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THE MECHANICAL BEHAVIOR OF THE INTERNALLY
OXIDIZED SINGLE CRYSTALS OF SILVER AND STLVER
BASE ALLOYS '

Subhash Gupta'

Inorganic Materials Research Division of
Lawrence Radiation Laboratory,
Department of Mineral Technology, College of Engineering
University of Cslifornia, Berkeley, California

ABSTRACT
August 1965

The presence of oxygen in the amoun% of 70 ppm invhigh—purity
silver single érystals is found to strenghhen the matrix. Oxygen,
which is known to dissolve interstitially in the silver lattice, affects
the mechanical behavior of these crystals in a manner analogous to'that
of substitutional solutes. A yleld drop pﬁenomenon, obser&ed in oiygen
bearing silver crystals oriented for single slip, has been expiained on
the basis of ’bislocatibn Multiplicatibn Mechaniém’ proposed by Gilman
and Johnston. It 1& suggested that dislocatlons dre pinned by oxygen
atoms snd this results in the‘reduction:of the number of mobile dislo-
catlons. |

The consideraﬁle increasé in étrenéth which occurs on internal
oxidéhion of silver—magnééium’and silver-cadmivm alloy single crystals
has been.attributed to the increase in number of dislocation—dislécation
interactions. A similarity between the Cottrell;Stokeé ratios for pure )
silver and the oxidized materials suggegts that the deformation in_both
cases is coﬁtrolled by tﬁe same'méchaﬂiSm. Thé high w0rk'hardening rate
exhibiﬁed by these materials in the early_stages of deformation has been
attributed to the high initial dislocatién density and its éubsequent

rapid increase with strain. , _ ' S
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In pmrt:ally éxidlzed alloy crvqta]s-the slﬂp soﬁfcas in bhe un-;-f
1&1006 zone start operqting fﬁrst. Wlth a. further increase 1n tralﬁ
these dlslocatlons interact thh the subsurfaCe,strengthened layer,and
eventually breakﬂthrough. The macroqcopic yield point is a54001abed w:th

-the emergence of dlslocations at the surface.v
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I. INTRODUCTION

Theye is =2 considersble discrepancy between the theoretically pre-
dicted yield strength and the observed yleld strength ol pure metels.
This difference has been atbributed to the presence of linear defects

called "Dislocations'; they are supposed to be sn inherent constituent

of any crystal structure. The ease in the mobility or the generation Qf

N

these defects controls the initial value of the flow stress in s0lids.
Because of the low vslue for yield strengths, pure metals hardly find a
wide-spread application in industry. In recent years, intensive effort
has heen devoted to the study of strengthening.mechanisms in solids and
this in turn has led to the developmenﬁ of suitable materials for certain
apﬁlications demanding a particular combination of properties.

Strengthening mechaniéms of solids can be classified under the
followiﬁg headings: (2.) elastic strengthening,'(b) yiéld strengthening.
() snlution strengtheﬁing,‘(d)lstraiﬁ hardening, (e) quench or vacancy
strengthening, (f) fadiation éﬁrengthenigg, (g) ﬁartehsitic strengthgning,
and (h) precipitation and particle'étréﬁgthening.

(a) ¥lastic Strengthening. This is encountered in small single crystals

called whiskers. The high valué for the yield strength, which is of the
order of 2107 pei; 1lg asgociated with the difficuliy of generating new
dislocations because of the perfection of the crystal. However, the
bulk crystals do not have these ﬁnique strengths because they contain
heterogeneities that can lead to dislocation nucleations.

(b) Yield Strengthening. An important measure of strength is the
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yield stress évthe vaeoa roquwred Lo move dlqjocablon in a crvstal.

Johnston anﬁ Gilmanl have.demon trnted th%t in llthium fluoride the
macrogcopic VJ”Ld tronpth is L1near1y proportmona] to the gtre | es re-
quired to move fresh dislocations at a reasonable velocmty? Furthermore,
the yield strengths are nntvdeﬁerminéd.by l) the‘stréss_to pull disloca~
tionms fron impuritynatmospheres; 2).fne.streséntonpush aiélbcations
through = forest_of other diélonations, nor %) thé étreés to operate
frénk—kead SOufces. Rather, they’are’determined by thg frictional resis-
tance of the lattine‘to the dislocation mo%ion. it is thén 3PPQfent
bhat in certain typeé of solids the ease with which dislocations move in
'ﬁhe latbice controls-the flow stress. Recently much research ef{fort has
gone into the study of Lhe Yactors influencing dlslocatlon mobilities and
this haq re: b]t”d in a better understanding of the behaV1or of solids.

i

(c)i Solution Strengthening; The increment in yield strength,is guite

I . .
‘small on solid solutioning but the problem itself is of considerable

theoretical interest.
3

.The interactions between noving disiocations and:stétionary sblute
atoms were couéidered by Mott'and,Nabdffog fér random‘solute dispefsions;
and more recenﬁly by Fleischérﬁ.for'non-unifnrm impurity concentrations.
The'géneral piéture is thét the dislocation line is a flexible string
that vibrates and radistes elastic‘enérgy as it passes orx is:"plucked”
byisolute atoms. .This energy nﬁst be suppiied by additional applied
stress. Iflthe olut@ concentrablon in a crystal varies, then the
1qttlo° parameter W111 vary and the elastlc forcvs will vary. Thoy can

N

be pictured as impairing the-motion of dislocation lines and the stress

required to achieve a given velocity.

b2 ]



—)—

(d) Strain lardening. Iﬁ’is well-established that once plastic deforms-
Fion has started the stress required to cause additicnal deformabion in-
creases. This effect,hasAbeen associated with the increase in the mmmber
of intersections behween the forest and mobile dislocabtiona and alszo

with the increment in long-range back stresses whose source of origin is
still a conbroversial matter. Bub there ié a limit to the strength level
that can be attained By'plastic deformation‘beCause the dislocation den-
éity almost reaches a satufation value of lOlg/cm2 quite earlyvin the
deformalion sequence and beyond which no significant gain is made in
strength level on subsequent deformation. . Consequently, this technique

is hardly of any practical impoftance.

(e) Vacancy Strengthening. It has been known that the yield strength
of ;s metal increases when it is guenched from a temperature close to its

meiting point rapidly enoﬁgh to retain the high-temperature vacancy con-

“centration. This effect is considered to be asgsociated with the intexr-

action of moving dislecation with dislocation loops which result from

. the collapse of these vacancy discs. This technique does not {ind uni-

versal application because in some body centered cubic metals it is very

difficult to gquench in the supersaturation of vacancies.

(£) Rediation Strengthening. Rediation strengthening is very similar
fo vacancy'strengthening in concept.except for the difference in mode

of preduction of point defects. The iatticé defects, which are produced
on lirradiation, cluster fo form loops which in turn interact with the

mobile dislocatilons to. cause hardening.

o
t

(g) Martensitic Strengthening. In general, the hardness of martensite
is increased by increasing carbon content associated with increased

lattice strain. Recently Schmatz and Zackayy have reported additional
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strengthening due to é markéﬁ fgfiﬁementfiﬁ fhé hi¢rqstruétuxe caused by
'defOImation of sustenite prior to trahsqumation. This unique conbination
of deformdtion anﬁ transformatioh is ébing’to_be’an important tool in
atﬁaining désirable streﬁgth levels. | v

(h) Precipitation and Particle Strengthening; It is well known that

metsals can be bardened by a dispérsion‘of discrete particles of a second '.ﬁ
phase. Various theories have been developed towexblain the increase in
yvield strength of these materials as well aé théif subsequgnt work.hardenf
ing characteristics. _Orowan5 demonstrated that ﬁhe shear.stress Ty
lnecessary,to force a dislocation through thg ﬁafrix between incoh?rent
particles of precipitate a mean distance 2£ apart Qh the slip plane is

given by _
. e Gk : :
R feh A : .

