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ABSTRACT 

August 1965 

'rhe presence of oxyg~n j_n the amount of 70 ppm in high-purity 

s Hver single crystals is found to strengt.hen the matrix o Oxygen, 

''h:ich is knoHn to dissolve interstitially in the silver latti.ce, s.ffects 

t.h~ mechanical behavior of these crystals in a manner analogous to that 

of S1J.bstHutional solutes o A yield drop phenomenon, observed in oxygen 

bea:r.+ng silver crystals ori.ented for single slip, has been explained on 

the bas is of 1Disloca.tion Multiplication Mechanism 1 proposed. by Gilman 

and Johnston. It ik suggested that d.isloce.tions are pinned by oxygen 

atoms s.nd this results in the reduction. of the number of mobile dis lo-

cs.tions. 

'fhe considerable increase in strer:gth which occurs on internal 

oxidation of silver-magnesium: and silver-cadmium alloy single crystals 

has been attributed to the increase in number of dislocation-dtslocati.on 

interactions. J\. s :i.milar:i.t.y between the Cottrell-Stokes ratios for pure 

s:Llver and the oxidized me:terials suggests that the deformation in both 

ce.ses is controlled by the same me chan ism o The high work hardening rate 

exhibited by these materia1s in the early stages of deformation has been 

attributed to the high initial dislocation density and its subseq,uent 

ra.pid increase with strain. 
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Ip partially oxidized alloy crystals ·_the sltp sources in the un-

oxicl:tzecl zone start opera:l;:lng ftrst. With a. further increase in strain 

these dislocations :tn·tere.ct w:tth the subsurface strengthened layer and 

eventually break through. The macroscopic yield point is associated w:i.th 
~· 

-the emergence of dislocat:tons a;t the surface. 
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I. T.NTRODUCTION' 

JJ1ere is B. cons:i.dere.ble d:i.screpancy betv1een tlle theoret:.ic8.:lly pre-

c1:Lct.ed yield strength l'l.nd t11c obr:;ervcd y-Jelcl strength of pu:re metc.ls. 

This difference lJg,s been attributed to the presence of linear defects 

called_ 11 D:Lsloc8.tions"; they are supposed to be a.n inherent constituent 

C'f an:y cryshtl structure. The ear,e in the mobility or the generation 0f 

these defects controls the initial value of the flow stress in soLhls. 

Becr.wse of the low VeJ.ue for yield strengths, pure metals hardly find a 

i·ride-spree.d a.:pplication in industry. In recent years, int.ensive effort 

h8.s been devoted to the study of strengthening mechanisms in solids and. 

tlds in turn has led to the development of suitable materials for certcdn 

applications dem8.nding a. particula.r combination of p:r•operties. 

Strcngt~hening mechA.nisms of solids can be classified under the 

follovl:Lng he:=tclings: (e.) elastic strengthening,· (b) yield strengtheninr,. 

(c) sr,Jnt1on strengthening, (d). strain ha.r<lening, (e) quench or va.c.':l.ncy 

strengthening_. (f) re.clia tion s t~rengtheni~g! (g) marten sit i c s t-rengLlten i ng! 

and (h) precipitation and particle strengthening . 

( r:1,.) Kls.stic Stre!}gth~ning. 'lll:i.s :i.s encountered :tn Rmall single crystals 

cn.lJ.ed l·rhisl,ers. The lligh value for the yield strength,. which is of the 

' r 0 - () 
6 ' · ' -1 d ' t l .._I _, ' ff' 1 L -r L • crner OJ cX.l'- ps1.,. 1_s ::..ssoclat•l?- \o.'J.-1 ..,1e ~•l. lCU ...... y Ok generRvlll~ ne;,· 

dislocr:d:;ions because of the perfection of the crystal. However_. the 

bull.z crystals do not have these unique strengths because they contain 

bet.erogeneit:i.es that can lead to dislocation nucleations. 

