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ABSTRACT

Experimental meaenrements of the inscribed .radvius > the outer
’. radlus and the character of’ extended nodes have ’been compared w1th the
_Ytheoretlca.l predlctlons of the recent work by Br‘own (1964 ,'s iene? (1961:,)

: ‘and Jéssang et a1.3 (1965) ,Tbe most comprehensive comparison has been %
-ma,de ;for the two former theories,: which.h'a.ve been found t'o.predict
,-accur%etely the'cbserred,' ncde .para.meters. _ Vﬁthln the range y/Gb < lO

: the node method a,ppea.rs to be an excellent means of . determ:.nmg the stacklng

- fault energy




©I. INTRODUSTION
The stacking fault energy of a face.centered cubic metallisna parameterv‘
- of considerable importance, in that it determineslthe equilibrium separation
dof partlal disloeatiens in metals and is thus a primary factor in go#ernlng .

the dislocation conflguratlons whlch develop ‘IIn addition"the stress
corr051on propertles of alloys may be closely related to the stacking
fault energy (Robertson and Tetelman, L962)ualthough a detailed interpretation -
capable of ecrrelating all the ekperimental‘results has not yet been
obtalned | | |

Although the 1mportance of the :tacking’fault energy.(y) has been
apprecaated since Heldenrelch and Shockley5(19h8) shoued’that dislecatlons
in f:e.e.'metals will generally split -into two partlals separated by‘a
band éf.faulted crystal, there:is still some centroversj eencerning.the'
absolute maénitude of vy in some materials. There is no shortage of metheds.
-';of determining Y for the magnitude of the'stacking fault energy is of -
such bas1c 1mportance in descrlblng the mechanlcal propertles of & metal
uthat a wide range of measurables may be more or less dlrectly related to Y.
A rev1ew of many of these techniques has recently been made.b& Christian
“and Swann (196h) In, addition Galla&her7(196h) and Smallman8(1965) |
' have examlned & number of publlshed results, partlcularly for copuer,,
gold and silver pointing out that many of the values quoted in the
'literature are doubtful due to subsecuent developments in the theorles
Vrelatlng the measured crystal nropertles to the stacklng fault energy.

 As far as possible it is- de51rable that the follow1ng condltlons

should be satlsfled when maklng determlnatlons of the stacklng fault energy.»

.



(1) The'measurable parameter should be strongly dependent on Y. | N
(2)‘ The=dependence of. the measurable on Y‘;ﬁ;&iﬁ be as direct '
as possible so as to minimize the intervening theory.
“(3) The: -theory relatlng the measurable to Yy should have been

Ny v G
rigorously developed. i

: (h) The: measurable should. be easily defined and.be accurately

v

- measured, with a minimum of subject1v1ty
v (S) The method should preferably be appllcable to metals and alloys
over a wide range of the stacking fault energy. '
(6 Specimen preparation and experimental Precedure should if
' poSsible,bé»simple and rapid. o
Ityis_sﬁggested by the fact that a wlde range of techniques have
' been‘employed'that the above conditions.are not‘cempletely satisfied by
eny dne of them. 1In attempting to e#éluate.the_respeétive worth pf_the‘
l varioﬁ;approeches it is c0n§enient-to make a.distinésien between'those‘,
- whieﬁ_énvolve'macrosceplc measurements;of"crystel.properties, apd thbse;
'whieh'depend‘péon e_difect'examinatioh offdefects within ﬁhé,qrystal,
The former cat"egoryv includes def’er:ﬁinations from the:strain'-rate’ depeﬁde_nce o
| . ofﬂsza(e g. Pelssker, 1965) ffom aniexamination of‘rolling>te¥ture3‘ |
(Dlllamore et al. l96h) by measurlng x—ray peak shifts (Vassamlllet and.
_Massa.lskl,l l963), or from the stored energy followlng cold work (Holt 12
l. 1965).. All these methods are llmlted with respect to condltlon (2) above,
and, in addltion, condition (3) is not always wellvsexlsfled. Because |
-of these basic ligitations the present author*feelsethaﬁlthe mosf reliablev-
‘determiﬁatiens of the stacking faultvenergy can beﬂmedeiat theipresent

time from observations at. the microscopic level.

