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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of Callforma
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ABSTRACT
ThévinﬁrinSié; stacking fault energy has been determined in the
Ag-In series using extended nodes, from pure éilVer to Ag-12.5 Wt.%
‘iﬁ-(é/a = 1.23). Extrinsic faulting has been observed tnroughout
- the series, and examples are shown botu of extrinsic—intringiC'node
pairs, and the extrinsic-intrinsic fault pairs reported égrlier by
Gallagher. The preéent results éhow.that the stacking fault energy‘
is insensitive to alloying up to e/a ~ 1;04, after wnich it decreases
with increasing solute content. Both fér high_solute content alloys
and for practically pure silvep, the extrinsic and intrinsic stacking
fault energies are approximately equal. Followingvhign tempérétﬁre
annealing treatments the effective stacking fault energy in hggn solute

e - content alloys is observed to increase irreversibly, suggeSting the preéence

‘of a solute impedance force at room temperature.
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I. INTRODUCTION

The importancé\of the stacking fault energy (r) in f.c.c. elémgnts
and alloys is ;ucﬁ thatvit is desirable to know the mannex in which y
varies with alloying. Adler and Wagner (1962) using x-rays examined a
number of silver allcoy series including that investigated in‘thevpresent
| work, and obtained the faulting probability as a function éf-solute.
Vassamillet and Massalski (1963) investigatec several series usiﬁg xaray
scattering and placed their results on an absolute sdéle by fitting their
fpointsbat‘highbsolute content to those of‘Howie and Swahn (1961). The ‘
'g latter workers examined extended nodes in'copper and silver'ailoys, énd 3
nickel cobalt, and linearly extraﬁolated fhéir results at low solute
:content in order to estimate the stacking fault energy of the pure‘metals.
" The validity of such an exfrapolation was pleced in some doubt, however,
by the work with copper alloys of Peisskef'(l965L who, from extensive
”ﬁeasurements of 13; the stress af the beginning of stage 3, as a function
of strain réte, found a peak in the plot of y against solute content ét
an electron:atom'rétio, e/a = 1.0L.

Fortunately, Lore%%o et al. (196®iand Gallagher (1964) have shown
that even in pure silver extended nodeé may-te observed andim?asured,
sé that r'may‘be determined from node ﬁeasurements as.é function of
solﬁté content.from'e/a = 1.00 to the ?hasé'boundary. Because'of the
R uncértainty which‘exists over the dependeﬁce of'y on solutefcgntent in
_ diluté alloys particular émphasis has been blaced on this region in the
Ipresént Qbfk; An examination c¢f dilute alloys is also of interest since
it cénﬁgive én ind%cation of the likely effects of the segregation- of

impurities in the pure metal.



‘It is felt that the most recent theories relatlnv extended node
parameters to the stacking fault energy (Browun, l9oh Siems, l96h
Tdssang et al., 1965) can Be used with confidence, since they have been
shown to predict well the observed experimental configurations (Gallagher, R
vl9é6a); A further advantage orf determining the stacking fault energy |
ffrom direct observation in the electron micrcscope is that a dlstlnctlon ' :
can be rwadily made between intrinsic and extrinsic faulting.. It has
beeﬁ.shown recently that extrinsic faulting cccurs in low stacking fault
energy materials (Loretto, 196k4; Ives and Ruff, 1966; Gallagher, l966b)
and ihAthe present work extrinsic faulﬁslhave also been observed in samples

Ewhose stacking fault energy is ~20 ergs/eme.

eIE. EXPERIMENTAL PROCEDURE

' The silver samples were prepared from deox1dlzed materlal of 99 9999%
furity, and 99.999% purity indium was used in the alloys'which were_prepared
iﬁ evacuated Vycor capsules. After quenching the ingots were cold- .
rolled to .007T" thickness, and homogenized at SQd;C for 48 hours under
a vacuﬁm of SQIOdgﬁorro Spéctrographic analysis of‘each of the alloys
.shqwéd impﬁrity-contents léss than 10 p.p.m.v After light deformation in.
torsion thevsémples were thinned elect%olytically (dilute alloys’and
;abure silver;EG gﬁ KCN/;OO ce Hy0, potenfiai 2.5 v; other alloys, TQ%
ethyl alcohol,.20% perchloric acid, lO%‘gl&cerin, -20°C, 10 v).