T.= e : ) 1) - .
¥ W) | ‘

where T*,is the’localvi¢ng range back_stresées,'G is the éhear modulus v j
" of elasticity, and b is the Bﬁrgef's vectoi; The yieidfétrength Should.
~not exhibit a strong temperature dépéndeﬁce if Orowdn's mécﬁanism is
rate éontrolling because-the temperature depehdencg‘of fiqwéfress is ré-
lated to the temperature.sensitiﬁity éf the -shear modulus and this is
guite small. In order to explain‘the_rapid work-hérdening observed iﬁ
dispersion~strengtﬁéned materials,.Fiéher; Hart and.Fry6 exténded brd-
 wan's.theory. They aﬁtriﬁute_ﬁhe incredse:invfiowstress_to‘the rapid
increaseiin backstresses as a resuit of ?he'elastic interaction between
the.left—over loops rouﬁd.fhe p#rticleé and thé giissileidislocations.. e
Keily and Chiou7 éhd Byféevet.al.g Suégested aﬁ alternative -

strengthening méchanism on the basis of their work on aluminum-copper

alloys contaihing coherent précipitétes; They proposed that strengthening



~

-)—
can result from the atomic scrambling which occurs and the local strains
which muat be overcome when a dislocation moves through a zone.

o) ) . . 10 .
lirsch” concluded from Thomas and Nutting's ~ observations on

dispersioned-hardened materials that the dislocations can bypass particles

"by cross-slip ieaving dislocation loops around the particles. By uvtili-

zing these concepts, Ashbyll has-been able to explain the origin of ob-
served prismatic loops around the silica particles in intérnally oxidized
éopper-silicon alloys.

There are numerous ways to produce disperions in metal matrices,
buh the widely used technique consists of a sqlution treatment of a
suitable alloy followed by an aging treatment. The nature, size and
distribution of the precipitating phase can be altered by varying the
temperature and time of aging. Only a few systems such as aluminum-
copper, copper-berylliﬁm, etec. can be strengthened to a sufficient extent
gn as 1o be of any practical importande.i

Recently the‘technique of internal oxidatién has been used to
an advantage to produce"dispersions in suitable alloy syste:ms.'12 This
essentially invelves the removal of solute atoms from the metal matrix
by combining these atoms with oxygen. In géheral an alloy sysﬁem should
weet, the following requirements to be suitable for this treatment.
(1) Oxygen must diffuse more rapidly in solvent metal than solute does;
othefwise, a compound will nqt be formed on the interior, but as a
surface layer, ‘(2) The affinity of oxygen for solute atoms must be

sufficiently greater than for solvent atoms.

4 : 13 e 15
Oxygen diffuses through silver, copper, and nickel = with a

speed considerably greater than the metallic elements. Furthermore

its affinity for silver is so small that silver cannot form (solid)
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Ag?o when heaféd agové‘l90°C_in éxyéen'of ﬁormai'pressure. Tﬁis
affinity isalafger for copperiaﬁd niékei3 :Consequehtly tﬁe,silver
olloy system:appeérs'gb be the ﬁost éatisf&c£ory on “the hnsis éf the
considera&i@ns outlined @bove. |

Thé'intefnally oiidized ﬁateriélslexhibit high_cfeep-resistanée“
Cat high—temperatnresl6 and the récrystallizatioh phenémepon is considéf-

ably inhibited by:tﬁe disperséd ﬁarticles,lT Furtherfclarification isv

’necessary cbncerning this ﬁnusual bghaviér aﬁd the microstrﬁcture of
these materialé. |

Recently the experiments on the,temperaﬁurefdependence éf the

flowstress of pure metal single crys;talsl ’19’have,yielded valuable

information én the naturerof ﬁhe elementary'dislocation processeé which
determine the flowstresé. It is of particular interestvto extend those
measurements to the intgrhally oxidizedbmatefials. In this'way informa-
tion can be obﬂained on the natufelof‘thé'interaétion between dislocations
" and the dispéréed phases. At first gight this would eppear a truly
formidable task since the interactions of a large nﬁmber of dislocations
with one another in a pure metal afe ndt understood. However, in con-
siéering the internally oxidized materialsvtﬁe incfease in strength
brings on its traih some‘simplifiéation'ofvfhevproblem since, in certaih
.cases; the obstaclé impedipg the motion of disiocatiohs is'known, and
other fossible contributions to the flow stiesé can almost be completely
neglecteq.

Disloc§£ion'the§ry‘suggestsithaﬁ é fhin.sdrface\filﬂ may.exerﬁ_an
im?ortant effect on the initiation of slip in crystalé if this is due
lprimarily to surface séurces, It has'béen e#ﬁiainéd Ey Fishergq that &’
surface FrénkiRead-sourgéféah_resuit frOm-ajdislagatioﬁ segment thﬁt is |

1

»
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studied extensively.

“Pinned at one end with the other end terminating at the surface of the

crystal. In effect, the stress required to generate dislocation loops

at the average surface source should be about half that for generating

loops at the average interior source because the interior sources are

twice as short. The role of surface sources can be conveniently studied
by partial oxidation of single crystals of suitable alloy system and the

depth of the zone in which dislocation sources are to be affected can be

- varied by altering the time of oxidation. In fact, this technique pro-

vides a counvenient way of studying the effect of barrier size on the
extent of easy glide, the rate of work hardening and the critical shear
stress.

The effects of substitutional soiid solutioning on the character-
istice of stress-strain curve for a face centered cubic metal have been

’ 21,22 . . .
It will be interesting to study the effects

of oxygen, which is known to diffuse interstitially in silver,l3 on
the mechanical behavior of the crystals oriented for single slip be-

cause such a study will shed some light on the nature of interstitial-

dislocation interaction in the metal. ,



T1.. BXFERIMENTAL TECHNIQUES

A. - Materials o

‘FhO matelﬁa]".qelected for the present inves tigation were ultra-
high purity (99.9999%) oxygen-free ('< 1 ppm) silver* and two silvér— .
based a2lloys contalnlng approximea 1PJy 1.0 at % Mg and: 1% Cd, respectively. |
The Ag-Mg alloy was prepared by induction melting appropriate quantities
of 6-9's Ag and sublimed Mg (99.995%) in e thoroughly outgassed high-
purity graphite crucibie under a purifiéd argon éﬁmospheré. Eséentially
the same procedure was followed'in preparing the Ag-Cd élloy except that
the iﬁifial Cd content was increased to abbutvé at %'in an effort to com-
pensate for the rather extensive loss of Cd due to vapofi%ation during the
melting and subsequent crystal_grOWing operations. Samplés taken from
'Var;ous portiqns of the ingéts eatablished fhat fhe>composition-was uni-_
form tp-within'to.oz ot %. The.average énalysés.bf fhe alloy ingots wefe

as follows: Ag- o.98 at % Mg, Ag-1.65 ait % Ca.

B. Specimen Preparation

'Since'preVioué éxperience had shown that polycrystalline samplés of ..
these a}loys became highly embrittled as a result of ihternai oxidation,\
all of the specihens used- in this work were in the form gf.single crystals ¥
with gauge dimensionsVof,approximately 0.25 in. X 0.30 in. X L.50 in.

(6.4 nm X 0.75 mm X 38 mm).' ALl crystals'were grown from the melt in

N [ ) &

wnll outgassed reactor- gradegraphite crucibles using s modifled Brldgman

_technmque. The thh pur:ty silver and Ag Mg alloy crystals were grown in.-

Supplied bleonsolidatEd Mining and Smelting Company bf Canada Ltd.
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vacuum.(: lO-6mm Hg) while the Ag-Cd alloy crysﬁals were grown in a
purified helium atmosphere tc minimize volatization of Cd. Crystals of
twd predetermined orientétions were grown by using conventional seeding
techni@ues. .One group of crystals was oriented for multiple glide, i.e.,
with < 100 > parallel to the tensile axis; the other group was oriented
for single slip. The < 100 > oriented érystals ﬁere grown s; that the
flat faces of the crystals were parallel to (110); in the crystals
oriented for singie slip the flat faces made an angle of approximately
18° with (110).