If is well knoﬁn that the nature ofvthe‘dislocation.distribution in



. - metals changes from a cell structure when the,stacking fault energy is
hlgh' to co—planar-groups forelow stacking fault.energy. This variation is,s'
related to the ease Wlth whlch dislocations may cross-sllp, and a qualitative
‘estlmate of the magnltude of ¥y may be: made 51mnly by 1nspectlon of the |
"general dlslocatlon arrangements :“'“d'—' : , o ' :e; : o
| In additlon the nature of vacarcy clusters and some spec1f1c '
dislocation 1nteract1ons can be used to obtain a muchrmore quantltative o
deterrlnatlon of the stacklng fault energy. By comparlng the shrlnkage
rate of faulted and unfaulted loops Kannan and Thomasl%1965), and.- Edlngton
and Smallmanlkl965) have determlned the stacklng fault energy of Al and
.Al—Mg alloys. Thls technloue is partlcularly useful in that it is
- applicable to metals of hlgh stacking fault energy. Cszek et aljs(l962)
related the stacklng fault energy to stablllty criterla for vacancy
._tetrahedra and planarvconflguratlons,.and thelr theory has been,used for
a number of determinations of y (e.g. Seeger1§l96h‘ Loretto et al.17196h$a”
More recently it has been suggested (Humble, Segall and Head “to be nubllshed,
vsee Loretto et al., 96&) that Czjzek et el.'s theory predlcts velues of |
Y that are too,low leflcultles exist in quenchlng methods due to the
"large effect of quenchlng condltlons Qplastlc deformation: durlng the
:quench for 1nstance, see Cotterlll and Segall, E'11963) | ‘, _v R

Whelan (1959) was the first to saow that extended three-fold nodes

P

’ ,can provide a dlrect measure of-the suacklng fault energy of a crystal

Early measurements on extended nodes observed in transm1551on electron"
microscopy by Howie and Swann®1961) and Siems et a12%(1961) confirmed that -

Yy could be readily determined in'this'way; Subsequent theoretical

-



treatments have shown that a carefu. consideration mﬁst be madg both
- of the interaction between the partlal dislocétions in th; node, and of.
‘the variation of the line energy of the dislocations with character;v
Cbntributions to‘this specifi§>pr6blem have been made by Brownl(i96h)t
Siems2(196h) and Jdssang et al. > (1065). For metals of reasonebly low.
stacking fault energy the node méthod no% apﬁears to be the most favorable, -
its only mejor limitation being with”respect to_condition.CS).r'

It is the purpose of thé presert paper tp.compare experimentallf
. megéured nodé’paraméters (e.g. inscribed radius (width), outer radius,
equilibrium.partiél Separation, character) wi£h the'predictiéns of.fhe
- various theories relating them both to one aﬁother and to the stacking
' fault energy. The present compariéon of expériment ana theory is:undertéken
as ajprelude to an investigation of the stacking faﬁlt energy iﬁla number
of alioys,_so_that the accuracy and limitations of the_node method may be
'clear. | |

In the next séctions the predictions of the publishéa‘theories
relating v to the node parameters are considered, the experiméntal results
'which havé beeh oﬁtaiﬁed Wili be preseﬁted,_and'the agree@ent with |
exéeriment of.the présént tﬁeories yill be aiscussed. |

' ‘II. The Relatiofxshifs between Node Pa!raméters
and the Stacking Fault Energy.

Figure 1 shows the notation which is used to describe the conveniently
measurabl¢ Parameters of a node. Whelanisgkl959) theory considered the
equilibriuﬁiéf the. partial dislocatibns tovresult.frpm a fdrce,Gb2/2R'

per unit length due to the line tension (the line pénsidn is ‘taken as



-dbz/z; ‘b is‘vtizhe Buxv'g.ers'. vector of the"p.artia_lf dislo'cation,h and R its
radius of.curQature), opposing a force vy ?er unit length from the stacking
fault. fOn this basie'

L SR
but some of the llmltatlons of Eq. (l).were femeved in the formula used

by Hovie and Swann (1961)

¥y = Gb% In (R/e)/UnkR (2)
where .€ is the cut-off radius (N b) 2nd X has the value 1 for'a'screw'
"'node and (1 - v) for an edge node ( ih Vlg 1, @ =0 for a screw node,
o = 90° for an edge node). Brown (l)6h) in a relteratlve numerical

solution of the-problem of node shap: made allowance both for‘the variatibn,

of llne ten51on with node cbaracter, and for the 1nteractlon of the
"partlals, and related both W and R to the stacklng fault energy. U51ng

- the same notatlon as employed earlle~, w1th v as Poisson's ratlo the "

follow1ng equatlons are from Brown and Tholeﬁz%l96h N
%

YR/Gb2'=,O.27 -10.08 it;)eos2a +.{0.10§{If# + 0. 2&{ }cos2a} loglo (R/e) (3) N
yw/Gb2 =o;oss(§—‘—:’7}- 0.06 (—-———l cos2a +{0 0185;2 "‘+o 036;"———J cos2a} loglo (R/e)(h)
- i , | | v N

i(l-\))zl

‘Siems2(l96h) improved on the_eariier theory of Siems et al Z(1961)