To facilitate the measurement of the iﬁscribéd radius (w) of the
.i'smali nodes ﬁhich are observed in silver énd its dilute alloys éubsidiaryv Vv
negatives weret*prepared at a further marn:chxf“on of al? 5 from the | |

electron microscope plated (x20,000). When the subsidiary negative was
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vieWed with a furthef magnification of xﬁ-in a Vanguard Motion'Analyzer,_

thexinscribed radius of fhe smallest nodes hed been magnified to ~1 cm

aﬂd could be readily measured. VWien measurirg such small ﬁodes (w~ 85R)

eefe must be taken to ensure that systematic errors do not arieevfrom

the diffracting conditions. |
_Measurements of w are gererally made under imaging condiﬁions which

yield‘stacking'fault contrast. In the p”esent work, the rolllng texture

leads to a [110] foil normal, and sultable ref lectlons are 002 lll

or 111. Nodes may be observed in either tbe 111 or 111 p]anes ‘and for
any of the above reflections one of the total dislocations whlch form o
the node and two of the partials which bound it are out of contrast. The
partial dlslocaulon which is in contrast lies oppos1tebthe total dislocation
which is out of contrast.

_ For.small nodes, particularly, it is important to consider the_

above facts when making measurements of the inscribed radius. - Howie

‘and Whelan (1962) have used the dynamical theory to determine the intensity '

distribution’ of the image about the partial dislocation which eeparates.

a stacking faulf from perfect crystal. Their results show that when ‘the

-'}partial dislocation isvin'contrast (g .'b = +2/3) the position of-the '

i

.partlal corresponds closely to that point at whlch the 1ntens1uy characterlstic
‘,of the faulted reglon starts to decrease from its maximum value. However)

"fwhen the partial is out of contrast (5 - b= +1/3) the pos1tlon of the:

partlal correlates closely W1tb the point aL which the 1nten81ty characterlstlc-
of the faulted regnon hao decreaued to ibts mlerum value. That the

theoretjcal prédwct‘01s agree well Vlth obsc*vationsof ot&CkinF faults



taken under different diffracting conditions was shown by Gallagher
- (1966b) [Figure 10]. |
Attempts have been made to measure smail ncdes using@a microden-
sitometer, but the method is time consuming, and because of the shape
of the node the inherent accuracy of the instrument is difficult
achieve. Accurate results can be obtained by Titting a circle to
a tracing‘of the node, the tracing having been made with subjective v
ellowance for the imagingiconditions. If the lines of the traeing are.
fitted to the node image along regions of identical intensity.fer all’
three partials, then the measurements either underestimete or over-
eetimate the true nede Size.
If all'threeﬂpartials are treeted as if g . & = l/é'one line of
'lithe tracing w1ll311e a dlStance x outside its true p051t10n, where x ~

_;0.25g (Howie and Whelan, 1962) and & is the extinction dlstance for

the.operative reflection. The consequent overestimate in W, the inecribed

radius; 1is ~0,08 €v,fand  13 " in silver for 11l and 002 reflections is
~éOdﬁ. By treating ell three‘partials as if g . b = 2/3 two lines of tbe

traeing_are in error, and the inscribed radius is underestimated by .

~O.l6£g, leading to an-error in w of about 30A. Such errors must clearly

be  avoided when w is only ~858 as in pure silver. . e

TII. RESULTS -

3 1 Intrinsic Stacklng Fault Energy

Flgure 1 illustrates typ10d7 nodes in eaCu of the alloys which have
~ been examined. The magnitude of w, the inscribed radius, varies by &

factor of 5 from pure silver to the alloy with highest solute content.

W‘
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:To investigate the effect of oxygen on the ouﬂcxinr fault energy 1ngots
_of pure silver-and of the alloy with e/a = 1.10 were prenarcd in air
rather than under vacuum. Vaculm fusion aralysis indicated that even

| this Lreatment had resulted in cnl" few ?arts per mllllonvol omygen
‘(~5 to 8 p.p.m.) being absorbed, but it i1s felt that particulaflj,.

in alloys all the oxygen is not revealed by thails procedure. Helium 3

L 6 8 18, 18
‘activation analysis utilizing the reactions Olo(He3,p)Fl and O Q'(He3,n)N’e

T
ET%“EEZ F18 after Markowi£z and Hall (1959) is to be used by the presenﬁ'
authors in order to determine the uotal amount of oxygen absorbed by the
épe01mens. “

Table 1 conualns detalls of the measurenents whlch have been made
' and the calculatlons therefrom. The values cf W have been corrected
for the inclination of the node in the foil, and the standard error of
both a single reading and of the mean is shown. The value of v apd'G,
Poisson. s ratio and the shear modulus respectively, are calculated from
~the data on the elastic constants in Ag- In by Bacon and Smith (1950),
| using the relatlonshlps between v, G and. the elastic constants from Aerts
et al. (1962). In this way some allowance has been made for anisotropy
since the values of v'and G are those. appropzlaue to dlslocatlons in
v[lll} planes, and are exact for dislocations along <110> dlrectlons.
v_ The intrinsic stacklng fault energy (V) has been calculated using the
eqnatlon relating w to T given cy B“OWn and Tholen (l9oh)