Portions of each material were first rolled to a thickness of about
1/32" and strips 1/4-inch wide and about 5-1/4 iﬁch long‘were then
machihed from the rolled sheet. The dimensions of the strips were such
Fhat two strips placed end to end complete;y filled one of the smoothly
finished specimen channels in thé graphite crucible. The'strips were
etched in dilute HNO5 to remove any surface contamination, thoroughly
rinsed in water, dried, and then inserted into the previously outgassed
crﬁcible along with a l-inch long seed crystal of the desired orientation.
As many as four crystals, each approximately lO-inches long, were growm
éimultaneously by passing a molten zone vertically through the charge at
the rate of abput 8 inches perlhour. Seed crystals had previously been
prepared in afsimilar manner by Jjoining polycrystalline rods to suitably
oriented sphgrical single crystals. All crystals of a gi&en composition

and orientation were therefore actually grown from a common seed. The

orientations of the crystals were determined by the standard Laue back-

reflection téchnique; the seeds as well as the resulting crystals were

found to bejéf good perfection.

The aliQ? single crystals were next homogenized at 900°C for about
4 gays and tﬁén furnace cooled at an average rate of about 50°C/hr. The

high-purity silver crystals received essentially the same treatment except
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thaf they were annééledvat.9606c'for bﬁly‘l»day:befére being élowly

cooled to room Eempefaturél Both the pure,Ag and'the'Angg alloy crystals

were annealed ih_the'same graphiﬁe crucible‘in which they were grown with=-

oul any additipnéllor intefﬁediaté héndling,v Thé cruciblé.containing the

cerystals was piaced'ihside-aFfused qudr£z conﬁainervabOuﬁ 18 inches long;

this was then évacpated (tov91Q“7~mm Hg), filled to aboutipneFthird of .

an atmosphere with purified argon,_and sealed off. 'Annéaling wass carried

éut in a.vérﬁical resistamce‘furnéce with three independently controllea

"@indiﬁjsf By suitable adjugtment of the ppwervinput; it was possiﬁlé“ﬁo

obtain a hot zone apﬁfoximaﬁely-lé;inches logg within which the tempera-

ture was uniform to £5°C. The crucible was positiéned within.this zone

during the anneaiing opération. Cooling at a unif§fm rdte wds achigved'

by attaching a clock motor drive to ﬁhe L end N Sbeedomgx recoider which

was used to control tﬁe furnace temperature.- |
Certain.modifiéations in thié techni@ue wére required wifh the Ag-Cd

alloy crystals in order torprevenf_virtuaily cdmplete losé o£>Cd from {he

Aéamples 2s- 8 result of condensaﬁion on thé cbolef;parts'pf the_quartz

.container; The‘Ag-Cd ailoy crystgls weré firSt éarefully remo#ed'from

the graphite crucible and cut into sectioné,approximately 37inchés long

by SPafk_erosién. -A 1/8 inchAdia. hole.was alsd drilledvby'spark:méchining "

near’oﬁe end‘of‘eacﬁ specimeﬁ £ovprovide:a ﬁéans for-suppqrting the cry-

stals during the annéaliné dperétibn..vAfter cﬁﬁtiﬁg, the crystals were

clganed by etching 1ightiy in dilutevHN03.. fhe crystals were then frée-

1y suspendéd-inside a hélder_made of fused quartzvand £he’entife unit was

in turn encapsulated undéi'vacuum (~'10-6mm Hg) in a fuseé quértz containir'

only 4 ihﬁhes long. Since it WaSQnow péssible;ﬁo Reép'tﬁe Walis of the ff

quartévtube at a:uniformvtemperatﬁre,’no'grOSS rediStribution of Cd

occurred during the homogenization anneal.
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After being annealed, the high-purity Ag and Ag-Mg alloy crystals
vere also cut iﬁto approximately 3-inch lengths and holes were drilled
in one end of each specimen by spark erosion. The crystals were then
Treely suspended in a vértical position and stofed in this mannerAbefore
use.‘ It shoulavbe noted that gxtreme care was taken in handling these
crystals at all stages up to and including mounting in the tensile ma-
chine. All operations.were carried out with the crystals‘either hanging
vertically under their own weight ér supported along their entire length
on a smooth flat éurface. A simple method was developed for transferring
a crystal from a horizontal supbort to a vertical position'(or vise versa).
For example, with the crystal lying on its support, a pin was inserted
through the hole drilled near the end of the specimen, and théAsupporting
tray or block was then carefully tilted into a vertical position, thus
allowing the crystal to 't;e 1ifted off the support by the.pin without
experiencing any bending moment.

The final step, namely internal oxidation; was carried outvat_600°c
in flowing oxygen at 1 atm pressure. For this purpose the specimens were
first cleaned in dilute HN03 and then freely suspended inside a verticél
resistance~heated tube furnace identical to that used for the‘homogen;
izotion anneals. The furnace was first brought up to 600°C, the indi-
’vidual windings adjusted to give = uﬁiform temperature zone (+2°C) at
least 5-6 inch long, and the specimens then inserted. The crystals were
suspended in the furnace on stainless steel pins which fit into a slotted
slundum holder and the holder itself &as fastened 1o a rigld stainless

steel support rod. All specimens were oxidized for 24 hours; this.time 3
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was consideraﬁly.iﬁvekcess of that ﬁeedeq fér-complete_Oxidation.%_ After
oxidation, the‘specimens wére'withd;awn<ffomﬂthe‘furnace andvallowed to
cool normaliy in éif.‘.Héﬁevgf,'tO determiné‘the effecﬁiéf partiai'oxi-
‘dation on the stress-étrain behavior, thé’crystals were okidizedvfof'

varying times at 600°C and were then pulled from the furnace.

C. Mechanical Testing

The tensile teéﬁé which_ﬁere carried out were.of three general
types: a) conveﬁtional stress—étrain curves obtained aﬁ a fixed temper~ -
ature_and strain rdte; b) measﬁrements of the temperature dependence of
the flow stress at a conséént_strain fate, and c¢) determination of the
strain raté dependence of the flqw stress at a constant temperatufe. All
tests wefe performed with standard Instronvtesting machine. Since the

! o -
chianges in stress involved‘wére sometimes quite small, especially in ex—.
?e}imeﬁts of typg Vc"?'an éuxiliary:unit was incorporated in the load
cell circuiﬁ which;ailowed the'zero.to be suppressed in ten eﬁual éteps.
Using zerovsuppréssion and,oﬁerating the ﬁachine at its highest sensi-
tivity level, it was possible to thain.a sfress éénsitiv{ty of.thé éfder

of 0.1% over the entire load range employed. This corresponded to a load

sensitivity of less than 3 g. at the lowest loads and about 75 g. at the

highest end of thé load range.

TC

A

11

1 is the equiiibrium concentration of oxygen in the

distance in cm, C
. matrix at the surface of the'épecimen Cz_the>solute concentration and Dl

the diffusion coefficient of okygen with T = 0.04 cm, Cl = 7.2 X 10-5: ;F;

Cy = 0L, D, = 5 X 10 2 em’/sec, t =5 hours.

1

nAccording to Meijering. and Druyvesteyn b= 56—%~ were T is the diffusion

[



Tests were carried out with the crystalé immersed in fixed temper-
ature baths. ’Tﬁe baths employed and the temperatureé they maintained
vere: liquid nitrogen, h.p. T8°K; n-p;ntaue, m.p. 1W1°K; ethyl alcohel
m.p. 150°K;: dry-ice acetone, 194°K; melting ice, 273°K; boiling water
373°K.  In addition some tests were made at 323°K using a thermostatted
water baph. The bath temperatures were measured with an iron-constantan
thermocouple and were found to be réproduciblé to within *1°K.