.»by allbﬁing for the variatiOn of-linevenergy with dislocation character,'

. and obtalned analytlcal solutlons for the width of the node (w) and for 1ts o

" outer radlus (R) In the present notation Slems (l96h) equat1ons are,

i
-



b2 v .. v {3 cos2a + 1"; y
R =1y s [+ (1-v) A 2 /1 1n, (R/€).(5)
V3
R = W[E___ (1 ~__5v _cos2a ﬂ lne‘(R/é)‘ (6)

W
. OL§E - 1) T VE + cos2a)
4 ' -

and from Read,Bl953, _

a = Gb 2 \)(l + 2 COSZQ) X | (T)

8y . 1-v

Thﬁs,~measuréments of R ahd W léad to a determination of the.sfacking
fault energy, while the charagter of the node; a, and fhe appropfiate ,
values of G and v must be khown. Thé value of R'ﬁeed only be_knoﬁn_
.approximately as long as w ig peasured aécurately, since'the.exprgssions

) .
(3) +(6) are relatively insensitive to the log term. The uncertainty in

'rthe magnitude of the cut-off radius, €, (usually taken as of the order &f

the Burgers' vector of the partial dislocation, b) makes the ratio R/e 5?

unknoﬁn to within a factor V2 even if R is known with considerable accufacy. (

RPecently, & third indepehdent comprehehsi&e tfeatment of the relati%n—
- ship between ﬁode parameters and y has been publiéhed by J¢ssang-et'al§ (1965).
They approximated the true nqde shape uéing doubly angular dislocations,
and éalcuiated the-minimﬁm energy-coﬁfiguratibn. Toldetermine the
stécking fault' en,e;'gy fheir relatiéns‘nipé require a méasurément -of w, the
inscribed.radius, togéther with o, and d if possible. They dd not relate
R toy whiéh mékes_it more difficﬁlﬁ to establish fhe accurac&’of-their

results experimentally, since in metals d cannot usually be measured in

~ the range 4 v 50 + 100A, because the dislocetion image widths are of the

same order. .



Thus, we have tﬁe choice of three sophisticated: relatlonshlns

~ .between node parameters and Y, and an obv1ous flrst step is to 1nvest1gate :

their consmstency, one with another1 TQ do this phe follow1ng procedure

has been followed. A series of imaginary but ;yplcal metals have been

defined; for each of which G = 2.5.19 11 dynes/cm2 and the partlal Burgers'
vector, b = l.SX =vthe cut—qff redius, €. In Table I cglculat;ons»have

5een made for screw nodes on the theories indicated, for values‘of Poisson‘s

ratio v =u0.é, 0.3 and 0.4, 'In each case two node siées have been

considered, R = BOOX and lOOOK, anéd to illustrate the theoretical

éredictionsxfor 8 wider range of R, R = 20002 is considered for Q = 0.k,

The comparison has been made for screw nédes since host expérimentally-

obéeryed nodes have characters close.to this, the_minimum energy_coﬁfiguﬁation,,

Aétcan be seen'from Eq. (2) the relationship uséd<by_Howie:aqa Swannzp  .

.(1961) is indepéndent of v for screw-nodeé. For theftheory‘oberth, and

that of éiems, Y cén be calculéted.both‘from R'asd from w. Accordinglyz'

Y is‘in each case détermined from the values of R (Eqs. 3, 5, and 6) and:.
then 1n the formula relatlng Yy tow, the value of v Just determlned 1s"

.used to dlscover what w would be for that partlcular node (u31ng Eqs :h,

5 and 6')5 It is 1nterest1ng to compare the tabulated vglugs-of R, v

and w ffomlthe Brown and Siems theoyies; for all values of v, R/w is the

same within 3% for R =‘SOOX, aﬁd within 6% for:Rv= 1000A. The maghitudes
of‘Yvdetermined’frém the identical values of‘R, and almost identical values

‘of w, are, however, consistently lower on-Siems'vtheory With R = SOOX

and lOOOK, for v = 0.2, v is lh% lower, fof v =0.3, Yuisle.S% lower;

o . B
and for v = 0.4k, v is 7.7% lower, while for v = 0.4 and R .= 20004, y is . **
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»5.8% lover.

