomes Rc_z §-i?-l-o——-c:m S P (3.10):
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so that for y = 50 ergs/cmz, Rc > 100 & will favor (2) and for higher

SFE, Rc will be even sﬁaller. Thus the low energy fault is favored for
all but the smallest loops and lowest SFE's.

‘A less likely but nonetheless possible occurrence is for con-
densation to take place on two adjacent planes as in Fig. 13c, i.e. two
adjoihing loops with a partial dislocation Separating the areas of
'_ different stacking.

It might be thought that two iayers of vacancies could condense
to give a prismatic ioop as in Fig. 13d, howefer, due to energy cbn-
siderations this ST type dislocation would almost immediateiy dissociate
into an SA and an Af‘dislocation with an attendant decrease in energy,
shown in Fig. 13e, i.e. an annulusvof low energy fault bounded by two
‘partials.. Thus it is unlikely to have very many prismatic loops initially
formed. However, foil heating or ageing can often result in loop shrinkage
(or growth), with thebinner loop shrinking at a slower rate than the outer
one. Thus the fault is gradually eliminated and the two partials then
combine to form a prismatic loop of Burgers vector ST or SA/TB (dependlng
on the 51gns of the initial partlals) The prlsmatlc loop may also
shrink, but at a different rate since there is no fault energy to con-
sider. This difference in shrinkage (or growth) of faulted and prlsmatlc

loops forms the basis of the loop amnealing method of SFE determination.

3.3 LOOP ANNEALING METHOD

If faulted loops are present in a metal, it might be tempting
to expect to obtain SFE values from their dimensions, as per extended

“nodes or fault-pairs. Unfortunately this is not the case and it appears
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,thét loop size is g0verned sgiéiy by the manner in which the vacancies
aggregate, which;'in tufn, is determined primafily by quenching temperature,
quench rate, ageing procedure and metal purity.

It seems unlikely that large faulted loops could remain stable
in high SFE metals since the added energy due to the fault would appear
sufficient tolnucleate a Shockley partial which would sweep the loop
" and convert it to a prismatic one. Neglecting external stresses or
thermal fluctuations, the necessary stress ﬁas been estimated at

G/30153 159 This'leads to a value of SFE of around 150 ergs/cmz,

- G/10
above which, only perfect loops are stable, thus only faulted loops have
been found in low SFE Au.or Cu while both are found in high SFE Al, with
perfect being easier to gbtain. However, if avloop energy criterion is
used154, i.e. equating the energies of the Frank and prismatic config-
urations, an upper limit of SFE of 40 ergs/cmz is calculated for the
smallest loops .(100 R). This apparent anomoly can be resolved by con-
sideration of an activation energy barrier to the Shockley nucleation.

155 give an upper limit for SFE of

Calculations taking this into account
about 200 ergs/cmz up to which faulted loops of several thousand Angstroms
diameter are metastable with resﬁect to prismatic loops;

‘A similar Eroblem of Shockley nucleation, etc.‘does not really
apply to.HCP metals since, as already seen; Shockley nucleation stiil
leaves a faulted loop with an SA type partial dislocation.

-If, however, the loops are heated to the point whére the Vacancies
in them afe sufficiently thermally activated to diffuse away from the

loop, the rate of shrinkage woyld be governed by the total energy of the

' loop, which includes the SFE.
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The original theofy for this method was laid down by Silcox
and' Whelan156. ~ Studying the annealing rates of prismatic loops in

qu_encheci Al, they utiliz_ed the earlier work of Friede1157 who determined
the climb velécity of a dislocation due i:o vacancy diffusion, in temms

of the movement of jogs, as;

V. = -?1%- exp{-QSf + Em)/kT}{exp.(Ecbz/kT) - exp(Fsbz/kI‘)}. . . (3.11)
where Z = atomic co-ordination number of the lattice |
r Vg T atomic frequency = 1013cps |

Y . = angle between Burgers vector, b, énd the dislocatioh line

Ef = energy of formation of a vacancy and Em = the activation
energy for movement of a vacancy

F_ = force due to any applied stress and due to the stress
fields of other segments of dislocations.

F_ = forée due to the chemical stress resulting from any
deviation in the Vacaﬁcy concentration from the.
equilibrium value. | ’

The physical interpretation of this equation wo‘uldb be that of a unit jog

(héight b) on the extra half plane of the dislocation emitting vacancies
‘under the influence of ch. and moving so as to shﬁnk the loop, while F_
would tend to recombine vacancies with the jog, thus the eicpanding loop.
The climb rate of the loop is therefore
dR/c.':lt=TVCCC...:.f.........~.........'(3.12)
where Cc is thq jog conéent;‘ation b/x (3( = a\}erage distance between
jogs), and the (-) sign‘indicates a net shrinkage. A detailed analysis

_‘o‘f a prismatic loop gives a maximum rate of 1/2VC, i.e. Cc =~ 1/2, and




this was assumed to hold for all segments of the loop.
It is evident in equation (3.11) that the important parameters:
are the "driving" forces, FC and FS.. The force_FS is given by,

FS'=kT/b21nc/co.......,......e.......'.(3.13)

whére* c and c, are respectively the actual and equilibrium vacancy.
concentrations at temperature T. Thus if a large proportion of the-
qﬁenChed—in vacancies have gone into loop formation and there exists é,
reasonable sink distribution (especially the free surface in a thin foil),
it can be shown that, upon heating, the remaining free vaéancies plus the
vacancies emitted by the loops will diffuse to these sinks rapidly énough
so that no super-satﬁration builds up, i.e. c = oo and_thus FS = 0. This
leads to an "emissionicontrolledﬂ'méchanism, i.e. the governing‘factor
is the rate at which vacancies are releaSed by the loop. When the
vchncigs cannot diffuse away as fast as they are émitted; i.e;AFs #0,a
""diffusion-controlled" mechanism results, which is curfently held129 to
be the correct one. However, both theories give:réﬁe equatiops differing
mainly in pre-exponential constants and not:in the rate-controlling portion,
thus, in view of the other uncertainties and assumptions made in both,

. it is necessary to develop both to clearly establish a preference. for

either one. Therefofe, substituting F.=01in (3.11),

dR/dt = ot exp (-Uy/KT) (exp FREAT - 1) o oo i v v v . (3.04)
where Uq = E. + E = activation energy for self-diffusion and Frankl>®
G2 | : o R

gives FC = Z-;ftifvjﬁ In R/R_

.For a féulted loop, the SFE must be added and the resulting energy_15159
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= GR/2(1-v) IMRR +* TR\ . e v v vt i e au . (3.15)

By differentiating with respect to' R and equating the compenents, it
was found that the seeond term predominates for R/b >> 5 (b = Rb)

in a high SFE material. Since R/b is usually of the order of several
hundred, the first term inv(S 15) can.be neglected and

dr/dt = C(exp vB /kT e ) ; .« .« . (3.16)

-CZv b

where C = —giﬁ—g;-exp (-u /kT) = a constant -

B2.= cross-sectional area of a vacancy in the close-packed
piaﬂe (better approximation than bz-since'some relaxation -
takes place around a vacancy)
As the loop shrinks, the line tension has more and more effecf uhtil'
finally ig_predominates and the rate is essentially that of eqﬁation (3.14).
Silcox and Whelan discovered that a plot of the reciprocal of
(exp E bz/kT - 1) ve R/b gave essentially a»straight‘line thus -

exp F b /kT could be approx1mated by a parameter, ob/R + 1, g1v1ng ,

dr/dt = C(exp YBZ/KT (Gb/R+ 1) = 1) v v v e e e e e v n (3.17)

where o = a constant, varying slightly w1th temperature

Since exp YBZYkT >> 1, (-1) can be neglected and integration finally

yields
t=—t o R-bI (L+RED} ... ... (3.18)
C-exp yB“/KkT : . :

i.e. a straight line graph valid over nearly all loop radii can-be obtained .
in which the only unknown in the slope is Ye Similarly, for a perfect

~1oop, . | o
=%(R/2ab)...............,....... (3.19)

!