The reversible changes in flow stress with temperature were measured
by deforming the crystals alternately ét two different temperatures at a
tensile strain rate of 2.2 X lO“S-sec'1 (which corresponded to a constént
cross~head speed of 0.00Q in/min). Regardless of their gubsequent test
ﬁistory, in fact, all crystals were deformed initially at this strain
rate. .Tovdetermine the strain rate dependence of the flow stress,.the

crystals were deformed alternately at 2.2 X 10-5 sec_l and 2.2 X lO-u

sec~l; The rate of deformation could be changed instantaneously by a
facﬁor of 10 by driving the cross-head first with the variable speed and
then with the synchronous motor drive system (or vice versa). - Switchihg
from one gear drive to the other was éccomplished simply by engaging or
disengaging a magnetic chuck.

The usual procedure in carrying out tests of type (b) above was to
deform the crystal first at one temperature, partially felax the load,
change to another bath,aand then to continue the deformation at the new
femperature. After changing baths, a standard period éf 5 min was

alloved for equilibrium to be reestabiished before resuming the test.

It was necessary to relax the load, particularly when changing from a

e

lower to higher temperature, in order to prevent creep deformation under

23

load. However, it is found ~ that ﬁnloading sometimes introduces a small
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yield point on retesting at the same temperature, and this effect be-
comnes more progounced the gréatér’the:degreé'of unloading. Tc eliminate
possible complications due to unloading yieidfpoint effects, the load
was therefdre.only partially relaxed, a minimum load of‘abgut T70% of the
flow stress béihgvbaintainéd on fhé speéimen while temperatﬁre changes
&ere being made. . Since the.chaﬁge in_sﬁrain rate Was accompliéhed in-
_stantaneously no complications due to unloading were éncountered here.
The crystalsvwerg held in self—alighing, split, friction—type grips
mede of stainless steel. Immediately before mounting the crystals were

¢leaned in dilute HNO and the thickness was carefully measured near the

3
grip ends with a micrometer. Mounting and alignment of the specimens
in the grips were greatly facilitated by the use.of a_special.mounting
jié which incorporatedblocating pins for both the grips and the specimens.
'Thé facf'that easy glide of up to 20% shear strain was observed in some
crystals; and that éocd'réproducibility of the critical resolved shear
spreés waé obtained-in duplicate ruﬁs indicates that serious deformation
wgs avoided duriﬁg mounting.b After the crystals had been mounted in the
griﬁs,'a.tie bar wés boltedvacross both grips, and, with the crystal
vlrigi@ly supported in this maﬂner; thg specimen was removed from the
mounting jig and installed in the testing machine. The tie bar Qas thép
_cafefuily removedvand_a small_load,-sufficient to align the grips, was
applied preparatory to starting a test.

The work on high-purity Ag,was limited inasmuch as Ba.s'inskie)+ had
already investigated the temperéfu:e and gtfainﬂrate dependence of. the
flow stréss in considerable detail over the»temperature rénge from 4.2°

to 373°K. The few tests which were carried out on pure Ag were desighed:

primarily to check the'p;eviously publiShed daﬁa and to prove out the
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experimental techniques. Temperature or strain rate changes were made

at strain inter&als of about 1% and the tests were continued well into
stage IIT of the stress—strain‘curve. Since the total élongation obtain-
able with the internally oxidized alloys was only of the order of 10% or
less at the loﬁest temperatures, the strain increment between changes in
temperature or strain rate was uéually held to about 1/2% with these
materials. It almost always proved possible tb carry out at least five

or six complete reversals in temperature or strain rate, by which time a

constant flow stress ratio had generally been obtained. In all cases

i

‘cyeling was continued until it became apparent that the maximum load had

been réached and that fracture of the specimen was imminent.

Since.each test normally réquired‘several hours, the load‘calibration
was frequently checked after the completion of the run to insure that no
serious drift had occurred. The calibration was always found to be quite

stable and no corrections for drift were considered necessary.



‘behav1or, the results are shown in. Flg. 2. The extent of easy gllde

" erystals oriented for single slip, howerer, exhibited the yield point
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IIT. RESULTS

A. Silver-Oxygen System , v

In thevsearchlof lnterstitial solution effects on phe mechanical‘
hehavior of silver,»two different orientaﬁions were:employed, namely,
< 100 > and the easy glide parallel to the tensile loading axis.

The deformation behavlor and the work hardening charaCteristics
for the high purwty silver 51ngle crystals, oriented. for multlple slip, ' i
with and without oxygen in solution, are reproduced in Flg 1. There |
were no noticeable effects of the presence of oxygen on the amount of. . "EEE#;:F
total strain.and the work hardening behsavior, out the yield strength

of pure silver was ralsed from O 8L Kg/mm to 1.12 Kg/mm by the

prcsence of oxygen. However, the sllp llne pattern appeared to be

'1dent1cal at equlvalent amounts of deformatlon in the. two cases.

The interstitial solution of oxygen in silver single crystals,

~oriented for 31ngle sllp, dld alter 51gn1ficantly the stress straln

3

was considerably increased when.oxygen was present. However, the

work hardening rate in Stage I was nob affected. The initiation of -
Ssage II was delayed‘ but the rate of hardening in that stage underwent
no change. The sllp llne patterns were quite similar and the total ex-

tensions were more or less the same in both cases. The doped silver

o

phenomenon which was absent in silver crysﬁals,‘containing oxygen and

oriented for mulfiple slip. In order to analyze this behavior in a

detailed manner, the temperature dependerice as.well as the strain rate

dependence of the yield point were inﬁestigated; the amount of'drop,
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increased with increasing strain rate and a similar effect wés 8ss0-

. ir . NN
CLgted with decreasxng temperature. The parameter m N ) was
determined by changing the strain-rates by a factor of 10 at 273°K.
The results obtained for doped and pure silver crystals are represented
in Fig. 3. The value of m' for the crystals saturated with oxygen was
always smaller than that for pure éilver at equivalent strains.

Moreover, there was no evidence for "Luder's Band" type of

deformation in the oxygen-bearing crystals.

B. Silver-Magnesium-Oxygen Alloy

For investigating the hardening effects associated with internal
oxidation of dilute silver alloys,.single crystals containing approxi=-
mate%y 1 at.% Mg were used. Two differentvorientations were employed
in tﬁe study; one produced multiple slip and the pther led to single

t . .
glip. The mechanical behavior of silver-magnesium-oxygen alloy crystal

orienfed for multiple slip is shown in Fig. 4. The yield strength

(measured at 0.1% offset) exhibited a tremendous increase on oxidation.