Since the theory of'J¢ssang et al. relateé only w to vy, the values of
w derived from Brown's thebry (unbracketed in Table I) have been used to |
calgulate values of y. We see that the results thus obtained, are
consistently 22% lbﬁer then those calculated after Brown. We also seé,A
as Bréwn“(196h) has pointed out, that'Howie and Swann's théory in the
case of screw nodes leads to lower predicted values df v than are
correct. Contrary to the sfatemenf of Jfssang et al. (1965), it is
‘clear that Howie and Swann's published results underestimated the correct
values of -y.

It is satisféétofy'that the independent calculations of Siems and
Brown, in the one case analytical and the other numerical, should give
‘predicted values of v that differ only within the limits mentioned
abo#e. The results-calculated'from all three theofies show a consistent
; variation of <y with node parameters, although the absolute values afe
‘somewhat different; Rather than attempt an aﬁpraisal of the theoretical
techniques employed by the above authors, an'experimental survey has"
been made of a relatively low stacking fault energy silverQindigg“
alloy (é/é'=.l.25). vThe brincipal measuréments made have been of the
inscribed radius, w, the characterrof the node,.og and wherever possible,
of R, the outer radius. ,Attempts have also been made. to measure d, the
equilibrium'sepération of the partigl diélocations,'and the difficulﬁies
involved in fhese.measurements wiil‘be mentioned below. By choosing an
ailoy of iow:stacking fault enérgy the nodeékwere sufficiently large to

enable the measurements to be made with small pefcenﬁage error.



III. Experimental Procedure and Res ts,
and Comparison with the Trheory of Brown (196k4)

The silver-indium alloy was prepared from high purity oxygen free
elements.. Subsequent analysis by Johnson and Matthey Showed thét the
indium ‘content was 12.5 wt.%, and that £ 1 p.p.m. of Cu, Fe, Mg and Th vere -
present. Gas analysis indicated an oxygen content of 3 p.p.m. 'The alloy,
sealed in an evacuated Vycor capsule was quenched into water, and after
cold-rolling to a thickness ] mils ‘ras homogenized at 500°C for 48 hrs.
After light deformation in torsion tﬁe strips were thinned for electron
microscopic examination. The rolliny texture led to specimen normals '
close to [110], and nodes were photo;raphed in brighf field uéing.eitﬁer
002 or 111 type reflections. A tlll] specimen normal is mofe convenient in
that';he_nédes lie in the plane of the foil, thus being less suscéptible
. to diéturbance by the foil surfaces, and also making a projection correctioh
uﬁnecessary. However, by taking picwures with the foilvnormal always -
close t§ [110] the same correction factor (n10%) applied'to.all the h§d¢é..
‘Invorder to determine the‘node narameters with the‘best possible
accuracy particular atten%ion was devoted to photographic procedure and
improveménts in.measur{ng devices. It was found that the oétimum microscope
magnification was x?0,00Q and so that the node.character, o, could be
determined diffracfionlpatterns were always taken. For the example shown
in Fig. 2 the specimén normal is close to Illo],,and the oﬁerative
reflection is 002, so that o may be tnambiguously obtained ffoﬁ §ne
photograph. Due to the reflecting ccnditions g.b = 0 for dne node‘arh,

and from the contrast in the node network it is clear that arm B is thé

one in question. Since the traces of [0I1], [101] and of [I01], [011]
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coincide the node character may now be detérmined irréspective of whether
the node lies on the (111) or (II1) vplane. In this cése, o, = 14ke, |

ap = 19° and oy = 23°, which is typical of the accuracy of the character
determinations which have been made.

Thé effect of variations in the imaging conditions has also been
examined; Using the 002 reflection, six pictures ﬁere taken of the same
nodes considerably varying‘s, the deviatioi from the Bragg position, and,
although themquality of the pictures was ﬁarkedly affected; in fhe two |

cases investigated the inscribed radius was constant to within *7%. A

more detailed investigation utilizing dark field is planned, since-the

- effect of image width 1is of importance particularly when the inscribed

radiug of small nodes is being measured.

{ .
-F?r the large nodes found in the present gllox, the nqde radii
(inscribed and outer) were measured by préjecting'an image of the original
plate on to‘the screen of a Vanguard Motion Analyzer, at a‘furtﬁer
magnification of from x2.5 to x16. This instrument is equiéped with

cross wires enabling translations to be measured to 0.001" in two directions

at right angles, and is particuiarly aseful for measurements of this kind.