Unfortunately, the one weak point is the value used fbr Ud'
160

As pointed out by Saada ", the effect of Uy in equation (3;17).is_severe
since it is of the order of 1 ev vs. 0.1 ev- for yBZ. Thus even a small
error in U& would cause a large error in y. To overcome this, Dobson and

Smallmap139

proposed the now standardized method of comparative annealing
between prismatic and faulted'loops if both are present The.slopes of
the two plots of t vs. the function in brackets in (3.18) and (3. 19) will
~ differ solely due to the extra driving force of the faulted area as in
F1g, 14a. The ratio of the slopes of (3.18) and (3.19) then glves
bf51nw o ; 1
S/S B—S-iﬁw—-expyB/kT........._...-.....(320)
where 'f' denotes faulted and 'p! denotes.prlsmatlc. Thus both -
Ud and the other uncertain parameter, Cc’ are cancelled out. It should be
noted that this type of annealing should apply in priﬁciple to faulted
loops of substantially different radii. Unfortunately; at the large radii
- where the theory holds best and the graphs have the 1east,scatter; the SFE .
- term predominates so much in even the émaller'of the loops that'the results
would be 11tt1e if any, better than those obtained by using single
measurements and the best value of Ud |
Finally, the question arises of whether orinot Silcox and Whelan's
original assumption of an emission-controlied.mechanism is valid. They
-concluded this by considering two cases of diffusion; In the'first;
they cdnsidered a loop of radius R at a‘disténce L between the foil sur-
faces and the vacancies difoSing to the surface alqng the cylinder of the

loop. Calculating the fluxes for emission and for diffusion control,




Fig. 14b S;hematié annealing curve - experimental vs. theoretical

LOOP RADIUS

LOOP RADIUS

PRISMATIC

" TIME

Schematic annealing curve for faulted and prismatic loops

EXPERIMENTAL

N EMISSION

\
\

TIME

\ MECHANISM

e mr i T sy bt




75

- they found that the emission mechanism controlled annealing rate if
R/L < Cé. The second case considered a small loop at the center of a
sphere of radius L, with L > R, i.e. spherical diffusion, and they found

that emission mechanism governed if C. < 2. For the first case, with loops

of around 1000 & in a typical foil of thickness about the same, R/L
will probably be greater than the maximum value of CC = 1/2; indiéating
diffuéion control., However, the second case indicates'emission control
just as strongly and the authors concluded that this was the more likely
" case, i.e. a random distribution of small loops much smaller than thé
foil thickness.

’ Aside from the obvious criticisﬁ that loops of.sizes~rough1y
equal to the foil thickness have often been found, ‘Seidman and Baluffil61
questioned this model of the climb process,'i.e; that CC = 1/2 and that’ ‘
the emission rate per jog is sufficiently fast and corfettly given by |
(3.12). They asserted that it is very'difficult to specify the climb
process at the dislocation core and avoided this assuﬁption by ﬁsing an

""ideal source" dislocation loop in which the flux across a toroidal envelope

around the loop is calculated. Their rather complex analeis led to an e

- emission-controlled annealing rate roughly ten times greater than the

diffusion-controlled rate, indicating the diffusion model as rate controlliﬁg.

129

"Dobson et al confirmed the diffusion control mechanism

experimentally after coming to the conclusion that the two mechanisms have

the same functional form of rate equation and diffef‘only in the pre-
exponential term (as mentioned earlier). This makes the difference

between them too small to conclude anything on solely a theoretical basis.



They then examined three possibilities; a) emission control, b) diffusion

control with R > t (foil half-thickness), and c) diffusion control with

R < t. They calculated that the pre-exponential terﬁs were 3D/b, D/b

and 2D/b respectively (D = vaz exp (-U /kT)) 1f, then, the diffusion

mechanism was to be'rate‘controlling,«three experimental observations

should result:

‘a) altered rates at different distances from the surface

b) - the distance from internal sinks should also alter the rate

c) as the loop size decreases, the annealing rate increases, i.e. a
switch from the cylindrical to the spherical case.

With regard to the first point, measurements on a number of
large loops showed a variation in climb rate of roughly 10 per cent. The
dlffu51on mechanism, belng logarithmically dependent on depth in the
foil, was found to allow a maximm variation of around 10 per cent for
the depths measured, thus confirming the prediction. Regarding the loop
to‘srnk distance, it was observed that loops lying near dislocations
annealed faster than those lying farther away, end that prismatic loops
near faulted ones acted as sinks for the.faster shrinking'faulted loops,
i.e. they anneaied faster than those farther away from the prismatic
loops. Finally, and most convincingly, a plot of ioop radius vs. time
showed a much more rapid decrease af small radii,than predicted by ‘the
_ emission—eontrolled.process. In other words. the complete annealing curve
cannot be descrlbed by a single equatlon as emission control predlcts, i.e.
the slope of (3.18) is not quite 11near. The dlffu51on—controlled model,
through ité switch from cylindrical to spherical diffusion, does furnish
this type of behaviour and is therefore likely to be‘the_rate—centrolling’

model.




Accepting this mechanism, a good experiment‘al.applic'ation of

137

this method would be that of Hales et al™>’ on Mg, in which the SFE

was calculated from the growth of faulted loops. This growth, rather

162,163

than shrinkage, is generally éttributed to oxidation of Mg atoms

at the foil surface, resulting in a vacancy super-saturation by which

the loops grow. The loops, in the form of stacking fault annuli as

~ described in Sec. 3.2.,1, climb as per Dobson et 3.1129 with

dR/dt *‘}?%%757 (Cg/Cq = C1/C) v v e ee v e . (3.2D)
where Cs = vacancy. concentration at the foil surface maintained by
oxidation |
¢y =. vacancy. concentration in equilibrium with the .1oop ~
= C, exp AF/XT, where S is theeq_uilibrigm concentration
of vacancies and | | |
AF 2 the free energy change of the defect per vacancy. emitted

=-i‘yB‘?T*for the outer and inner loops -respectively'

Thus the ‘two rates are:

D . o
dr/dt = (c./c. - expYB/KT) v v v ¢ ¢ o o o « (3.22)
outer B Iﬁt?Bl s'"o

| dR/dtinner/?ﬁ-j%gB-z— (c /c, - exp(-yBY/KD) . . . e (B323)