The strlklng feature of the results 1n ”able 1 is the 1nsens1t1v1ty

of v on e/a for the dilute alloys. TheipreSunc results, in conjunction

. with those of Peissker (1965) indicate that &« linear eXtrapolation_fromv



a plot of r againsf e/a does not lead to a correct defermination 6f-?
in thevunalloyed metal. In contrast to the rasults of Peissker, hdwever,l'
~in the Ag-In series (with alloying elements of the present purity'and
oxygen content) a peak is not ovserved in the value of 's fof dilute
alloys. |
- Figure 2"compares the results of Teble 1 with the earlier Vork of
Howie and Swann (1961). Their results have been re-calculated using the
equations of Brown ‘and Th&lén (1964). Allowing for the fact that different
solutes have been:gsed, the curves'are quite similar, the only major
vdifference being thé£ the points for thé most dilute alléyé inIAgéAl |
and Ag-Zn serieé lie somewhat above the@Ag}In curve. The magnitude of
the stackingbfault energy for pure éilver determined in the present. work
(%Ag 21.9 ergs/cm ) agrees well with the previous results of Loréttq
,ét al. (196H) (YA 21+ 7 ergs/cm ) and Gallagher (196k4) (YAg ’ 20 #
6'ergsyém2). Also shown in Fig. 2 are the results from extrinsic-intrinsic
| . _'fault pairs (Ga‘llagher, 1966b) and thesé will be discussed in section 3.2.
rIn the present work the effect of:oxygen on the stacking faﬁlt'b |
energy in pure silver is small. Fer meaéurements on iO nodes inr
spec;mens of pﬁfe silver which had been melted in air, the staqking fault
énergy wasrdetefﬁiﬁed as 23.8 + 1.5 ergS/cm2Lv¢ompared with v = 21.9 * |

1 érgs/cm? in silver with a lower oxygen content:‘ Using the T3 method.to_

determ;ne the stacklng fault energy in de -oxidized 51lver, Ahlers (l9oS)found'f

-.YAg =15 & 6 ergs/cm while in earlier work or: silver wjth a hlgher '

ﬁ_oxygen content Anlers and Haasen (-on)founa Yﬁ =65+ 8 ergs/cm .

rFurther discussion 1is speculaLLve until more reliable qpantltatlve



_partlcles ~1OA in 51ze,'wnile in copper the eifec

information on the oxygen content and dis tritution is avallable from

-the experiments mentioned earlier. However, it does appear that a

' large oxygen content has been introduced to high purity silver in the

present work and yet has raised the stackirg Jault energy only to

2 . . ' - .
23.8 ergs/cm « In less pure silver it may well be possible to
increase the effective value of y further on adding oxygen as & consequence
of a strong solute impedance force arising from Oxidized impurivy ‘clusters.

The non-equilibrium shape of the node in Ag + O2 in Fig. 2b indieates'

the presence of a local solute impedance force, arising, despite the

high_purity of the metal, from an oxidized impurity cluster or possibly

from Agéo

A number of dlfferent annealing treatments have been performed on.

the alloy with e/a = 1.10 and high oxygen content. If deformation was

introduced at room temperature after furnace cooling from an anneal in

air at 500°C, the nodes were ~h0% smaller than in the elloy with e/a = 1.10

and low oxygen contentQ However, if the énnealing tookgplace under high i

vacuum, the nodes were only ~6% smaller tnan in the low oxygen content

alloy, presumably due to the latter treatment eliminating some of the

v oxygen introduced earlier. The 40% increase in the effective value
. of v is very probably due to the presence of an oxidized~-solute impedance

force which prevents the partials fram reaching equiiibrium.

Purther ev1dence for oxidized clusters in 99. 98A and alloyed copper

;and pure silver has been obtalned by Auhby (1069 In 51lver the

1ntroaucclon of Ongen 1ncreasea the temperature dependence of the 1n1tral

- flow stress conSLderably, and the results could be interpreted as due to

t8 were rather smaller.‘
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 Preliminary results on the temperature dependence of the stacking
fault energy in the present alloy series have revealed an irreversible

increase in the stacking fault energy above room temperature for specimens

- with e/a = 1.15 end 1.23. For efa = l.lS,vthe mean value of the inscribed

radius (ﬁ) of a large sample of nodes decreased by ~25% from its value

at room temperature following a 60 minute anneal at 260°C, while for

4

‘efa = 1.23 a 60 minute anneal at LOO°C led tc & 35% decrease in W.