" For the smdller ncdes found in alloys of higher stacking fault energy én

iutermediate negative is prepared from the original plate at a further

megnification of x1T7.5, so that emploring the Vanguard the nodes may bé

- examined at a total magnification of up to 5 million. in this way,

inscribed radii as small as YOX, and outer radii of BOOK have been
measured with a reproducibility of better than 10%. It is worth pointing

out that one of the few advantages of measuring R rather than w is that



the image width of the partials does not affeét the écduracy of fhe.deter-
mination, whereas for small nodes particularly it is importgnt to'éorreét
the measured value of w. Measurement of a small node's inscribed radius
to *10% does not, therefore, impiy that vy is at once known ﬁo‘the-saie
accurac&. | |

It has been found that using the geometrical theorem illustrated in

Fig. 1. nawely,

z2 = (2R = x)x " : S | (8)

 leads to a much less subjective determination of the outer radius, R.

The lengths 2z and x can be measured in the present épparatus with considerable
accuracy -and reproducibility, and the method has been found to be much .
superior to attempting to fit a circle to the curved part of the node.

Care ﬁust be taken in choosing the clord length, 2z, so as to include only

the curved section of the partials which appfoximates élosely to a circle.

Clearly, a compromise must be reachec¢, since for a short chord lenzth the

measurement of x particularly is subject to large errors. «

i

Accurate measurements of R are essential if the theoretical predictions

of Brown, and of Siems are to be investigated. That this is the case is

illustrated in Fig. 3, which shows tte variation of YR/sz,:Yw/sz and

R/w as a function of node charactcf, 2, calculated from Brown's theoretical
rélationships. As can be seen from Egs. (3) and (4), v and R/e must be
known. to make these'plots. The relationships between v, G, and the

elastic coﬁstahts are thoée of Aerts et al.fyl962, and the elasﬁic cohstgnts

for Ag-In alloys have been taken from Bacon énd Smith€51956.' The value of

R used in the term log R/e is the mesn Getermined from all the measurements

-
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on this alloy, R = 2200 * 150A.
5 : Figure 3 illustrates well why the inscribed radius, w, is the best
J node parameter to measure in that it is practically independent of node

character. On the other hand, R varies by a factor ~2 from screw to

PR

edge character, and the character of each node which is‘used must be
determined with accuracy, dué to this dependence of R on &. A limitation
on the compariéon of theory with exﬁeriment is that in the present work
nodes have only been found in the rénge of charactef, oa=01%tox ='h0°
(marked in Fig. 3). In order to test the theory measurementé of fyR/Gb2
and/or R/w are required as a function of character. Brown's theory predicts
o decrease of ~25h" in 'yR/Gb2 and R/w from a = 0 to o = Lo°. Similar
predictions are made by Siems théory so that our main concern is to
establish how gccurafely the Brown=-Siems theories fit the experimental
results, and good absolute agreéﬁent will indicate that their theories
are preferable to that of J¢ssang et al., on account of the systematic
discrepénéies to be foUnd ianablé I.

Figure L illustrafeé the:distributioﬁ ernode character determined

. ‘experimentally for £his‘alloy§ .Forty ﬁWQ nodes have been used to determine
iﬂ the mean value of ﬁhevinscriﬁed radiué,_aﬁd the character has been
. unambiguously dbtained.for 58:ofvfhe$e as shown in the figure.. Only the

ten best nodes have been used fbr measufements of the ogter radius, R.
In taking measurements of the‘thfee-outer radii it has been found that,
havingvallOWed for projection effects, véry few of them are completely
_symmetricai. Due to this, they are, of course, not completely describéd_fﬁ

by the th?orieé, in which thé calculations are for minimum energy configufétion -
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gymmetfical nodes. It is clearvfron Pig. h‘that‘the nodes.which have
been investigated do not behave ideslly as described by the theories since
fhe peak in the distribution as a function of a does.not occur at o = 0, the
screw orientation. Screw nodes are, hOWever, the minimum energy configuration,
and the>results seem to imply that the eodes are pfevented frem reaching . | |
their most favorable equilibrium configuration by internal stresSes,_
‘more particularly due to pinning of the dislocation lines which. have
joined to form them, or, ae proposed by McLeang%l963), and discussed
further in the iight of evidenee from heating experiments in Cu-T.3% Al
by Christian aﬁd Swann6(196b), as & result of a solute impedancelforce.
That the screw.node ié not the most frequently observed has also been
found~by Ericsson 11965 in 67% Co/33m Ni for which' at 310°C tne median
valuexof o was N30°, while none of the nodes were within lO° of pure
screw orientation. In work to be published by the.present aﬁthor é
vaflatlon of & was observed vhile & specimen of Ag-12.5% In was heated in
the electron microscope, with some node arms rotating 15 - 20°. In addition,
irreversible collapse of extended dislocations occurred. It is proposed
to examihe sﬁehvchanges in detail in order to seperate the possible cohtribu-
tions to the ncn-symmetrical shape due to dlslocatlon pinning, from internal
stresses, and image forces near the‘foil surface, from solute impedaﬁce
and in some cases.from anisotropy., | . ‘_ ’ -

Hdwever; despiﬁe the indications that the nodes generally observed
cannot be fuily described on the assumbtlon that they are in the equilibrium
lowest energy conflguratlon the comparison w1tn tneory whlch is to be made'ul_

should enable the probable magnitude of the dev1atlon to. be estlmated
1



Figure 5 illustrates the measuremenﬁs made of W as a fﬁnction of a.