Now, for a high SFE, exp(-sz/kT) << 1, so that

- _ 27D B ' , : - .
» dR/dtinner - mz— CS/CO ¢ © . 8 6 © e 0 & & & ¢ o e o o (3. 24)
As evident, the inner loop grows at a faster rate than the_ outer one until

they finally combine to form a prismatic loop, where it must be remembered



thatftwo vacancies must be added to increase the loop area by Bz. Thus

. = 21D _ 2
dR/dtprismatiC m (C /C (1 + OLb/R)) * e o o o o @ (3 5)
Since these are large growing loops, ob/R << 1 and can be neglected, thus

_ 1D L ' ' |
dR/dtprismatiC-——T(c /C 1) e e o e o & o o o o v o (3.26) -

Comparing (3.24) and (3.26), the only unknowns are c /c and ﬂD/B

Solving for these and substituting back into (3.22) gives a value for the :

SFE. Or, manipulation of (3.22), (3.24) and (3.26) yields'®®
R mer ~ Wauter ol L. (sa7)
dR/dtlnner - ZdR/dt'prismatic Int/b,/Int/by _ C

If exp(-yBZ/kT) is not neglected, it was recently found166 that (+1)

is added to the RHS of (3.27) and the SFE is decreased by about 20 per
.cent. | |

If the loops were shrinking rather than growing (i;e. no oxide
film formed), an added.advantagevwould be the absénce of any doubts
that the vacancy concentration gradient influences the growth rate more
than the SFE, since cs/cO = 1 for shrinking loops. Also, the sign of
inz would be reversed so that the outer loop shrinks faster. There would
- be only two unknowns, T D/b and v, thus y could be determined from (3,22)
and (3.26) or (3.23) and (3.26), and‘the valueé should be identical.

From (3.27) above it is obvious that the critical factors are
the annealing.rate and temperature. Loop measurements are often difficult
when they are asymﬁetrically shaped‘and even rounduloops ofteﬁ do not
anneal in a continued circular fashion. in addition, the measuring error

- increases as the loop size decreases. Temperature accuracy in hot stage
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156,159,136

microscopy has been estimated at * 10°C at best SO that the

normal procedure has been to immerse the specimen holder with thin foil

in a carefully controlled bath, resulting in accuracies of % 0.1130 -

0.5 C129._ Thus a typical error range is currently + 20 per cent, which

is not ﬁnreasonable. Again, .results must be based on.a reasonable number
of measurements,vas can be seen by the‘scatter in some of the studies;
| From Table 8, compiling most of the work to date by this method, it is
| evident that the comparativé technique leads to a much greater accuracy.
" The major assumption in this method is that the SFE; through FC;‘QQEE
control, at least to a large degree; the shrinkage rate. Clarebrough
et allx12 concluded that, for lower SFE metals such as Aﬁ and Cu; the jog
- nucleation‘and/or propagation- rate could quite possibly exert more of
a controlling influence due to the reduced magnitude of Fc’ thus leading
to érroneously low values. It would be7interesting; thotgh; to see how
loop annealing values for these metals would compare to the established
ones. | - |

It might appear that an accurate value of the foil thickness'
would be required. However, using suitable values from Hales et a1137,
a change in t of an order of magnitude (200 vs. 2000 R) results in only
a 15 per cent difference in SFE; thus an approkimate value of t is all
that is required.. Of a more serious nature is BZ' the vacancy cross-
»sectlonal area, since it is directly related to the SFE. Some studies

159

merely use the square of the 1nteratom1c distance ™", while others,

apparently trying to account for the small 1att1ce relakation around a

136,139 129,164,137

vacancy , reduce this by 10-15 per cent Som

no mention at all of the value used. Thus the picture is rather vague




TABLE 8

SFE_DETERMINATION - LOOP ANNEALING TECHNIQUE

MATERIAL (purity) = TECHNIQUE | - SFE(ergs/cn’) REFERENCE
A1(99.97) emission-single measurements int.=280+50 Edington and Smallman, 1965 (159)
(99.995) ext.=420 _
Mg(99.95) emission-single measurements - 280 * 100 Harris and Masters, 1966 (136)
Zn(99.9999) - - : . 3 , : 300 + 150_ ‘ »
Zn(99.999) emission¥single‘measurements 290 Dobson and Smallman, 1966 (139)
. emission-comparative 220
‘ ' diffusion-single measurements 230 ‘
A1(99.99) : diffusion-comparative 135 + 20 Dobson et al, 1967 (129)
A1(99.99) diffusion-comparative ext.=1.3int. Goodhew et al, 1967 (164) -
Al-.65wt9Mg - diffusion-comparative 110 £ 20 Kritzinger et al, 1967 (165)
Mg (99.99) . diffusion-comparative ' 125 % 25 Hales et al, 1968 (137)
"~ In - recalculation of data from (139) 140
A1(99.999) . diffusion-comparative 110 Tartour and Washburn, 1968 (130)
Al-.65wt%Mg diffusion-comparative, on same int.=110 Kritzinger et al, 1969 (60)
- ' loop (double-faulted) ext.=157 _ '
Mg L recalculation of data of (137) 102 ‘ Leighly, Jr., 1970 (166)

Cd (99.999) .diffusion-single measurements 205 = 50 ~ Westmacott, 1970 (167)
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1n applying an accurate correetion facto'r,'. if any is needéd at all,

and none of the studies discuss thé matter. However, the major advantages
of the loop method are still: a) it is a direct .method, b) 1t can be
applied to high SFE metals, and c) it is éppliéable to solid solﬁtioné

in which loops can be formed. The latter point is quite intriguing as |
the method could then be used in conjunction with the low SFE direct
methods for a completé determina‘tion~ 6ver the entire SFE range which

can occur with alloying, in this way eiiminating SOﬁle of the rather in-
accurate. extrapolations of the past. Possibly the main drawbéck is thé
difficulty in creating the necessary loops. The experimental difficuliies
are controlled by such factors as quench rate, specimen purity, etc. and

will be discussed shortly.

3.4  EXPERIMENTAL PROCEDURE

3.4.1 ZIRCONIUM
Reactor grade crystal bar Zr of roughly 99.9% purity (sée
Table 9) was obtained through the Whiteshell-Nuclear Research Establishment

at Pinawa, Manitoba. The Zr was reduced directly from 1/2 in. rod to

sheets of 0.0075-0.015 cm. by cold rolling. Strips of 0.5-1.5 cm. by .
6-10 cm. were cut out and cleaned ultrasonically in ethanol.

~ Initially 1/:he strips were annéaled in sealed Vycor tubes at
the queﬁch temperature for 1-2 hr. before quenching. This was later

- changed to amnealing under a dynamic vacuum of ~ 1x 107° torr at

tempei‘atiires of 830-845°C for times of 1.5-40 hr, for degassing purposes.
The surface layer of the foil was then removed by chemical polishing in

"a 45 nitric-45 lactic - 10 hydrofluoric acid solution.