“The strength level was raised fromILKg/mme to about 30 Kg/mme, but it

wag achieved at the expehse of ductiiity; the total strain was reduced -
to almost half én oxidation. A very high‘initial work hardening rate
was the éharacteristic feature of the defofmétibn beha?ior, but this
rate tapered off to an insignificant value at largevstrains. Furﬁher-
more, the slip seemed to occur on a very, very fine sbale.because no
slip bands were visible even after‘lo%of tensile strain. -The critical
resolved éﬁear stress exhibitéd a strong temperéture de?endence as shown

in Fig. 5. The value increased from 11.7 Kg/mm2 to 17.9 Kg/mm2 in

. changing from 273°K to 77?K. However, the crystals showed a stronger



Csiderably different from that of the crystals oriented for multlple o -

~ is shown in Fig. 8. The results of Neighbours et al.
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Eemperatufe dependeﬁée ef £hevcfiticai sﬂeef'stfess below 150°K.:

The stfess—s%rein Eehavior of the”infernally:oxiQized silver-i :v o
magnesium alloy singie cfystels, oriented for sihgle slip“was con-
slip. The easy gl)de stage exh:blted by the unox1dlzed crystal (Fig 6)
was eonqpmcuously ab,ent in the ox:d:zed crystals, as shown in Fig. 7.
In fact, the‘ox;dlzed crystals exhibited very peculiar deformation
characteristics; the rate of ﬁork herdening vas very high initially
and after attaining avpeek load of~epproximetely 134.5 Kg, the.loadv
continuedvto drop on further stfaining.v The deformaﬁion w&s‘observed
tp be localized in a certain region and neckiné ef'the specimen

occurred quite early in the deformation'sequence. A few slipﬁbahds"

were Tound to be clustered on the necked region towards_the end of -

the deformatlon.
Follow:ng the procedure of Cottrell and Stokesl8ea large number
of measurements were made of the change in flow stress aecompanying

& change in temperature during deformetion of these single erystals. _ 

In polycrysfalsvand single crystale ofvpure metals-the ratio of the

flow stress at a temperature T(T ) to that &t some standard temperature,

eg. 273°K (7273) is found to be 1ndependent of deformation at large
deformations. This ratio, for the oxidized alloy crystels, was found to e u
be more or less constant. The variation of this ratio with temperature Lo

25

on the variation

-

. . L { .
of shear modulus of silver with-temperature (Fig.9) were utilized to-
make necessary correction in the ratio.e~A etrong tempereture dependence
of the flow stress is well documented by the hlgh values for the Cottrell-s

Stokes ratio. S*milar experiments were carried out with internally
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oxidized single crystals of Ag-l at.%Mg, oriented for single slip,
but the results were not reliable because of the peculiar deformation
characteristics. Furthermore, there was no evidence for work-softening

in the internally oxidized materials.

€. Silver-Cadmium-Oxygen Alloy

In the study of the hardening effects coupled with internal oxida-
tion of dilute silver-cadmium alloys, érystals of two different orienta-
tions were used, namely < 100 > and the easy glide along the loading
axis.

The deformation characterisﬁics of the crystals oriented for

multiple slip, as shown in Fig. 10, were identical with those for

Ag-Mg oxygen alloy crystals of the same orientation except for the
differences 'in the strength levels., The tensile strength for this
alloy system was 13.50'Kg/mm2 as compared to 30.2 Kg/mm2 for Ag-Mg-0
alloy. Howevér, the internally oxldized silver-cadmium crystals oriented
for single slip showed normal deformation behavior (Fig. 11). The
yield strength of the unoxidized crystal was raised from an insignifi-
cant value to sbout 13.6 Kg/mm2 (measured at 0.1% offset) on oxidation.
The easy glide fegion exhibited by pure silver cadmium crystal (Fig.12)
was completely absen£ in thé oxidized crystals. Furthermore, the rate
of work hardening was quité high initially and then it tapered off.
And slip appeared to occur on a very, &er& fine scale because no slip
bands were visible even up to the frac#ﬁre stage of the material.

The Cottrell-Stokes type of experiments were also carried out on
the intefnally oxidized ecrystals oriented for multiple slip. The results .

of these experiménts are shown in Fig. 13. The ratio of the flowstresses
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’at two- oocxl]atlon temperatures was found to be more or less constant

The trong temperaturc dependence of the flowstress exhlbited by these

_ mauerlal 'is documented by the hlgh values for the’ ratio.

D. Experimehts'lnvolVing Parfial Oxidafion“

To r"cudy the effects of partial ox1datlon on the stress-straln

behavior, 31n91e cryotals of ollver—magnesium and silver Cadmlum alloys,-

'both orwented for ;1ng1e slnp were oxidized for 1/2 and l- 1/2 hrs. at

| ’-600 C in flowing oxygen at one atmosphere pressure. The deformatlon

characteristics are reprodueedfin Figs.flh and lSvfor the partlally

oxidized 81lver—magne51um and silver-cadmium crystals respectlvely The

mechanical behav1or was combleteLy altered on partial ‘oxidation. The
silveremagnesium crystale'showed almost_nd work hardening after‘the_ :
initial yieldiﬁg, but the yield etrenétb (measured at 0.1% offset)"
exhibited a con51derable increase on varylng the time of ox1dation..
The sllp bands were dlstrlbuted on a very flne scale in the Ag—Mg

cryqtals ox1drzed for 1/2 hr., but no bands were V1sible in the crystals-e

L ox1dlzed for 1-1/2 hrs. The partlally‘OX1d1zed silver-cadmium crystals -

ﬁ'exhlblted similar effects but the yleld p01nts were absent. They showed

regions of pos1t1ve work hardenlng after a few percent strain. It
appeared ‘that duectility of these materiale was not impalred considerably'

on partial oxidation.
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IV. DISCUSSION

v Before attempting an interpretation of the reéults several%perti-
nent features of the silvér-oxygen system should be noted. Fir%t of
all, it has been shown that the solubility of oxygen in silver is
proportional to the square root of'the pressure,26 which implies that
the oxygen molecule is dissociated at the sﬁrface and that oxygén goes -
into solution as the atomic specigs. It is also beiieved that fhe

oxygen atoms occupy interstitial positions in the silver lattice based

I

'
i
i
]
|
i
|
i
i
i
|
(
X
)

~on the fact that the activation energy for diffusion is only llﬂOKcal/mole

1 as compared to 45Kcal/mole for self diffusion of silver and 30 to 50
Keal/mole for diffusion of known substitutional solutes (e.g.,Zn) in

. silver. The ionization state and hence the effective radius of oxyegen
? .

in silver is unknown. Oxygen has a covalent radius of 0.73"A and a

. ° )
crystal or ionic radius of 1.4 A. The atomic radius of silver is 1l.Lhh A

while the "radius" of the octahedral interstice in the silver lattice
: o
is 0.64 A.

Finally it should be pointed out that at an ox&gen pressure of 1

atm. Ageo becomes thermodynamically unstable above l90°C. Howe%er, no

studies seem to have been carried out on the kinetiecs of precipitatioh

of Aggo from oxygen-saturated silver.

A. Silver-Oxygen System

The amount of oxygen introduced at any given temperature and
» ’ ' pressure can be calculated from the experimental solubility relation-

ship given by Eicheﬁauer and Muller26 namely,

log £ = 1.403 - ?5-9—3- + -21- 10g P wuuntt (@)
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wheré £ is the solubility in cm302(é'T'P)/lOO an Ag, T is_the absolute
témperature and P‘is the partiai pressure of oxygen in mm Hg. The ampunt
of oxymen that could be-introducgd into the sampieé amounted to TO ppm
at 600°C under normalv0xygeﬁ'pressure.

The presence of oxygen in high purity'silver single crystals,”

oriented for multiple slip, affected'only the yield stfength value.
And thié é real effect because the formation of oxide_coating'on the
surface was eliminated by saturating the samﬁles with oxygen at 600°C
and by chemical poliéhing of the crystais in dilute HNO3 beféfé testing.
This inCrease in yield strength of the oxygén-bgaring cryStals coﬁid L
very weli be associated with the interactionrﬂetweén the disfortion
produced in the lattice by an oxygen atom and,the,moﬁile disloca£ions.
Howevér, no attempt was made to qdr?elaﬁe this inérement in yield
stréngth with the strain associated with aifferent positions of the
oxygen atom in_the silver lattiqe becguse there is no certainty about
| thevionizaﬁion_state'of oxygenvatom in the lattice. "
Even though there is conVincing evidence_forvthe interétitial

: ) . \
diffusion of oxygen, however, the effects of solution of oxygen in

silver éfystals,vbriehted-for singlé slip, are similar to thése for
substitﬁtional alloying.elemenﬁs. Tﬁe increase in.yield strength, éxQ

_ tehsioﬁ of easy glide regionvand the subsequent délay in.the beéinning
of ‘the linear hardening région are'the features of the oxygen—éaturated
samples that are cohmon to dilute solid solutions of‘the substitutional
type. The lengthening of Stage I and the delay in the initiation of
Stage IX couldrbe attridbuted to the incfease in shear stress necessary

"bo activate the secondary élip system. This seems logical because thev

vield stfength of silver does show en increase in‘the presence of oxygen.
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The most dramatic effect observed in the oxygen-bearing silver
crystals, oriented for single slip, was the existence of yield drop

phenomenon in the stress-strain behavior. However, this feature was

absent in the oxygen-saturated crystals oriented for multiple slip.
The appearance of yield points in solids has been mostly associated
with either of these mechanisms:

1. Cottrell's Mechanism.

T

“This was proposed by Cottrell and ﬁilby2 to explain the presence
of yield drops in the stress-strain behavior of steels. They associated
the drops with the breakaway of dislocations from‘the impurity atmos-
pheres which could have been formed dﬁring thermal and mechanical treat-

ments.