(b) Yield Gtrengthenin~. An important measure of strength is the 
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;yield .stress - the stress required to move disJ.oce:bions :i.n a c:r·y:>trtl. 

tJohnsl:.on ancl G:LJ.ma.r? llave demonstrated that :ln lithium fluoride tl1e 

nmcroscopic yield strength i.s linee.rly proportional to the stresses re-

qu:ixed. to move fresh disloc8.tlons a;b a ·rea.sona:ble velocitY'. :F'urthermore, 

the yield strengbhs are not determined hy 1) the stress to pull disloca-

ticns from :Lmpclr:Lty atmospheres, 2) the stress to push dislocations 

throiJgh a. fore.st of other dislocations, rior 3) tbe stress to operate 

frank-Fes.d sources. Rather, they are determined by the frictiona.l resis-

te.nce of the la,ttice to the dislocation motion. It is then e.pparent 

1;hat in certain ty-pes of solids the ease with which dislocations move in 

the lGttice controls the flow stress. Recently much research effort has 

gone into the study of the :factors influencing disloca.tion mobilities and 

this bas resulted in a better understanding of the behavior of solids. 
I 

(c)~ _§olution Strengthen:Ln~; The increment in yield strength is quite 
I 

small on solid soltltioning but the problem itself is of considerable 

theoretical interest. 

111e :Lnte:r-3.ctions be t'l'reen moving dislocations and stationary solute 

. 2 .. 
e.toms were considered by Mott e.nd ,Ne.barro. for random solute dispersions; 

. 7. 

and more :recently b:r Fleischer) for non-uni:form impurity concentrations. 

The general picture is that ~he dtslocat:Lon line is a flexible string 

th1:1f:. vibrates and radiat.es elastic energy as it pe.sses or is. "plttcl~ed" 

by soJ.11te atoms. This energy must be supplied by additional applied 

r:rl;rer,s. T.i' the Golute concentration in a crystt:~.l varies, then the 

la.ttice parameter vrill vary and the elastic forces will vary. They can 

1Je pictured a.s impa,iring the mot1.on of dislocation lines and the stress 

requiJ:.-ed to achieve a given velocity. 

. ol' 
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(d) Strain ll:J.rdening. :n is \'rell established that once plar;tic rJeformc'l.-

t:.ion lla:c~ started tlJe stress required to owse 8.clditiomtl dcformry.l;.i.nn in-

cre:J.se.s. This effect ,lv=ts been associat~?.d wtth tbP. increnr::e :i.n 1-,lle nnmber 

of inh"rsections bet\·Jr.>en the foreot a.nd mobiJ.e dJ.slocA.t.ions 8.nr1 AJ so 

\·Jit11 the inc:rernent in. lonp;-:t'8.nge bac]{ s-tresse8 wl1os~ source of orie:jn is 

:::till a con!;rove:rsi8.l nv:djter. Bu.f; there is a limit to the strengl;h level 

t11at can l:Je att~J.ined by plastic deformation beca.u.se the dislocB.tion clen

.s:Lt.:f almost. reaches a sa.turation value of 10
12

/cm
2 

quite early in the 

defonna.VLon Gequ.ellce a.nd beyond \'rhich no significant gain is m11.de in 

.strengl.:.h level on sub sequent, clefo:rma.tion. Consequently, this technique 

is h::trdly of any pract:i.ca.l importance. 

(e) Vacancy Strengthen:Ln~. H has been known that the yield st:rene;th 

of 1 '3. met.al increases Hben it is quenched from a temperature close to its 

melting point :ra.pidly enough to :retain the high-temperature vacancy con-
' 

centnttion. 'l11is effect is considered to be associated.i-rith the inter-

a.ct.ion of moving dis1ocr:J.tion Hith dislocation loops which result from 

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

versa.l application because in some body centered cubic metals :i.t is very 

difficult to quench in t~he supers.:l.turation of vacancies . 

(f) Hadiation Strengthening. Re.dia.tion strengthening is very similar 

t;o va.ca.nc:y st-rengthening tn concept except for the difference in mode 

of prod.u.c\iion of point defects. The lattice defects, which are produced 

on irro>diation, cluster to form loops which in turn interact with the 

n\obi1e dislocations to cause hardening. 

(g) M::J.rtensitic Strengthening. In general, the hardness of martensite 

is increased by increasing carbon content associated with increased 

la.t'tice strain. 
4 

Recently Schmatz and Zackay have reported additional 



strengthening due to a mB.r}~ed refinement in the microstructu:re caused. by 

deformation of a.ustenite :prior to transformation. This UJlique combination 

of defonnn.t.io.n and transform8:l:.ion j_s going to be an important tool ~.n 

attaining desirable strength levels. 