 Annealing expefiments in a Cu-Al alloy by Christian and‘Swann.(1965)

. led to similar results to the above and were interpreted in terms of

the thermally activated motion of the partials enabling them to overcome
the soclute impedance force and reach equilibrium.

Because of the presence of a solute impedance force it is premature

_toléttémpt to interpret the results of Fig. 2 theoretically by cohsidering
.only the pérturbations cauéed by_the solute ad&itionsvto the effeéfive
_.aﬁémiclpoténtia;s.Which exist in pure_silver. However, Work i% progress.v
" is aimed at providing_a ﬁlot of v vs. é/afés determined from thoroughly.’
anneaiea nodes, together‘With informafibn'én the reversible and i?reveréiﬁle

1températufe“dependence of the stacking fault anergy'thfoughout the solid

" solution range. ThesevreSults, it is hoped, will provide a good basis

for comparison with thebry.

3.2 Extrinsic .Stacking Fault Energy

Figure 3 shows examples of extrinsiCAintrinsic node pairs-in;ﬁhree

“alloys. Extrinsic faulting of this type has been reported before. by
4 . ) .

-Loretto (1964) and by.Ives and Ruff (196€), but only for alloys of very

low stacking fault energy. Gallagher {196€b) showed examples of extrinsic-
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intrinsic nOue'pairs in Ag-In alloys ot higuer stacking faultfenergy.

The small network or nodes, all of wuich are extended, in'Fig. 3a is &

”clear example or extrinsic faulting in an alloy with e/a = 1.008, for

whicn the intrinsic stacking fault energy ie 20.7 ergs/cm-. As in Fig. 1

" the diffelence in the size of the node pairs in Fig. 3aj b and c*is

:vexy strlklng.

More quantitative information regarding the magnitude of the extrinsic
stacking fault energy in the Ag-In series can readily be obtained fram )

the extrinsic intr1n31c fault pairs reported by Gallagher (1966b),

, examples or wnich are shown for three alloys in Flg. . Numerous other

examples in the alloys WLth e/a = 1,15 and 1.23‘are shown in the above
reference, frum Whluh it was shown that within close limits the extrlnsic
(Y ) and intrinsic (y) stacking fault energles were equal (y /y (e/a =
1. 15) 1.09 * O. 17, /r (efa = 1.23) = 1.03 £°0.1). The fault pair

1llustrated in Flg. La is the only one observed to date in such a high

‘stacking fault energy materlal, although several examples have been observed
in a Ag-Sn alloy for which Y~15 ergs/cmg. The widths of the intrimsic and

- extrinsic faults are the same to within ~30%, showing that in this alloy too;‘

v and v  are of a similar magnitude. This is such a dilute elloy‘(O.Swt% Tn)

~ that it appears very likely that y is approximately equal to ré, not due '

7_ to the effects of alloying, but more generelly including pure metals.

A compariso of the intrinsic staoking-faultienergy determined from

- fault pairs endffrom nodes is made in Fig. 2.  The single fault pair.in

' the alloy with e/a = 1,008 gave a value of y in close agreement with

the node value. For e/a‘= 1.15 and 1.23 the fault pair values dre lower
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than,.but_in satisfeotor§ agreement with, those determined fram ners,»in
| ' Thus, extrineio fanlting is of much more generei.incidence than haé'
"hitherto been supposed. The fact that the extrinsic and 1ntr1nsic stacking”g
- fault energies are closely the same suggests that close attention whould

be pald to the proposal of Weertman (1963) concerning the likeélihood of .

: the formation of interstitial producing jogs.
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Table 1

- THE INTRINSIC STACKING FAULT ENIRGY IN THE Ag-In SERIES, FROM EXTENDED NODE Km>mcmmEMZHm.

W Awy*  Awy* | number G.101! Y ,u+w* ><.N.“~vn
e/a o o ‘ v :

(A) (a) of nodes |(dynes/cm? ,An&mm\nawv. (ergs/cm?)
1.00 87 w3 20 2.6k b2 21.9 3.5 -1
1.008 92 12 10 2. A3 o 20.7 2.7 1
1.019 92 16 ) 16 2.62 L2(5)| . 20.6 3.5 1
1.037 87 15 l 13 2.61 43 21.8 3.8 1
1.10 117 18 4 23 2.55 R 16.1 2.5 0.6
1.15 230 80 16 40 2.50 U6 8.7 2.5 0.6
1.5 412 100 15 40 2.h2 8 5.6 1.3 0.3
w>zpv Ayy, standard error of a mwsmwm.mmmawnm

Awy, AYyy, standard error of the mean
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

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

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

As used in ﬁhe'above, "person acting on behalf of the

‘Commission" includes any employee or contractor of the Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor ‘prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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