2. Dislocation Multiplication Mechanism

28

This alternative mechanism was suggested by Gilman and Johnston
and Johnston29 onvthe basis of their work on LiF; They attributed the
yleld drops to the difference in the number of mobile dislocations be—‘
fore and after the macroscopic yield. It was emphasized that dislocation
pinning by impurities was a necessary requirement to préduce.yield |
drops, and this feature is common #o both the mechanisms, but they differ
considerably in detail. The Cottrell mechanism envisages the breakuaway
of dislocations from the atmospheres whereas the second mechanism in-
volves rapid multiplication of mobile dislocations. However, the immo-
bile dislocations are supéosed to play'an indirect role by reducing the
nunber of mobiie dislocations. |
The appearance of the yield drop in @he presence of oxygen implies

that there is a binding force between a dislocation and an oxygen atom. -

On the basis of the features, pertinent to silver-oxygen system, outlined
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above, it is reasonable to assume that'an oxygen atom may occupy an
ocfahedral site in the silver lattice. This can lead to strain in the
matrix becausé of the difference inbsize_of the oxygen atom and the size

of the available interstice. This strain canvbe relaxed by the migration.

[}

o) xygen atoms to the disloéation cores. The accumulation of thes¢

atoms around the dislocations will result in decreasing the‘density of
mobile dislocationé - a.neqessary requiremenﬁ for the dbservancg 6f
yield point phendmenoﬁ. |

The observed incfease in'yield drop}iﬁ the oxygen4satﬁ£ated érysééis,
with increasing strain-rate can easily be explained in terms of "Dislo-
cation Multiplication Mebhénism". The strain rate can bé»expressed as’
€ =bn vv}... ' , :"_' o i.(3)A o
wheré b is»the Burgers vector, n ié the number'of mobile’diSlqcatiéns
whicﬂ’is a function of the strain, v is the diélocation velocity which
at constant'temperaﬁuré is a function of the:stresé. |
Mdreover, the deﬁeﬁdence ofvdislocétionvvelécities 6n shear stress =
can 5e.written as o - B | ) : E

va () o ()

There has ‘been no attempt to interpret this eXponent‘7ﬁ‘ physically
but it was well docﬁmented by Johnston's wofk29 thatvthe.smaller the | e
N value of m', %he laréer'the yield dfop, Assuming that the number of
mobile disloéations, which is dépendent on the thérmal and mechanical
history of the spéCimen,rare the same prior_td,macfoscopic yield at
various deerma£ion rates, then the diélocations would_ha?e to move
faster at hiéher straih rates. Fﬁrtherm@re, the drdp in sfress after

the yield is a sensitive function of the Velocity and numﬂer of mobile 4

dislocations and this in turn is affected by the strain-rates. The
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higher is the deformation rate, the greater is the change in dislocation
velocities after fhe yield. This consequently results in bigger drops.
The experimental value of 'm', which was obtained by extrapolating
the.value of'm' to zero strain was smaller for the oxygen-bearing silver
crystals in comﬁérison with that for the sil&ep crystalé without oxygen.

t is very difficult to attach any physical significance to this differ-
ence, but all the observations appear to be consistent with the conditions
specified by Gilman and Johnston for the appearance of yield drop.

Before going into the relevant discussion pertaining to the in-
ternally oxidized silver-magnesium and silver-cadmium systems, it will

be pertinent to discuss in detail the predicted temperature dependence

"of the yield strength as well as of the flow stress on the basis of

proposed strengthening mechanisms for the dispersion strengthened systems.
As indicated earlier, the Orowan mechanism involves the formation

of dislocation loops about the particles. Hence the temperature sensiti-

vity of the loop production is a functién of the size of the particles.

Considering the particles are of radius r(cm}, then the dislocation |

length to be formed is 27r(em). Consequently the energy involved is

2 . : ‘
E = omril (5)

.3'2X108rev.

Even for the particles of 104 size, the thermal fluctuations will

not be of any help in the formation of loops because the activation.

energy is too high. It is, therefdre, réasonable to assume that the

flow stress as well as the yield strength of a material should exhibit
little or no temperature dependence if the Orowen's mechanism is rate

controlling.
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The'strengthening produced by coherent particles has_been'associa

" ated with the atomic scrambling which occurs and the local strains

which must be overcome when a dislocation moves'through these zones.

Let v be_ the energy of the interface produced when the particle is

sheared along the vector b, i.e., the Burger"s-vector of the dislocation.

moving the matrix correspondihg to the smallest repeat'distence in the

matrix. At O°K the stress required to move the dislocation through
, q

particles of radii is separated.by a distance d is given by

T, bd2r = rr2y e ()
hence

c = UAZS

¢ 2bd

| The only parameter which can exhibit temperature sensitiv1ty 1s'
the surfaoe energy, but the creation of surface 1nvolves breaklng of
bonds and this process is not very temperature sensitive. Consequently
1f the shearlng of partlcles is rate controlllng, the yield strength

should show llttle or no temperature dependence.

The cross slip mechanism for dispersion strengthening is similar

in detail to the Orowan's mechanism except. that it involves‘recombinatien

of partial dislocations before the dislocation can avoid the particles |

by cross~slip. This precessvwould be expected to be temberature sensi~-

tive because the values of activation energies are small. However,

magnitude of the activauion energy is e strong functlon of stacklng
fault- -energy of the matrix materlal the state of internsl stresses
and size of the obstacre;

All these mechanlsms outlined above ‘involve & dislocatlon—particle‘

1nteractlon of some sort the partlcles are considered to play a direct
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role in strengthening of the matrix. However, stréngthening of the
,solids can also result from the increase in number of dislocation --
dislocation interactions. In this case the particles are assigned an
indirect role and increase in disiocation density is attributed to

their presence.

B. Silver-Magnesium-Oxygen Alloy

The important features of the mechanical behavior of the single

cyrstals oriented for multiple slip are summarized below:

1. The internal:oxidation of these.crystals resulté’in a coﬁsiderable
increase in yield strength, but this treatment does result in decrease
- of ductibility.

2. A strohg temperafure dependence of the flow stress as well of the
critical resolved shear stress is exhibited by the system. ’

3. A very highvrate of work hardening is observed in early staées éf
‘deformation, but this tapers off to a very small value after a few ?er-
cent of strain.

All these characteristics of the mechanical behavior aﬁpear to be
similar to those for aluminum-copper alloys containing @ and 6' preci-
pitates.8 However, the critical resolved shear stress (measured at
0:1% . offset) exhibits a strong temperature dependence as compared to
that for aluminum-copper élloys containing discrete ﬁarticles.