'(h) Precipitation and Particle Strengthening. It is well known tho.t 

mets.ls can be .htJ.rdened by a dispersion of discrete particles of a second 

plnse. Various theories have been deve1oped to explain the increase in 

yield strength of these materials as well as their subsequent work harden-

ing characteristics. Orowan5 demonstrated that the shear stress 1' 
y 

necessaryto force a dislocation through the matrix between incoh~rent 

particles of precipitate a mean distance 2£ apart on the slip plane is 

g:i_ven by 

( l) \ 

-x--
vrhere 1' . is the /local long range back stresses, G is the shear modulus 

of elasticity, G.nd b is the Burger's vector. The yield strength should 

not exhibit e. strong temperature dep'endence if Orowan 1 s mechanism is 

ra.te controlling because·. the temperature dependence of flowstress is re-

lated to the temperature sensitivity of the· shear modu1us and this is 

quite sma.ll.. In order to explain the rapid work-hardening observed in 

6 
dispersion-strengthened materi.a1s, Fisher, Hart and Fry extended Oro-

'-'IB.n 1 s th~ory. They e.ttribute the increa.se in flowstress to the rapid 

increase j_n backstresses as a result of the elastic interaction between 

the lefi.;-over loops round the pa,rtic1es and the g1issile dislocations. 
. 7 . · .. · · R 

Kelly and Chiou and Byrne et e.l.- suggested an alternative .. , ·' 

strengthen:i.ng mechanism on the basis of their work on altuninum-copper 

alloys containing coherent precipita.tes. They proposed that strengthening 

(.! 

.. 
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can result from the e.tomic scrambling wbich occurs ancl the loca.J. strains 

•;hicll must be overcome vrhen e .. dislocation moves through a zone . 

lLLr.scb9 concluded from Thom8.s and Nutting' s
10 

ob serva.t:i.ons on 

dispersj.oned-h<t:rclened ma.ter:i.als that the dislocations can bY]Jass particles 

by cross-slip leaving cUslocation loops around the particles. By utili

z.ing these concepts, Ashby11 has been ~ble to explain the origin of ob-

served prismatic loops around the sillca particles in internally oxidized 

copper-silj.con alloys. 

There are numerous ways to produce dispe:rions in metal ma.trice s, 

buij the widely used technique consists of a solution treatment of a 

stli table alloy followed by an aging treatment. The nature, size and 

distribution of the precipitating phase can be altered by vary~Lng the 

temperature a.ncl time of e.ging. · Only a few systems such as e.luminum-

copper, copper-beryllium, etc. can be strengthened to a sufficient extent 

so 88 to be of any pre.ctical importe.nc-e. · 

Hecently the techniq.ue of internal oxidation has been used to 

s.n r:tdvantl'l.ge to produce dispersions in suitable alloy systems.
12 

This 

essentially involves the removal of solute atoms from the metal matrix 

by c<Jmbj_ning these atoms with oxygen. In genere.l a.n a.l.loy system should 

meet the following requirements to be suitable for. this treatment. 

(1) Oxygen must diffuse more rapidly in solvent metal than solute does; 

o'the:n'l:i.se, a. compmmcl will not be formed on the interior, but a .. s a 

snrf'a.ce layer. (2) The affinity of oxygen for solute atoms must be 

sufficiently greater Lhan for solvent atoms. 

1'\., • f"' th h . l l) ].l.j. . . .k 15 . h w,ygen ch. J:l_tses roug sLver, copper.. and nlc,el · vat. a 

speed conciclera.bly gree.te:r than the mete,J.lic elements. Furthermore 

its a.ffin:i.ty for silver is so small that silver cannot form (solid) 
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At,,-,0 wllen heo.ted above 190°0 1.n oxygen of normal pressu.re. 'I'h:l.s 
c. 

B.ffinlty islarger for copper and nickeL Consequently the silver 
.. 

o.lloy sYstem appears to be the most sat.isfact.ory on the ho.s:l.s of the 

considerati0ns outlined above. 