ANALYSIS OF CRYSTAL BAR ZIRCONIUM

SOLUBILITY @ 850°C

ELEMENT AMOUNT ~ ATOM VOLUME ~ MELTING PT.
ppm) (B3 (168) (%) (169)  _ (at.%) (170)
Zr - 23.3 1852 -
Al 25 16.6 660 8
B 0.2 7.7 2030 0
c a0 5.7 3727 2
cd 0.3 21.6 320 16
Co 5 - 11.13 1495 0
10 12,0 1875 0
Cu 25 11.8 1083 0
Fe 105 - 11.8 1536 0
H 7 - - 0
HE 132 22,2 2222 100
Mg }_(_)_ 23,2 650 “small
Mn 10 12.2 1245 0
Mo 10 15.6 2610 0
N 36 - - 22
Nb 100 18.0 2468 0
N 10 10.9 1453 0
0 130 - - 29
b 5 30.3 327 0
Si 20 20.0 1410 0
Sn 10 27.65 232 5
Ta 200 18.0 2996 0
Ti 20 17.65 1660 100
U 0.5 20.8 1132 0
' 5 13.9 1900 small
W 25 15.85. 3410 o
50 15,2 420 0

82
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The encapsulation procedure for the furnace quenches was;

> torr, followed by several argon flushes

evacuation to 1 x 10~
(industrial grade), and finally sealing off the tube with varying amounts
of argon (0-200 mm preésure). Additional ﬁrecautions to reduce hydriding
were.taken;'wraﬁping with Ta or Zr foil, inclusion of Zr’shavings in a
torch-heated portion of the tube outside the furnace, and/or double
sealing. |

Several furnace quenches weré attempted from the BCC.B region
(from 1100—12500,'as high as facilities permitted),'and several from the
HCP o region (from 840-8580), into either 25°C or iced water, some by
‘breaking the tube and others by 1eavingvit sealed. A few quenches into
iiquid N, were also attempted.

In an attempt to reduce hydriding and increase the quench rate,
a switch was made to a beli jar aftaqhment on a Bélzar's Replicating Unit,
where the foils were heated by eléctrical reSistance_under a dynamic

“vacuum (phdtos.l & 2). Temperature measurementiwés by means ofi

Chromel-Alumel wires spot-welded on the foils and quenching was by ad-

mitting He gas (industrial grade) into the chamber thrdugh a specially-
constructed feed-in and simultaﬁéouély cutting off the DC current. The
He was first passed through é Cu coil in a Dewar flask to which liquid
N, could: be aaded. Thﬁs a typical quench could consist of a 30 min.

~ anneal at. 700-800°C and a quench from 830-850° either into a static

atmosphere of cooled He, a steady flow of either cooled or umcooled He
or a '"blast" of He (by increasing the pressure and opening the control

valve as the current was shut off).
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Photo,2”Close-up of Al foil ready for heating
and quenching
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An attempt was made to measure this quench rate by feedlng the
amp=11f1ed thermocouple 51gna1 into a Tektronix Storage Osc1lloscope.
Several specimens were also prepared from rod that had been given 1-4
passes at 3/4-3 in./hr in an MRC Zone Refiner. A portion was sent to
WNRE at Pinawa for partial impurity analysis. |

' Thin foils were prepared, after varying times of room temperature
ageing, by the dual-jet electropolishing technique in a bath of 10 per-
chloric- 90 acetic at 10-15°C, a voltage of 18-20 v. and a jet flow |
setting ef 3-4. The foils were immediately washed in acetic acid and
then in ethanol (both cooled) and examined in a Phillip's EM-300 electron
microscope. In addition to normal eitamihatidns several foils were heated
in a special heating stage at temperatures of 110-250°C for times of a

few minutes to an hour.

3.4.2 ALUMINUM

In order to check on the’. efficiency of the He quench, some foils
of Al were similarly quenched; since many studies have produced quenche'd-
in vacancy 1oop$ in this metal.‘ ' |

Al of 99,995 and 99 999% nominal purity obtalned from the Unlted
Mineral and Chemlcal Corp. was used The 1oop-produc1ng abilities of the
two grades were first-checked by quenchlng specimens through technlques
approxmatlng those in previous studles. Specimens of 1 x 5 x 0.0075-0.015
cm were cut from cold-rolled 99.995 sheet,' annealed 20-30 min'.- at 600°C
in air and quenched by rapid extraction from the furnace into either room -

‘temperature water (once or five times) or room temperature oil. When very

few loops were-observed, this was switched to quenching from a véftic’al '
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furnace by cutting the wire holdlng the specimen, allowing the weighted
foil to fall inté the quench bath located directly below the mouth of
the furnace. At the same time the 'specimen width was changed to 0.5 cm
and the 99.999 material was used. | |

Longer strips, but with the .same 0.5 x 5 cm gage length were
quenched from close to 600° in the Balzar's apparatus (in air) under a
liquid Nz-cooled He blast once or five times. All ageing was at room
temperature for at least 24 hours;, Thin foils were prepared in a 20
perchloric- 80 ethanol bath at S-ISQC, at a‘ voltage of 19 v, aﬁd a jet
flow of 3-4. Washing was in cooled ethanol. A few of these foils were

also heated in the heating stage of the microscope.

3.5 -OBSERVATIONS

From the outset, severe hydriding problems were eXperienced
with the Zr specimens. Forming the vast majo'rity of the second phase
particles, the ﬁydrides franged from thin platelets usually presentf in the
mcﬁ‘e rapidly quenched specimens (photo. 3); to the larger .growths" common
to furnace-cooled specimens (phdto. 4) .I These were defini'tely eétablished
as hydrides since they showed the same tetragonal lattice diffraction

patterns found by Bail‘eyl71

. It was discovered that reducing the final
argon content in encafpsulation to zefq greatly breduce<»1 this problerﬁ.
‘Wrapping' with Ta or Zr foil and double sealing also helpéd but to a lesser

. extent. It was soon discovered that the dynamic vacuum annéialing reduced
hydriding: substéntially, although the degree of reduction did not increase
appreciably with time, probably‘due to a limit imposed by the eXtent of

- the vacuum. Any slight oxide coating was easilj? removed by the chémical

polishing.
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Photo.3 Typical hydride distribution in Zr quenched
in sealed tube from 1250°C to 0°C water
X 40000 -

o

Photo.4 Large hydrides in Zr annealed 5 hr at
840°C and furnace cooled
X 28000




‘ Virtually all §f tﬂérquenChes from the B temperature region
showed a faixﬂy’high dislocation density, with many regular dislocation
distributions (photo. 5) and networks (photo. 6). Even after the dynamic
annealing, resulting in much shorter hdlding times at the quench temperature,
some hydriding was still noticeable in all furnace quenches, with specimens
that had been quenched by breaking the tube in water showing a Véry high .
hydride density. The'queﬁches into iiquid N, gave indications of being
rather slow, as has been previously noticed172. '

: The switch to the Balzar's apparatus led to new technical pro-
‘blems, most notably that of the thermocouple melting out or the strip
melting through due to variations in foil cross-section. Even more
damaging, the He used appeared to be sufficiently impure to draétically.‘
contaﬁinate the specimen. A vacuum quenched specimen showed-a very low
impurity particle density whereas a He quench on the same strip-resulted
in a distribution as in photo. 7. Also, the attempt to measure the quench
rate‘was unsuccessful as a "noise" signal from fhe wit itself completély
masked the thermocouple signal and could ﬁot have been corrected without
alteration of the equipment. |

Most importantly; no loops were observed from any of the quenches,
either after room temperature ageing or higher/tempeiature_ageing in the
heating stage of the microscope. Small impurity clusters often gave loop-
like contrast due to their strain fields, although dark field electron

, microscopy always revealed their true nature. This is demonstrated in

photo. 8.