In order to facilitate intgrpretation of these resﬁlts, a structural
model will firs# be presented for this alloy. The proposed model is

30

similar to that recently suggested by Darken for the Ag~Al-O system,
its principal feature being that dufing internal oxidation small clusters
of magnesium and oxygen atoms, perhaps no more than 20-30A° in diameter,

are formed in the matrix. The evidence supporting this model will now be

reviewed.
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Tpe_NaCl;tyﬁé S£fucture of MgO can ve simply derived from that of
silver by substitﬁting magﬁesium atoms for silver and placing oxygeﬁ
atoms in the octahedral interstices in the fcc;vsilver latticé. .More-
ovef, the lattice constants of MgQ and silver (at.roomztemperature).
differvﬁifieSS tﬁan 3%._'This clqse stfuctural.similérity suggests it
'.ig probable that coherency exists between theée'twé phéses, especially
 when the Mé—O clﬁstérs arévextremely small.

The failure to oﬁservé anyvaiscrete parficles dﬁring_transmiséion
electron microscopy bf'Ag-E at.% Mg oxidized at 650°C31 suggests that '
the c}usters of magnesium‘andvoxygen atoms formed during oxidation»
must be,iess than 30A° and probably smaller.

The_small size of the Mg-0 clustefg‘forﬁéd’during okidatioanay
be un@erstood on the basis of the following considerations:' Oxygen:
diffuées extrémely,rapidly in éilver26 compared ﬁo‘magneéium; At
6OQ°C, the two diffusion coéfficients probably differ by fdur or five
orders of mégniéude. Because ofvthe'strongjchemical affinity,betweén_.
..vthe two solute elements, 6Xygen atbms diffusing in‘from the sufface é -
rabidly seek but and coﬁbine wiﬁh magnesium atoﬁs béforé the léﬁter
have had an opportunity to migrate many atomic distances. Once this
happens,vthé distribution of magnesium and oxygen ih the silvér matfix
is effectively'frozen in"éince pairs_énd larger aggrégates 6f'magnesium' 1
and oxyéen atoms are iﬁmbbile}_ The growth of théée clusters can only.
take place by thermal diséociation of magnesium ana oxygen atoms within
a cluster, and then having both coﬁsﬁitﬁgnﬁs.diffuse_individually to

- other clusters in the viciniﬁy; This prdcess should be very. sluggish

because of the large binding energy between magnesium and oxygen atoms.

Essentially the cluster size will be determined by the initisl
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distribution of magnesium atoms in solid solution prior ﬁo oxidation.
‘Since silver and magnesium have nearly the same, atomic radii, exténsive
clustering would not be expected.'

The ionic nature of the bond between magnesium gnd oxygen atoms
suggests that oxygen atom may be ionized once it jumps into én inter-
stitial site adjacent to a magnesium atom. The oxygen is now trapped
in an interstitial position, not as a neutral atom but.essentially
as an O dion. A very.largé matrix strain would therefore result.

This strain might be reduced by forming larger MgO clusters.

Jt can be concluded from this discussion that the-clusfers are

of the order of EOAf in diameter; assuming‘them to be spherical, the

. computed mean-planar spacing between the particles'is about 100;120A°.
§On the basis of the high temperature sensitivity of the flow stress

as wéll_as of thé'critical rgsolved shear stress exhibited by this

alloy, the pdssibility of shearing of particies by dislocations is

ruled out. If the yield strength had been controlled by this process,

then it would have shown a little or nd temperature dependence. This

is further supported by the.following arguments. The activation energy

for forcing a dislocation through a cluster is composed of two térms:

1. The increase in energy of a dislocation because of the change‘in

éhear modulus, and

2. ’The energy required to bBreask the bonds.

Large differences between the shear moduli of siiver and magnesium

oxide result in a very high valué‘forlthe first term. It is, therefore

suggested that a dislocation will be strongly répelled by these clusters.g;i

Similarly high temperature sensitivity'of the critical shear stress |

exhibited by this alloy system rule oﬁt the possibility of the Orowsn's



increase in number of dislocation-dislocation interactions. The stack-

' strueturerbtained at a low temperature is quite stable &t -high tempera~

mechanism as a controlling factor. .

The experimental evidence favour either by-passing of obstacles .

-

by cross—slip mechanism or strengthening of the matrix as a result'ofv;_;:'

ing'fault energy of silver‘is sbout 25 ergs/cm2 and,:therefore, the

partials will be widely separated.; Consequently, the activation energy;

for the cross-slip process meylbe too high fer,it to be thefmally‘ |
activated..(In order tha£ this process is sensitive to thermal fluctue-

tions, the particles or clusters should produce vefy‘lerge stress-
concentrating effects so that separation betweee the partielsvof

leading dislocation is_considerably redueea. However, it is not possible - !
to visualize the origin of such lerge stress COncentrations'ffbm‘the

clusﬁers iﬁ the sysﬁem undef considefation; Ittis, therefore, euggeeted‘;

thatgcross-slip of dislocations will be quite infrequent at the tempere~ -

_tures of 1nvest1gation and the flow’ stress will be controlled by the'

intersection mechanism. Eosentlally, Mitchell, eta13 arrlved at a

similar conclusion from their work on=the Al-Cu system; the 1ncrease

_in strength and strain-hardening for the system has_been shovn to

arise from the high initial dislocation density and its rapid increase
with strain.v : ' T ' ‘ .

The conclu51on outllneu above is further supported by the absence . . N

~ of work softenlng in these materlals.! ThlS 1mpl;es that +the deformation -

ture. In other wof&s, tFe pfesenee ef clusters in the matrix hinderse
the rearrangement of dlslocatlons by cross~sllp. . - ' o ,;
The constancy of the Cottrell-stokes ratlo with strain and the

absence of any apprec1able dlfference betwecn uhe ratlos obtalned on
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single crystéls and polycrystalline samples suggest that the distribution:
of the dislocations cannot play an important part in determining the
values of the ratio.gu If the flow stress in this alloy system is con-
trolled by the intersection mechanism, the ratios should be the same .
for pure silver and the internally oxidized material. However, the
values of the Cottrell-Stokes ratib for this material differ slightly
T Cyrrz -

from that for pure silver, for example TZZ_ a1 > is 1.2k for in-

| 215 Sy |

ternally oxidized Ag-Mg alloy where as it is about 1:06 for pure silver.

These small differences may stem from the following reason: The absence

- of a sharp yield point in these materials introduces an uncertainty in

the flow stress value at the new testing temperature. In the experiment,

[N

the flow stress at 0,1% offset was taken as a measure of TT' But this
additional deformation can alter the dislocation structure, thereby

resulting in a slightly higher value for TT and consequently leading to

-

[}

higher ratios.

po

The212pid hardening observed in this material implies an unusually
high rate of dislocation generafion within the matrix and this demands
that initial dislocation density should be quite high.v This sugegestion,
of course, ié consistent with high values of the critical shear stress |
exhibited by this alloy. Bﬁt it ié not known precisely how the parﬁicles
may operate as sources; it is possible that_they punch out prismatic
loops, or shear loops may generate directly from the particle-matrix
interface. |

The decrease in work-hardening rate can be_interpreted in terms

of equivalence between the annihilation rate and the miltiplication

(rate of dislocations, thereby producing a little damage in the material

on further straining. This, however, can occur only if the dislocation
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spacing within the celis ié quite smail so that they can annihilaté_
eaéh other withou£ haVing‘to move lafgevdistances. 
The occurrence of slip on aivery fine scaleaimplieS'that each
slip source dées not contribute significantly to strain, but a lot
of slip sources.have t§ operate to produce total‘strain. This ﬁould
result if each slip source work ﬁafdehs very rapidly ahd>the operatioh'
of a new source becomes imperative to produce further deformation.
The umisual mechanical behavior exhibited by the internally oxi-
dized silver—magnesium alloy crystals,'oriented for singlé slip, can
be associated with the rapid multipliéation_of dislocations after the -
upper yield point and thereby leading to conti;uous drop in load on \
further strainiﬁg. This suggestion impliés that thevdislocatioﬁs.are-..-' |
stroﬁgly piﬁned by these clusters. This;'bf coufse, is supported by. 
, : : : 133

the dbservations of Papazean and Hummel®” on the internal friction

behavior of these materials.