The'internally oxi.dized materials exhibit high dreep-resistance 

at high-t.emperatures16 and the recrystallization phenomepon is consider-

l··l · l · ·1 · .._ d ·l tl. d · · d . t · J 17 F tl 1 · f · t ·on · ao_y ll1HJll.e. w ·1e 1sperse par 1c .es. 1ur ler c~ar1 :1ca 1 1s 

necessaqr concerning tb:l.s unusual behavior and the microstructure of 

these materials. ' 

Recently the experin1ents on the temperature dependence of the 
' . . 18 19 ; . 

flovstress of pure metal single crys:tals ' . have yielded valuable 

information on the. nature of the elementary dislocation processes '\orhich 

determine the flowstress. :rt is of particular :i.nterest to extend those 

measurements to the interna.lJ.y oxi.d i zed materials. In this way inforrna-

tion can be obtained on the nature.of the interaction between dislocations 

and the dispersed phases. At first sight this would appear a trul,y 

formidable task since. the :i.nteractions of a large nmnber of dislocations 

vti th one another in a pure metal are not understood. However, in con-

sidering the internally oxidized materials the increase in strength 

brinss on its train some simplif.ication·of the problem since, in certa.ih 

cases, the obstacle impeding the motion of dislocations is known, and 

other possible contributions to the flow stress can almost. be completely 
\o, 

t.Jeglec t.ed. 

Dislocation theory suggestsi that a thin surface film may exert an 

important effect on the initiation of sl:l.p in crystals if this is due 

primarHy to surface sources. 20 It has been explained by Fisher that a: 

surface Frank-Read source can result from adislocation segment that is 
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pinned at one end with the other end term1.nating 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 

bvice as sl1ort. 'The role of surface sources can be convenient)~ studied. 

by parti.al oxidation of single crystals of suitable alloy system and the 

depth of the zone in which dislocation sources are t6 be affected can be 

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

vides a. convenient way of studying the effect of barrier size on the 

extent of ea.sy glide, the rate of work hardening and the cri ti.cal shear 

stress. 

The effects of. substi tutiona.l solid solution:tng on the character-

isVics of stress-strain curve for a face centered cubic metal have been 

21,22 
studied extensively. It •rill be interesting to study the effects 

i 

of ox,ygen, which is known to diffuse interstitially in silver, 13 on 

the mechanical behavior of the crystals or1.ented for single slip be-

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

dislocation interaction in the metal. , 
( 
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JI . . EXPERJMEN'I'AL 'I'l~CHNIQ.t.JES 

A. Matcr:i.alo 

Tl!e ma.ter'i.nls selected for the present tnvestigation were ultra-

. * high 1'urJty (99·9999cfo) oxygen-free (. < 1 ppm) silver and two silver-

hosed a.lloys containillg approxJmately 1. 0 at 'fa Mg and 1% Cd, respectively. 

'!'he Ag-Mf!, alloy vras prepared by induction melting appropriate quanti ties 

of 6-9's Ag and sublimed Mg (99·995%) in a thoroughly outgassed high-

purity graphite crucible under a purified argon a tmospher'e. Essentially 

the same procedure was followed in preparj.ng the Ag-Cd alloy except that 

the initial Cd content was increased to about 2 at % in an effort to com-

pense.t.e for the :rather extensive loss of Cd due to vaporization during the 
\ 

melting and subsequent crystal growing operations. Samples taken from 

· va:ri.ous portions of the ingots establ:i.shed that the composition was unt-

form to \·ri thin ±0.02 e.t rfo. '111e average analyses of the alloy ingots were 

as follo"Vrs: Ag-0.98 at % Mg; Ag-1.65 at %. Cd. 

B. Specimen Preparation 

Since previous experienc~ had shown that polycrystalline samples of 

these alloys became. highly embrittled as a result of internal oxidation, 

all of the specimens used in this wor~ were in the form of single crystals 

;.rj,t.h gauge dimensions of approxtmateJ..y 0.25 in. X 0.30 in. X 1.50 'in. 

( 6. I~ mm X 0. 75 mm X 38 tnm). All. crystals vrere grown from the melt in 
. 1 

"Vrell outgassed reactor-grade graphite crucibles using a modified Bridgman 

technique. The h:tgh-purHy silver arid ~-Mg alloy crystals were grown in". 

'* 
Supplied by'consolidated Mining and Smelting Company of Canada Ltd. 

'l 
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vacuum (- 10 mrn Hg) vrhile the Ag-Cd alloy crystals ''/'ere grmm in a 

purified helium atmosphere to minimize volatization of Cd. Crystals of 

two predetermined orientations -vrere grown by using conventional seeding 

techniques. One group of crystals 1-ras oriented for multiple glide, i.e., 

-vrith < 100 > parallel to the tensile axis; the other group vras oriented 

for single slip. The < 100 > oriented crystals vrere grown so that the 

flat faces of the crystals vrere parallel.to (110); in the crystals 

oriented for single slip the flat faces made an angle of approximately 

18° vrith (110). 