89

Photo.5 Uniform dislocation distribution in Zr
air quenched from 1020°C
X 40700

Photo.6 Dislocation network in Zr quenched in
sealed tube from 1250°C to 0°C water

X 45000




XN - : |
hoto.7 Large impurity clusters (probably hydrides)

in Zr quenched in He blast
X 33600




c)
Photo.8 Zr quenched from 856°C to 1iquid.N2 (in air)

a) bright field c) dark field from circled spot
b) selected area diffraction pattern d) dark field from spot A
e) dark field from spot B
X 41600

T6




Due to the thlnness and softness of the spec:lmens foil
handllng damage was very difficult to avoid and long stralght dis-
locations in the thin areas (photo. 9) and dense tangles in the thicker
.areas (photo.-k 10) were often widespread. In addition to handling dié-
locations, the second phase particles often acted as dislocation sources
due to 1;heir misfit strain with the lattice (photo. 11).

Some interesting &efects which appeai'ed to be stacking faults

~ were observed in one Specimen (photo. 12). Unfortunately, the foil was
lost due to a mishép before they could be analyzed and they were not
seen in any other specimen (aithqugh similar quenches were subsequently
tried). Simiiar defects were seen in furnace-cooled foils but these
proved to be annealing twins from their symmetric bright field-dark field
fringe contra.ct1 (photo. 13). |

| Finally, although the zone-refined specimens did appear to

result in somewhat cleaner foils, the partial impurity analysis showed -
the refining effect to be minimal, with the 4 péss¥3 in./hr sample |

- showing slight Al and Fe decreases and no change in Ta, Nb and Hf impurity
levels., The 4 pass-3/4 in./hr samiale fated even worsbe, showing a tenfold
0, increase and no change in Al, Fe, Nb éﬁd Hf, ‘ | |

The Al stuflies demonstrated how critical the quer;ching pro=
‘ cedure, specimen size and purity can be; Pulling 99.995 specimens from
.the furnace into th;a quenchant resulted in no loep formation, proba;bly
due to the temperature decrease before contacting the quenchant |

172

(approximately 10% of Tq ). Even usi_ng'the vertical furnace, the loop:

density was very low for 1 cm wide foils (although both faulted and perfect

were preéent). Decreasing this to 0.5 cm increased the loop density




Photo.9 Probable foil handling dislocations in Zr
common to thin areas of many foils
X 20000

Photo.10 Dense dislocation tangles in Zr common

to thicker areas of many foils
X 54000




Photo.11 Particles as dislocation sources in Zr

furnace cooled from 840°C
X 21000
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b)
Photo.12 Possible stacking faults in Zr quenched in
sealed tibe from 1250°C to 0°C water
X 49000




9%

b)
Photo.13 Amnealing twin in Zr amnealed 5 hr at 840°C
and furnace cooled a) bright field
b) dark field
X 76000




_ greatiy, as did increaSing'the’pufity (compare'photos; 14 and 15). The.
| water quenches resulted in a high déﬁsity of predominantly perfect loops,
while the oil quenches resulted in a lower density of predominantly faulted
| 160ps.
The Balzar's quenches were even more difficult than the Zr
ones with regard to the melt-through problem (especially in multiple
quenches), since they'were so near thé melting point (0;9 mp); It was
also noticed that the terminals holding the specimen.often heated up
'somewhat, thus decreasing the quench efficiency. Typical results for a
single He quench of 99.999 material are shown in photo; 16; Surprisingly;
a multiple quench showed much poprer'results; pointing to thé difficulty
 of obtaining consistent reproducibility with this teéhnique; ‘If should

- be noted that, in all cases; the loop density varied greatly, from large

areas with no loops at all to areas with densities'as'ih.photos;'l4~16.

3.6  DISCUSSION -
Providing that the Zr analysis ig correct there are a nﬁmbér

of possibilities to account for the hydriding experiénced in this work:

a) impure argon or helium -1~; S

b) diffusion into the tube while sealing fo >--'»" |

c) backstreaming of/cracked-hydrocarbons from the diffusion pump

d) slo& diffusion thrdugh the sealed tube in the furnace

e) poor vacuum levels

f) electropolishing or chemical polishing
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b)
 Photo.14 Loop distribution in 99.995 Al quenched from
600°C to 25°C water a) once
b) five times

X 52500
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hydrides are generally small surface hydrides
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b), ¢) and d) are likelyrto be father minor while polishing

171 that can be greatly

reduced by careful polishing. Thus the main causes are likely a) and

e). Both can be improved although e) can be severely limited by the

capability and condition of the equipﬁent. As noted earlier, a dynamic

vacuum is much preferred to a static one and could greatly reduce gaseous
impurities over ailong anneal providing the degree of vacuum is.very high,
e.g. of the order of 1077 - 107

8 186,187

torr for Zr~ . Therefore, using

Zr of low initial H2 content, high vacuum dynamic annealing, a high purity

~gas quenchant and careful electropolishing, the hydriding should be

severely curtailed.

As already stated, no quenched-in vacanéy loops of any kind were

observed in any of the Zr specimens. There are five major factors that

influence the formation of these loops:

-

b)
c)
d)
e)

ageing proéedure
specimen size

quench temperature (Tq)‘
quench rate '
épecimen purity o

The ageing’procedure used after quenching appears to be very

important for determining the optimum loop size and distribution as seen

in Table 10, which is a partial summary of many recent studies on quenched-

in defects, or from the comprehensive analysis of Al ageing by Kiritani

188

et al” . It would appear, though, that room temperature agéing for a

: period,of a day or so should result in at least some loop formation.  The -
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~optimum ;onditions,.i.e.those giving large,rfairly isolafed loops, can
’then be obtained by further ageing at higher temperatures or for longer -
times. It should be noted from Table 10 that the ageing temperature isi
higher for higher m.p. metals, although it could be argued that for
| metals'With anomolously high. diffusion coefficients, like Ti and Zr, it
would not be as high as for, say, Au or Ni. ‘

. The specimen size should be as thin and narrow as possible since
e this makes the_quenéh'more uniform, reducing quenching strains. Both |
] oflthese dimensions are, however, limited by technical difficulties such »
as the melt-through problem, deformation from the quenchant and/or electro-
: polishingrproeedufes. A 'range of compromise' would appear to be roughly
: 0.00757- .015 cm by 0.3 - 0.6 cm. In this regard it should be noted that
{ the He-quenched Al foil (photo. 16) was slightly thicker 60125‘cm vs.‘

.0106 cm) than the water-quenched foils (photos. 14 § 15).