C. Silver-Cadmium-Oxygen Alloy
The essential features of the mechanical behavior of this alloy )
'  system are more or less identical to those for the éilfer—magnesiumf
oxygen system and can be explained on similar lines.' However, the

values of the Cottrell-Stokes ratio for this material do not differ
T Gape :

= (A G273 is 1.07 for

‘ | 273 7T -

internally oxidized Ag-Cd alloy where as it is about 1.06 for pure

-

from that for pure silver, for example

silver.  Furthermore these ratios appesar to be more or less constant

with strain. This implies that the long range back stresses are alsp':

dependent on the spacing of dislocation forest and its validity is B
- based on the following reasonings: .If the intersection mechanism is

rate-controlling, then flow stréss (V)'of'a mgtal below a critical
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temperature TC, is given by

x 1 -1l "NAbv '
= — - — 7
T b= [U KT 1n =5 ] | {)

where T* is the long range backstress, L is the spacing of the forest
dislocations, U is the activation enérgy of the intersection process;,
N is the number of points of contact per unit volume between forest
dislocations and glidé dislocations, A is the area swept out per

" successful intersection, b is the Burger's vector, v 1is the fregquency
of vibration of the segment of the glide dislocation undertaking igter—
section, k is Boltzmann's constant, T is the absolute temperature, and
¥ is the shear strain rate.

The ratio of flowstresses at two different temperatures but for the

same dislocation structure can be written as

: 1 1 -1 U' w1 Wby }
‘T GTQ o fr, T Gp T v [ 1 Y (8)
T G T o fpo+ 1 _}_‘l[u - KT 1n1-\1ﬂ.b—‘il
T 4 /T, o T 4 2 v
>

For the ratio to be constant witﬁ strain, 7* should vafy as 1/L. This>
conclusion is quite significant because 1t implies that the particles
play an indirect role in strengthening of the matrix.

The absence of easy glide‘region in the internally oxidized silver-
cadmium crystalé oriented for single slip suggests that slip occurs
simultaneously on a number of slip systems. This can only happen if
the stress necessary for fropagation of strain on the primary slip sys-
tem and in the secondary slip system are of the same order of magnitude.

‘The differences in the strength 1evei achieved in the two'systems
can be attributed té the—differences inl£he parﬁicle size in the two

cases.. The bonding between cadmium and oxygen atoms is not as strong

as the bonding between magnesium and oxygen atoms. This ease in dis~
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sociation of the CA0 molecule and the surface enefgy considerations

will result in bigger particles in the silver-cadmium-oxygen system. -

In spite of the same volume fraction of the dispersion in the two '

cases, the obstacles will be distributed on a much finer scale in -
silver-magneéium—oxygen system. This finer distribution will leed
to a different dislocation substrﬁcture and thereby to those observed

differences on the two systems.

D. Partial Oxidation Experiments

The partial oxidation of these alloy crystals produces a dispersion .
within a narrow region interiro to the sufface. This second phase
particles indirectly serve as obstacles to the motion of dislocationsd -

The depth of the affected zone can be'computed from the diffusion

equation suggested by Meyering et al.,12 for 2'-rt-hour oxidation time, .

2
the zone should be 1_.]'_6}(10-2 cm deep and the zone depth should be 

2X10™% cm  when the oxidation time is 1-1/2 hours.

There are itwo possibilities for the initiation of slip: (2) the

_slip‘starts from inﬁerior of the crystal and propagates towards the

sﬁrface, and‘(b)lfhe,slip sourceé start_o?erating.at the surface and -
fhen the loops expand inwafds.' If the slip had initiated at the sur-
face, the stress-strain curve would have exhibited rapid work hardéning
in the.eariy stages of deformation. However, ﬁhis feature was absent
in the mechanical behavier of the partiélly oxidized materials. These

obServations‘suggest that it is likeiy for the slip to start from the

_ interior and then propagate outwards. However, a considerable amount

of work-hardening can result from the interaction of expanding loops

. with the dislocation substructure in the oxidized zone. This implies
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that the stress necessary for the source to produce a step on the sur-
face will depend én the depth of the affected zone; the greater is the
depth, the higher is the stress value. Consequently the macro yiel&
strength of the material will also depend én the depth of this zone.

Once an expandiné loop has broken thfough the oxidized zone, more loops
will follow through without any difficulty, thereby resulting in a littlev
or no work hardening.' This conclusion is consistent with the experi-

mental observations on slip distribution and work hardening rate.
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V. SUMMARY AND CONCLUSIONS

The interstitial solution of oxygén in silver affects the mechanical

‘behavior of single crystals;_initiationvof stage II is delayed and easy

glide region is extended oxygen bearing crystals oriented for single .

Slip exhibit yield point phenomenon. It has been‘concluded that these

'effects result from pinning of dislocations by oxygen aﬁoms.

The deformation'characterisfics of silver—magnes;um-oxygen and
silver-cadmium-oxygen alloy crystals are similar fo those for aluminum-
copper alloys containing incoherent precipitates. The strengthening of
these materials arises from the increase ih number of dislocation-
dislocation interactions. The flow strésé has beén shovn to be controlled
by the intersectidn mechanism. - The disperséd phase has been assigned an
indi%ect role in strengthening of ﬁhe matrix. The differences in s#rengtp
levelé attainéd in the twq systems'hafe been shown to arise from the
differences in dispersion size.

Each slip source»does not appear to céntribﬁte significantly to thé _
total strain. dereover,'motion of disiocations over large distances is
restricted by thévsubstructure resulting ffom the presence'of'a secénd'
phase in the matrix. | | | |

The slip sources near the surfaée'appear to be effectively piﬁnéd

in partially oxidized sil#eramagnesium and silver-cadmium alloy crystals.

s,
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FIGURE CAPTIONS
tress-strain curves for (a) pure silver crysﬁal and (b) silver

crystal cbntaining oxygen; [lOO]‘being the loading axis.

_Stress-strain curves for silver crystals (a) without oxygen

and (b) with oxygen.

Variation of m' with strain (a) pure silver (b) silver doped
with ‘oxygen.

Stress-strain curve for internally -oxidized silver-magnesium

®

alloy crystal; [100] orientation.

Critical-fesolved shear stress of silver—ﬁagnesiﬁm—oxygen :
alloy crystals as a function of temperature;‘tensile axis isV
along {100] direction. | |
Stress-strain curve for silver-magnesium alloy crystal
oriented for single slip.

Load—éloﬁgation curve for silver—magnesium-okygen'glloy  ;
cvystal oriented for single sl:p

Rat1§ of the flow stress at T(T ) to flow stress at 275°K

T
( 275
oxygen alloy crystals orlented for multlple sl ip (a) before ~

) plotted against temperature for 51lver-magnes1um—

correcting for the change in shear modulus with temperatﬁre

" (v) after.

Variatioh of shear modulus of silver with temperature.
Stress- strain curve for s1lver-cadmLum—oxygen al 1oy crystal

of [100] orlentatlon.

Stress-strain curve for silver-cadmium-oxygen alloy crystal'“'7
: e : _

~oriented for single slip.

'\—~\
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Stress-strain curve for silver-cadmium alloy crystal oriented
fof single slip.

Ratio of the flow streés atiT(TT) to flow stress at 273K
(1273} plotted against temperature for silver-cadmium—oxygen-
alloy crystals oriented for multiple slip (a) before correct-
ing for the change in shear modulus with temperature (b) after.
tress-strain curves for partially,oxidized‘silver—magnesium
alloy crystals oriented for single slip (a)'1/2 hour oxidation
time (b) l-1/2 hours oxidation time. |
Stress-strain curves for partially oxidiied silver-cadmium
alloy crystals oriented for single slip (a) 1/2 hour | B

oxidation time (b) 1-1/2 hours oxidation time.
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