Less thén half a dozen of the'valueé lie more than il2O.K»from w, and the
sfandard deviation about the mean is only lSK. As one expects from £hé-
theory, w has no obvioué dependence on o, although.thé spread iSQtoé

' large go claim this with complete confidenée.

Figure 6 shows the determinations of R as a function of a. Once again
the séread is such that one can claim no more than that thé experinmental
points are consistent with the theories of Brown, and Siems, and tﬁaffthe
agreement is good considering the di?ficulty attached tpbmeaéuring R.

Apart from-two.rather.high.vélues,‘tne points lie close to the théo?eticaily
pfedicted curves, and show the required systematic decréase in R wiﬁh
incregsing o. |

?igure 7, in which R/w is plotied against o, affords thé best test
of'thé'theoreiical predictions, since the ratio of the tvé radii R and ®
w sﬁows fewer of the'fluctuations caused by abnofmally large‘or émall
nodes in Figs. 5 and 6. It is satisfactory'that both the absolutg magni%udes
" of the experiméntally determined ratio and its #ariation ﬁith o are in
good agréemeﬁt with theory. fhe velues of R/w (scr;w) from experimeht
and theory are in agreement to better than 2.5%. Once again the tﬁeoretical’
Curve'of Siems lies close to that of Brown, indicating as one might
expect from Table I that, especially for alloys with a 1arge Poisson's
ratio, both gﬁe theories describe the node configuration accurately. The
present resuﬂts, in conjunction with.the comparisons méde previouslyvby
Brown and Tﬂalén?2196h,:and Loretto?8196h, provide stfoég evidence for the

. N . . ) . . :.‘ . )
velidity of the theories of BErown ané Siems in determinihg stacking fault

-
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energies.

| It does appear, however,.from the systematic discrépancies in Table I,
and tﬁe good. absolute agreement of the expefimgntal results with the theories
of Brown, and Siems, that‘J¢ssang et al.'s theory provides.a slightly less.
accuréte rei;tionéhip between node parametefs and the stacking fault energy.

- This appears tovstem.from'the fact that J¢ssang et al. related vy to a
configuration:bf straight'dislocation segﬁents which differed sufficiently
from the true hode shape to effect the contributions from the interactions
between partials, and from the variation of line tensién(with character.

It is particularly pleasing in Fig. T that the gxperimental ratios

‘R/w are in such Qlose absolute agreement with those predicted by theory.
Although R/w is not excessively dependent on node configuration; it could
ne&ertheless Be affected by, for instance, a solute impedance forcé. An
‘estimate of the magnitude by which R/w could be changed by such a force
is rgadi;y‘obtained, and we shall make a calculation for a node typical of
those iﬁ the presént work. Using the notation of Fié. 1, the effect of
solute impedance is to alter the'relatiQe magnitﬁdes of w and x in the -
sum (w + x) through a variatioh in the position of the partial dislocation,
while we may consider the position of the node.arms to bé unaltered;
aithough z may change due tov£he altered curvature oflthé,paftials. Usiné

 Eq. (8) we héve » | _ | |

' . .2 , :
5R'=ll/2(§§) oz + 1/2(- %5 + 1) 8x : (9)

R %" ’ i B
.In a_typid;l cage, for R/w = 5.2»the cﬂord meaéured'wiil»havé-Qz ~ 4&“

and x '~ O.bw. Thus, ®R = 56z - 128x, and we Tind,



§(R/w) = 6x/w (R/w - 12) + 56z /w. o | (id)

where 8x and 6z are both bositive. The extent to which R/w will be
altered from its value in the absence of a solute impedance force clearly
dependé on the relative magnituaes cr 6# and 8z. ' If, as one limiting ’
case, we take 6z =.O, i.e. the change in node shape is only ﬁarked neer the
center of the partials, then even fcr a small change §x = 0.lw, wé find
from Eq. (10) that 6(R/w) = -0.7. iswever it is also clear from Eg. (10)
that §(R/w) = 0, if for §x = C.1w we also heve 6z = 0.1lkw. It is by no

w

means obvious, therefore, that distortion of the node will result from a

e

dlsolute impedance forcé, but a series of pictures under identical diffracfing
cond@%&ons on the same nodé after various annealing treatments should
reve;% more infofmation.