| From the earlier discussion in Sec. 3 2 it is obvious that Tq
should be very close to the m.p. in order to start off with the maximum
_number of vacancies for 1oop formatlon Thus; as seen in Table 10; Tq
- 1s usually around 0.9 m.p. As Tq nears the melting point the number of
clusters nucleated increases, leading to a higher density of smaller
leops. This is‘not,/hewever; desireable for the loop annealing method;
lowering‘Tq decreases the ﬁumber of cluste?s; resultiné in fewer loops,
but of greater size, since there is still an appreciable Vacency 'reservoir'
to draw upon, However, due to the eXpohential.dependeﬁCe of the vacancy
concentration with temperature this reductlon in Tq cannot go on in-

_deflnltely since a point is soon reached where there are not enough 51ngle




. TABLE 10
‘SUMMARY OF QUENCH-INDUCED DEFECTS

MATERIAL  t(cm) QUENCH PROCEDURE(°C) AGEING RESULTS(d is d. in R * REFERENCE -
A1(99.999) .005 620 (.94 mp) go -10 iced -—--- . only prismatic loops " (150)
' brine, in air ‘ o - . ’

v A1(99.99) .0075 600 (.91 mp) to iced brine room temp.  only prismatic loops (156')"
A1(99.9999)& -.0075 1) heating wntil contact - ----- _ (155)
A1(99.995) » 0 2) g;gt}’;lflz, vg}?:relrdrop into

. 257 water A :
a) (99.9999) - from 650 by 1) prismatic, d=325
: from 600 by 1) ‘ ’ prismatic, d=400, 13% faulted, d=875
from 520 (.79 mp) by 1) prismatic, d=275, 22% faulted, d=900
from 650 by 2) o prismatic, d=400, 50% faulted, d=1200
o : : from 520 by 2) . : prismatic, d=500, 65% faulted, d=1500
b) (99.995) ~from 650 by 1) o ' prismatic, d=250
IR from 520 by 1) R - prismatic, d=500
- from 650 by 2) R ' prismatic, d=400
from 520 by 2)- ‘ . no loops
) from 650 by 1) twice - : : prismatic, d=300, 2% faulted, d=750
from 650 by 2) twice - - prismatic, d=400, 27% faulted, d=900

% A1l Al quenches in air

0T




‘ MATERIAL
A1(99.999)

- A2€99.995)§&
A1(99.97) -
a) (99.995)

b) (99.97)

© A1(99.99)

'A1(99.999)

t(cm)  QUENCH PROCEDURE 0y

AL & Al-In(at%) .0125 600 to

a) Al-,006In

b) Al-.0375In

'c) zene-refined (Z.R.) Al

7 AL- . 65wt$Mg
Al-3wtMg

TABLE 10 (continued)

AGEING
------ 640 (.97 mp) to 25° water ---e-
520 to 25° water
.0125 ” 24 hr at 25°
600 to room temp. oil
600 to room temp. water
600 to room témp.~water 5 times
650 to room temp. oil |
600 to room temp. oil
600. to room temp. water
.01. 600 to 50° water or room 1 hr at 50°
temp. oil - ‘ '
.02 610 (.925 mp) to 100° water  -----
45° CaCl,
5 min.at 20°
1 hr at 50°
* 2 hr at 100°
v 1 hr at 50°
.01 . 600 to silicone oil. _ . room temp. .
.0125 550 (.83 mp) to silicone 0il  room temp.

'RESULTS(d is d__ in &)  REFERENCE
N A Vs g ) Ky - -
faulted, d=250 (174)

faulted, d=1000
| (159)

prismatic, d=2000, 88% faulted, d=3000

prismatic, d=700, 5% faulted, d=760
prismatic, d=600, 50% faulted, d=800

prismatic, d=1000, 91% faulted, d=1000
prismatic, 'd=2000, 92% faulted, d=3000

prismatic, d=700

faulted and prismatit (129)
| mostly faulted | (130)
(175)

very low density of prismatic
high density of small prismatic
lower density of larger prismatic
medium density of large faulted
mostly faulted ‘ - (60)
mostly prismatic - (63)

0T




. TABLE 10 (continued)

MATERIAL t(cm) QUENCH PROCEDURE(C) ~  AGEING RESULTS(d is d__in R) - REFERENCE
- ; . . kN ) : u-vs B o - PN
Au(99.999) .015 875 (.82 mp) to 25° brine = ----- tetrahedra (176)
in air and deformed . - )
Au(99.999) .01 1000 (.94 mp) to ice water,  1-4 hy at tetrahedra, largest at 100°  (177)
in air 0-150 :
\
Z.R. Au doped .0037 980 (.925 mp) to -35° bath, -—--- tetrahedra, 1=400-1200 (178)
with Cd § Zn . in air : ' : ) '
Au(99.9995)  ----- 900 (.85 mp) to 25° water 1 hr at 100° single, double tetrahedra (179)
. : and faulted loops, 1=100-600 o
Au § Au-Pt(at$) .005 940 (.89 mp) to -5° CaCl, - _ _ ' (180) 7
a) Au(99.999) . ' 1 hr at 100° tetrahedra and high density
_ ; small faulted loops .
b) Au-1Pt C ‘ - . 1 hr at 100° same as a)
©) Au(99.999) | _ ' 1 hr at 200° 1larger loops and tetrahedra
d) Au-1Pt ' "~ 1hr at_ZOOQ slightly larger, prismatic also
Mg(99.95) ' .025 625 (.96 mp) to ice water, = ----- mostly large faulted (136)

in argon

Mg(99.9999) ©  .0075 o - (181)
“g'('ﬁ. 99.9997) o
99.95 B -

"é) (99.9999) :‘ - 550, 800, 450 (.85, .77, .69 mp) mostly perfect on prism planes with
' to 207 oil* ' increasing size and decreasing density -
v - , ) as Tq decreased L
b) (99.9997) o same as a) IR mixture of peffect and basal faulted by
c) (99.97) | 500 to 20° oil | mostly large faulted e

* Measured as 21-24000 %/sec. A 1iQuid Nz-cooled‘He blast (at 4 atmospheres) was 17-23000 /sec.




MATERTAL t (cm)

: TABLE{IO (continued)

QUENCH PROCEDURE(°C)

 Mg(99.99) .02

Mg (99.99) .01
Zn (99.999) '

Zn(99.9999)" ".0125

Zn(99.999) .0125

Ni(99.96 & Z.R.).0075

Ni(Z.R.) .0016
Cu-Al (at%) .0125
a) Cu-9A1

- b) Cu-15.6A1

Cu,Au(99.98)  .005

620 to ice water, in argon
630 to ice water

400 (.95 mp) to ice water
415 (.99 mp) to ice water
400 to iced brine '

1400 (696 mp) to 250 oil,
in 10 torr vacuum

1200 (.83 m) to liquid-N

cooled He 2

() to 20° oil, in CO

(?) to 20° oil, in argon

900 (.94 mp) to 0° 5111cone
0oil, in vacuum

AGEING

RESULTS(d is d___ in R)

RALE

20 min at 100%mostly large faulted

- -

room temp.