Portions of each material -vrere first rolled to a thick..r1ess of about 

l/32" and strips l/4-inch ~ride and about 5-l/4 inch long i·Jere then 
l 

machined from the rolled sheet. The dimensions of the strips vrere such 

that tvm strips placed end to end completely filled one of the smoothly 

finished specimen channels in the graphite crucible. The strips vrere 

etched in dilute HN0
3 

to remove any surface cont~mination, thoroughly 

rinsed in vrater, dried, and then inserted into the previously outgassed 

crucible along -vrith a l-inch long seed crystal of the desired orientation~ 

As many as four crystals, each approximately 10-inches long, vrere grm-m 

simultaneously by passing a molten zone vertically through the charge at 

the rate of ab~ut 8 inches per hour. Seed crystals had previously been 

prepared in a similar manner by joining polycrystalline rods to suitably 

oriented spherical single crystals. All crystals of a given composition 

and orientation were therefore actually gro-vm from a common seed. The 

orientations of the crystals -vrere determined by the standard Laue back
·. ~ 

reflection tEichnig_ue; the seeds as ·vrell as the resulting crystals ,.;ere 
~ \ 

found to be. df good perfection. 
'\ .', 

The all¢y single crystals -vrere next homogenized at 900 °C fo:r about 

4 days and then 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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th.3.b tbey 1-:ere a.nnealed e.t 900 "G for or1ly 1 c1ay before being. slovrJ.y 

' cooled to room temperature. Both the pure Ag and the Ag,.Mg aLLoy crystals 

were ·9.nnea.lerJ. in the se.me grapM.te crucible in which t.lwy ;.,re:re gro•m with-

ou.t 8.ny e.dd:Ltiona.l or lntermedlate handli.ng. 1'he crucible conte.in:i.ng the li' 

ct·ystals ivas placed inside a fused quartz container about 18 inches long; 

this i·TaS then evacuated (to ""l0-7 mm Hg)' fHled to about one-third of 

an atmosphere vlith purified argon, and sealed off. ~nealing i'ras carried 

out in a vertice.l resista.rtce furnace with three independently controlled 

windings. By suitable adjustment of the pm.;~r input, it was possible to 

obtain a. hot zone approximately 12 inches long within which the tempera-

ture vras uniform to ±5 °C. The crucible was positioned within this zone 

during the annealing operation. Cooling at a uniform rate was achieved 

by a.t.taching a clock motor drive to the L e.nd N Speedome.x recorder which 

vm.s used to control the furnace temperature. 

Certain modifica:t:tons in this technique were required with the 1\g-Cd 

alloy crystals in order to p:r.event.virtua1ly complete loss of Cd from the 

samples a.s e. result of condensation on the cooler parts of the quartz 

container. The Ag-Cd a.lloy crystals were first carefully removed from 

the graphite crucible and cut into sections approximately 3-inches long 

by spark erosion. A 1/8 inch dia. hole was also drilled by spark machining • 

near one end of each specimen to provide· a means for supporting the cry-

stals d1..1.ring the annealing operation. . After cutting, the crystals were 

cleaned by etch:Lng lightly in dilute HN0
3

. The crystals were then free-

ly suspended inside a holder made of fu;3ed quartz and the.entire unit was " 

-6 . : 
in turn encapsulated under vacuum ( ~ 10 mm Hg) in a fused quartz cont.g,iner 

{ 

on1y l~ inches long. Since it was now p'ossib1e to keep the walls of the Y 

qu.<:l.rtz tube at a uniform temperature, no gross redistribution of Cd 

occurred during'the homogenization anneal. 
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J\ft.er being annealed, the high-purj.ty Ag and Ag-Mg alloy erysta.ls 

w~re also cut into approximate]~ 3-inch lengths and holes were drilled 

in one end of each specimen by r;park eros:i.on. The cryst.o.ls were then 

freel,y suspended in a vertical positi.on and stored in this manner before 

use. It should be noted that extreme care was taken in handling these 

cTystals at all stages up to and tncludi. ng mounting in the tens U.e ma

chine. J\11 operations were carded out with the crystals either hanging 

vertically under their own weight or supported along their entire length 

on a smooth flat surface. A simple method was developed for transferring 

a crystB.l from a hor:i.7.ontal support to a vertical position (or v:ise versa). 