Althoughvit is clear that forces other than those allowed for in the
theory are operative (evidence froﬁ lack of compléte symmetry of nodes, and
‘their distribution as a functioq of character) it appears that their effect
is.not sufficient to prevént.the‘majorvpredictions of the theory (Figs. 6v
and 7) from Beingvmét experimentally. N

it is possiblé, of course, that forces are present which change the
scaievof the node without influencinz the aﬁsoiute magnitude of R/w, or

‘the variation with character of R, w and R/w, and in'sﬁch a case the value
of y calculated on tﬁe present theories will be incorrect. It is not
iﬁmediately obvious what the effectivevmagnitude of the stackiﬁg fault
energy will be as far as the mechani¢al properties of alcrystal are

concerned in the presence of a solut: impedance force. The fact that only,

a small temperature dependence of T4 has been observed in Cu-Ge, Cu-Ga,



Cu-Zn and N1~Co alloys (iaasen and X« rg,91062 Lhornton,lMluchell and |
lescn 1962 Pfaff 1962 auggests, however, bhab the short—range
solute impedance force is rel 1ve1y inef ectlve For a gl*dlng dlslocatlon
the force will be ;5 the seme direction on both‘partlals. The most |
meaningful falue of v will therefore.beuaetermined on nodes wﬁich have
been annealed follow1ng formation in order to eliminate the sclute
impedance force. | |

 Before going on to.calculate vy from R and w, & ccmment.is necessary
on the measurements of d,_the_eqailibrium separatienbof the partial-
- dislocations in the-node'arms.x Rc previous'measurehents of this parameter
appear to have been published for metals. .Using Eq.’ CD , the expected
) varia@ion.ofvd with node character, 0, can be plotted"for rarieus values-
of Y. EA picrodensitomer.was gsea.to determine d,.a number'cf traverses: -
being made on eacﬁ node arm. -The meeeured'valuee of & were ﬁuch higher'ﬁ‘
than.eXpected for the known value of Y. To within the rather large
eXnerimental error they did, nowever, show the expected‘varlatlon w1tn a;
t and have the expected absolute mannltude if a constant amount , 75A was:
subtracted;froﬁ‘each value. In Fig. T, ‘dmeasured."itOZﬂ is plotted,
with t_ the extiacticn distance for the operative'reflection, andvto/ﬂvis
the approximate ameunt by which the dielocation inege ekceeae the separaticn
vvof the partlals.v S ince t /11 is the ax*"zum imagevwidthi- 'khe'lan,3%.959)
For the 002 and J11 replectloae used, t /w Iy TSA and thus, having made
some allcwance for the breadth of the mage, reasonable agreement w1th

theory is obtained. It apoearb, nowever, that 4 cannot be a 7ood parameter ;

in metals, due to the difficulty in obtaining accurate measurements, and }

i
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the large fractional size of corrections which must be made.e

IV. Calculation of Yy from the Present Results
The inscrived redius, w is the parameter from'which Y is most readily
. - o : . ) :
calculated, and w =,hl2 t "15A. In aidition, on the theories of Brown and

-

Siems, Y may be obtained from thé iniividual values ef R and-a. o E
correction has been made for the imagq&midth rend ing a more comnleue
investigatien, since good agreement :as_been obtalned‘oetween Y_determined
nfrom W and'R, indicating ﬁhaﬁ the felativé&y small correctiea needed in

W may be compenSatea fer?when,measuriné theynede. Table.i,indicates

that v need enly be knowp.to *9,05‘13 order to determine v to within'lO%--
it is usually known with:cthiderablf more precision than thie.' The value
of the anproprlate shear’ ﬁoaulus ca nxot always be obtalned for alloys

from éata in the literatpre,‘but an approximate value can be obtained
ifromameasurements of the ¥eung's modulus, together with a comparison ofi“
the_moduli of the.alloying elements.

The magnltude of the cut- off raiius, €, can oniy be estlmated and

is of the" order of the partlal Burpe A vector b. A varlatlon in ¢ by

_a *actor of h varies the calculated value of y by N207. InuTable II the
_stacxlng fault energy is tabulated as determined from the three recent
theories, for three values of the cut,-0ff radlus:

)

Both Siems' and Browns' theories give results in good agreemeént
from calculations using the outer radius, R. For instance, on Brown S theory

for e = D, f = 5.67 ergs/cmz. It apwears, therefore, from the excellent
i : ; . :
agreement in Table II that_both Brow:'s and Siems' theories can be useq_

with confidence in evaluating Y.