"1 hr at 350°

1 hr at 100°

1 hr at 150°

1 hr at 200°

1 hr at 300°

mostly large faulted

- mostly large faulted

mostly large faulted
mostly faulted

tetrahedra, faulted and
prismatic loops, in Z.R. only

- low density of small faulted,

. REFERENCE

(137)
(182)
(136)
(139)
(46)

(183)

increasing with increasing passes

large faulted, d=5000
large faulted, d=5000

prismatic, d#QOQ, 65% faulted,

d=700, tetrahedra, 1=800

prismatic, d=800, 65% faulted,

d=700, tetrahedra, 1=500

prismatic, d=500, 30% faulted,

d=750, tetrahdera, 1=800

prismatic, d=600, 50% faulted,
d=700, tetrahedra, 1=400

(184) -

(185)

90T
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vacancies present to interact and form clusters.
Another interesting point for FCC metals concerns the decrease

in percentage of faulted loops as Tq is‘raised, This is generally con-

'.sideredlss to be due to the Frank loops forming at temperatures suf-

ficiently high to nucleate Shockley partials and convert them to
prismatic 1dops. This would also account for the presence of perfect

loops when the earlieeriscussed_energy considerations indicate that the

great majority should be Frank loops. While the activation energy for

;Shockley nucleation is of the order of a few electron volt5155’189, it~

would appear that the high SFE metals, such as Al, are near enough to
the upper limit for faulted loop stability so that the small amount of
thermal energy available at these temperatures (a few tenths of an electron
volt) is often sufficient to overcome the remaining portion of the
nucleation barrier. v
The effect of quench rate is very 51m11ar to that of Tq Too

slow a rate allows too many of the non- equlllbrlum‘vacanc1es to reach
sinks, while too fast a rate cuts down the»clusterrng tlme, leadlng to a

high density of small loops. It is also possible that the higher quenching

stresses from higher rates might be sufficient to cause the nucleation of
Shockley partials,'producihg perfect loops.
- The question of purity is important in. that impurity atoms can

lead to either vacancy-impurity compleXeS or second phase particles. The

former may be mobile enough to allow the associated vacancies to reach
sinks, or, if slower-moving, possibly result in cluster nucleation at
‘temperatures high enough to permit Shockley nucleation. The latter,

possible. only if the impurity solid solubility is near_zero, may generate
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dislocations which can act as Vacancy sinks, or act as sinks themselves
to relieve the misfit strains often associated with precipitates. It
should be mentioned here that it seems reasonable that any dislocations

produced by precipitates, by quenching stresses or by phase transfor-

mations should act more as vacancy sinks than sources. That is, pro-
duction of vacancies through tangling, cutting, jog formatioﬁ, etc. of
a sufficient quantity to affect the 160p formation process, would not seem

likely from these dislocations.

Further to the question of slow complexes, it couldlbe,argued
that:some amount are desireable for cluster formation, but too many com-
plexes may result in severe depletion of the vacancy 'reservoir'. As
mentioned in Sec. 3.2, the complex concentration depends on the relative
sizes-of solvent and solute., Thus, for rélatively small matrix atoms,
such as Al or Ni (see Table 9), high purities of the order of ﬁS'or,6—9's"
| are'needed,while the requirements are not as stringent (around 4-9's) |
for iarger matrix atoms, such as Mg, It is worthwhile to note that
theorefically calculated homogeneous nucleation rétes by Hirth and

190

Davis are much lower than actual rates, further lending credence to

the likelihoodAof'heterOgeneOus, i.e. impurity-induced nucleation.

In considering the above, one point that bears emphasis is the
. ]
interchangeability of these parameters, e.g. re-examination of a 99.995

pure, 1 cm wide Al fbil (water quenched 5 times), after a few weeks, showed.

a very reasonable mixed loop density close to that of photo. 14b or'15a. fV
Since this mixed character is more desirable one might then také the 0.5 am
foils of these phétos. (which-are better for He quenching) and possibly

| achieve %he'same result by perhaps decreasing Tq, increasing the thickness
slightly or reducing the quench rate through reduced pre-cooling or a lower ti:::ﬁ

-
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fl@w'rate.

In applying the above criteria to Zr it would seem reasonable
that .specimen size and ageing procedure should present no special problems.
As regards Tq; it ﬁay Bé intuitively argued that, as the solid state
transformation is approached, more vacancies than normal are present due
to the increasing instability of the HCP lattice. Thus Tq should be as
close as possible to the transformation temperature of 862°C. In'addition ,
‘ the quench rate should probably also be as high as possible since this'
~approximation of the transformation to a melfing point is most likely
only a partial one at best. If this assumption is ggzivalid;kthe possibility
of loop formation in.Zr would be very bleak because of the difficulties
. caused by quenching through the transformation; to say nothing of the
technical problems arising from Zr's high melting point. |

As is evident from Table 9, the impurity'levei in. this Zr is
indeed Substéntial, being approximately 1000 ppm. -However;.only 25 ppm
of this total are larger than the Zr étom, and thus could form vacancy-

impurity complexes. More seriously, roughly 600 ppm impurities could form

precipitate particles because of their véry 1imited solid solubility,
arising mostly from ‘the magnitudebof their size difference with respect

to the Zr atom, whether larger or smaller. ‘It should be noted that
hydrogen, easily pigked up through contact with water vapor at high temper-

atures, is one of these impurities. It is to be further noted that roughly

200 ppm of the 625 ppm total, combining both the above factors, are
imgurities possessing melting points much less than Zr. These could perhaps

be amendable to zone refining. Thus to obtain a satisfactory level of, say,
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ieés than 100 ppm of undesirable impurities (those underlined in Tabie 9)
would not seem as difficult a task as indicated by the tofal impurity |
level.: Unfortunately, a closer analysis reveals that thle majority of the
undesirable impurities have rather high eqﬁilibrium distribution coefficients
with Zr, which would necessitate a larger number of passes to significantly
reduce their concentrations. At the same time, Zr's high affinity for
gaseous elements would require very high vécuum levels for the refining.

It is perhaps small wonder, then, that even the best purit‘ies, obtained by -

the Materials Research Corpomtion191 are only of the order of 99.96%.

Finally, it is possible that some difficulty could arise over

2 has shown that

the condensation mode of the vacancies :m Zr. One s‘cudy19
‘ Iieutrgn irradiation of Zr can result in interstitial perfect loops on

Pprism planes (which have a slightly larger d spacing than basal planes

in Zr), but, it could be argued that interstitials would condense oﬁ planes

of largest d spacing, while vacancies, being strain reliévers,- should

still condense on the closest-packed planes. Lf_ condensation VE on

the prism plane; it is difficult to visualize the ekact mechanism or the

final result, due to the fact that {1010}-p1énes can be considered as , 1’35.“-3-_‘5
either flét low density planés having an ABCDA stacki_ng sequence; ;;r
‘ corrAugated‘ planes having a simplé ABABA stackinglgs'. |

- It is apparent that severai Jimprovements could be made in the

v experirﬁen-tal technique uéed here. Besides those already mentioned (purity, -

vacuum level, etc.) it appears that the quench rate is on the low side.

172

The method used resembles that of La;dg and Canetoli™ ", which they state

as approximately equivalent to a liquid N, quench. However, as noted in

18

"~ Table 10, Levy et al _1 obtained a very high quench rate from gas quenching
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by ﬂin'lmersing the entife vacuum chamber iﬁ liquici He,‘ which, mfortunate.ly,
would involve a complete rest‘ructurihg of the apparatus. AIn addition it
is probable that the uniformity of the quench could'bé increased by |
improved design, e.g. _{}_g_l;e_c_l_ nozzles on both sides of the specimen, a:ﬁd
a more unifom thickness from high quality.rolls.A An altemat-,ive. to the
latter m'ight be a small furnace enclosed in the vacuum chamber. '
Since none of these would help a great deal if the transformation
cannot be approximated to a melting point to some degree; this épproicixﬂation_
could be checked by a study of the quenched-in resistivity (Ap) near the
transformation. If the assumption hoids , an anomolous increase in p |
should otcuf at this point .since an increase in vac_ancy concentraf_ioﬁ would
~result in a 'resistivi'ty increase. However, it coﬁld bé quite difficult
to determine what portion of Ap is ascribable to vacancies; Slinc.e Te-
--dissolution of impurities would also increase the resis'vtivity. This is'

194 ¢ quenched Zr wires,

amply demonstrated by the study- of Swanson et al
whére, althqugﬁ they ob_tained Ap's eqﬁivalent to pbint. defect concentrations
of ‘roughly 10'4, they could not definitely state what pértion was due
- solely to vacancies. | . IR |

If “this assumption were invalid'-,. there still remaiﬁs the question
of how best to measure the SFE of. Zr.. Ignoring the methods nbt applicable
to HCP metals or ‘those for which it is doubtful that an HCP f:heory'-could
be derived, several alternative methods ‘remain, but it is .evident that
~ their probabilities of being applicable are not véry high. That is , the
most accurate methbds, the node, ribbon and fault-pair, require irefy low

SFE's and it is doubtful that even maximum amounts of alloying can lower

- the SFE .s.uﬁficiently for thesé methods to apply, since vt‘his requires a
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substantial increase in e/a réfio. This is not likely because:Zr,may be,
at best, only considered as di-valent and, even then, higher valency
solutes, such as Al or Sn possess small solid solubilities with Zr. This
would appear to be experimentally confirméd,since_for Ti-Al a110y5196’197
(Ti possessing a similar electronic structure), no extended defects (or
even non-equilibrium faults) have been observed at Al éonténts up to 18
at%. The only 6ther direct method; the grain boundary intersection
method, depends entirely on the existence of equilibrium configurations.

It is doubtful that any.alloying could lower the SFE sufficiently,

for the X-ray method to be applicable (¥ should be of the order of 10

ergs/cm2_198

). For the deformation methods the only proven possibility is
the aécufate determination of activation energy for prismatic slip in high
purit& single crystals and comparing this to équally accurate values for
HCP metals of known SFE, such as Mg and Zn. The same format would apply
to correlatiohAof SFE with the Cottrell-Stokes rétio‘(igka correlation
exisfs) or to the relative amounts of workasoftening.v
The theoretical methods do not appear to be accurate enough
at this time, except to be used as perhafs a rqugh‘check; cf. Ramaswami
and Craigss. | . |
One final possibility, not previousiy discussed, would utilize
the decrease of SFE with temperaturé, Although Gallagher37 states that
~ studies indicate little or no true temperature dependence of y/G for
a pure metal such as Ag, it could be reasoned>that; since the SFE is
lowered upon alloying by increasing the number of free eiectrons, i.é.

éxpanding the Fermi surface, the same effect coﬁld‘qccur by having the

same number of free electrons increase in energy due to the temperature

195 -
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199

| riSe. Unfortunately the work of Ericsson on Co and Co alloys seems

to indicate a very gradual decrease of SFE (in the order of 3 ergs/anz/ 100°C).
up to a few degrees from the phase change, folloﬁed by a precipitous drop

and an equaliy steep rise to a similar value in the otherAphase, from which
it gradlgélly rises as the other phase stabilizes. This appears more
reasonable than a linear decrease to zero at the transformation temperature,

since this should evidence itself by wide splitting of dislocations in

. hot stage microscopy. No such evidence was obtained in specimens.heated

past the transformation, although severe oxidation after about 700°C

made any splitting thereafter very'»difficult to detect. Thus it might
still be possible to heat the specimen to just past the transformation
temperature and deform it as it is being quenchéd through the zero SFE
point, resulting, hopefully, in fault formation and possibly even some
good grain boundary intersections. Indeed, this may account forj the

supposed faults of phoi:o.’ 12, since no simillar defects were seen in any

quenches from the o region.

3.7 CONCLUSIONS AND RECOMMENDATIONS

1) Many methods of determining the SFE of a‘ metal eﬁcist, applicable over
the whole range of possible values. It,~is espécialiy important - to
remember though,/ that each method usually haé several weak points or
limiting condifions, thus_'a multi-method determination is enuﬁinently |
desirable, time and facilities permitting. |

2) From previous work it appears that the SFE of Zr is high; probably

in the range of 150-250 ergs/cmz.
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3) The present attempt to create faulted Vacalicy loops in Zr failed

n

due t’d:
a) low purity of the metal -

b) H2 contamination from insufficient vacuum levels and quenchant

impurities
c) too low a quench rate
d) an insufficient vacancy supersaturation due to the transformation -

not epproximating to a melting point.

There still exist several possibilities of obtaining at least an
estimate of Zr SFE (and, incidentally; for Ti as well) These would
form the basis for any future work and are summarized as follows:

a) another attempt at creating vacancy loops incorporating the

previously-mentioned improvements only after a study of Ap

Vs, Tq; ,has shown some promise of an -increase in_ vacancy concentra-
~ tion near the transfoﬁnation temperature.- |
b) accurate single crystal deformation studies 'to~furnish- a value
of activation energy for prismatic slip , poss-i'b'l)'rﬂ in conj unction

with X-ray studies of o Vs, alloying content. (It should be

noted that work is currently in progress which may furnish the
former for dilute Zr-Al alloys.) - |
c) an electron microscope investigation of Al or Sn alloys of the

highest solid solubility to determine if the SFE is lowered enough

to obtain measureable equilibriwn~e>§tended defects .. |

d) a study to .detémine' if the Cottrell-Stokes. law applies to Zr and,
if it does,.see if any correlation eﬁcists between it and other :
HCP C.-S. ratios‘. ‘An investigation of work softening vs. SFE

might also fit in here.
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. €) determine if it is possible, under certain conditions, to pull
partials from grain bouhdaries and apply the.critical téar
stress idea of SFE determination.

f) deformation at 6r above the transformation temperature to see
if any stacking fault-grain boundary intersections are forméd.
If extensive faulting proved possible, an optimum treatment of
deformation and ageing for dilute alloys might result in
strengthenihg»thfough some form of precipitate association with
the faults.
Of the above recommendations, only b) should definitely furﬁish
some estiméte of SFE, th¢ ofhers may or may not. If they did, a) would
furnish the most accﬁrate value. Finélly, f) is the most intriguing

~possibility from a development standpoint.
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