Table II

The Stacking Fault Energy Deternined from Radius Measurements

f — -
Y,(Br'own) , Y.(Siems)~ Y(Jéssang et al.)
_ergs/cm2 : ~ ergs/cm2 . ergs/cm
=0 | 5.55 - 5.47 S
e =0/2 ' 5.98 , 6.00 R 5.1
e =b/h | 6.41 o 6'.52' " , 5.5
! , .

As far as the random errors in the present work are concerned, y has.

been determined with some accuracy by making measurements on a large

number of nodes. In addi%idn.good duta}héVe'been used for G and v,

Possibilities of further error arise from the megnitude of e, and from a
systematic error of some sort in-the node measurements, .e.g. effect of
diffraction contrast on node image size, uncertainty in original plate

magnification, film shrinkag

)

& inzpplicability of theory due to further
effects as discussed earlier.
Teking.€ = b as the most reasoncble value of the cut-off radius, the

‘results indicate that vy =.5f§ t 0.2 szrgs/cm2 is not unduly optimistic.

i

If allowancé is made for a rather smeller value of the cut-off ra&ius veing

e . e . =t . : 2
possible, then it is more reasonable toggpote y~v6.02% 0.7 ergs/em”.

-

S
L4
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In conclusion it is appropriate to comment on the extent to which’
the node method satisfies the conditions suggested earlier.

N

The strength of the dependence of Yy on R and w is clear from Table I,

and is satisfactory.

The dependence of the node paramztérs on v is certainly direct in ,
that the area and the shape of the fauit dependsboniy’qn the‘equilibriumv
between_the repﬁlsive énd attra;tive forces. An annealing treatment méy
be néceésary“in some alloys:to eliminate the solute iméedance fﬁrqe SO
that ﬁhe most meaningful valu¢ of v is determined.

?hat the theory relatingvthe measurables tbiy'is rigorous has peen

demonstrated in the preseht_wdrk. Further work is, hHowever, necessary

s

! . 0 it -
to understand the reasons for the deviations from complete agreement

with theory.

The inner radius .of a node can be defined and measured with ease, and

although measurement of R is more difficult it is nevertheless a reasonabdbly .

good parameter.

A limitation of the method is that nodes are visibly extended only
.at relatively low stacking fault energies. The upper limit may be defined
' as the value of vy et which w equals tbe-diélocation-image width,'&to/ﬁ.

Thus, from Brown's theory, in general

f

yw/Go? ~ 0.3 : - (li)
and for w ~ ﬁo/n, and b ~ 1.5.10_8 ¢, when low order reflections are uéed

the node method is useful up to Ypax? where ’ .

1 Y , '
meX o 30,1073

Gb (12)

R
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Y As Determined after Hovie and Swann (1961), Brown (196hL), Siems (1964) and Jéssang et al. (1985)

Table T

R

0.2

0.3

All calculations are for:

B R 2.5.1011 dynes/cm~ - partial Bﬁrgers' vector, b = l.SK
. . o
screw nodes (a = 0) cut-off radius € = b = 1L.5A
.'After Bowie and Swann After Brown and Siems# After Jgssang et al.
Y ) . Y ' Y
) ergs/cmz suter radius (A ergs/en” inscrived radius (A) ergs/oen®
6.2 " 500 (9.7} 1.2 (119) 116 - 8.6
3.5 . 1000 (5.3) 6.1 (239) 226 4.8
6.2 500 (11.5)  12.8 (108) . 108 19.95
3.5 1000 (6.3) 1.0 (216) 212 5.45
6.2 500 (13.8)  14.9 (102) 100 114
3.5 - 1000 - (7.6) 8.2 - (203) 193 "6k
1.9 2000 - (4.2) 4.5 - (4o3) 386 3.5

*The values of y and w in parentheses. are those'éaiculated after Siems.

s e g

~gl--

to



Figure
Figure

Figure

Figure
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The parameters of an extended node.

Character determination of an extended ﬁode.

The varietion of Y?/szg R/g and»yw/sz with chara;ter for the
present alloy, calculated z2fter Brown.

Node distribution as é funztion of charécter}

Thé measuremen?é of w,_the i;scribed-radius.

The theoretically predictel variation of R with o, and the

experimental-points.

R/w vs. a, experimental ani theoretical (after Erown) .

meas

The variation of (& - to/ﬂ with node character.

to
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MuB-8023

Fig. 1
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ZN-5287

Fig, 2
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Node distribution vs a

Fig. 4
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