For example, with the crystal J....y:ing on its support, a pin was :i.nserted 

through the hole drilled near the end of the specimen, and the supporting 

tre.y or block was then carefully tilted into a vertical position, thus 

allowing the crystal to be li.fted off the support by the.pin without 

experiencing any bending moment. 

'l.'he final step, namely internal oxid.ation, was carried out at 600°C 

in floving oxygen at _! atm pressure. For this purpose the specimens were 

f:i.rst cleaned in dilute HN0
3 

and tben freely suspended inside a vertical 

resistance-heated tube furnace identical to that used for the homogen

ization anneals. The furnace was first brought up to 600°C, the indi

vidual vindings adjusted to give a uniform 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 

e.lundum holder and the holder itself was fastened to a rigid stainless 

steel support rod. All specimens were oxidi2'.ed for 24 hours.: this time 
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-l<· 
was considerably in excess of that needed for complete oxidation. After 

oxidation, tl1e specimens were wi thd,rawn. from the furnace and. allowed to 

cool normall,.y in air. However, to determine the effect of partial oxi-

dation on the stress-strain behavior, the crystals were oxid.iz.ed. for 

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

c. Mechanical Testing 

The tensile tests which were carried out were of three general 

types: a.) conventionai stress-strain curves obtained at a fixed temper

ature and strain rate; b) measurements of the temperature dependence of 

the floi-r stress at a constant strain rate, and c) determination of the 

strain rate dependence of the flow stress at a constant temperature. All 
'· 

tests vere performed with standard Instron testing machine. Since the 

changes in stress involved were sometimes quite small, especiall,.y in ex

pe~imen ts of type "c ", an auxiliary unit vas incorporated. in the load 

cell circuit· vrhich alloved the zero to be suppressed in ten equal steps. 

Using zero suppression and operating the machine at its highest sensi-

tivity level, it was possible to obtain a stress sensitivity of the order 

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

se.nsitivity of less than 3 g. at the lowest loads and about 75 g~ at the 

highes.t end of the load. range. 

* Accord.ing to Mei.jering and. Druyvesteyn t · = 
2C

1
D

1 
were T is the diffusion 

distance in em, c
1 

is the equilibrium concentration of oxygen in the 

. matrix at the surface of the specimen C the solute concentration and D
1 -2 

-5 T ~ 0.04 em, c1 = 7.2 X 10 , ~ the diffusion coeffictent of oxygen with 
' ' 

0 1 -5 2 . . c2 = · 1, D1 "' 5 X 0 em /sec, t "" 5 hours. 
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Tests were carried out with the cryste.ls immersed in fixed temper-

ature baths. '1'he baths employed and the temperatures they maintai.ncd 

Here: l~.quid nitrogen, b.p. 78"K; n-pentane, m.p. J)i-l"K; eth,yl n.lcollol 

m.p. 15i3"K.: dry-ice acetone, 191+ 0 1\.; melting ice, 273"K; boiling water 

In add it. ion some tests were made at 323°K using a thennostatted. 

1mter bath. .The bath temperatures were measured with an iron-constantan 

tlJermocouple and ivere found to be reproducible to vri thin ±1 °J(. 

'I'he reversible changes j_n flow stress with temperature were measured 

by deforming the crystals e.lternately at two different temperatures at a 

-5 -1 (. tensHe strain rate of 2.2 X 10 sec which corresponded to a constant 

cross-bead speed of 0.002 in/min). Regardless of their subsequent test 

history, in fact, all crystals were deformed. initial]~ at this strain 

rate. To detemine the strain rate dependence of the flow stress, the 

-5 -1 -4 crysta.ls were deformed alternately at 2.2 X 10 sec and 2.2 X 10 

-1 
sec The rate of deformation could. be changed instantaneously by a 

factor of 10 by driving the cross-head first with the variable speed and 

then with the synchronous motor drive system (or vice versa).· Switching 

from one gear d.rive to the other was accomplished simply by engaging or 

disengaging a magnetic chuck. 

The usual procedure in carrying out tests of type (b) above was to 

defom the crystal first at one temperature, partially relax the load, 

change to another bath, a.nd then to continue the deformation at the new 

teinperature. After changing baths, a standard period of 5 min was 

a.llmred for equilibrium to be reestablished before resuming the test. 

It \·ras necessary to relax the load, particularly when changing from a 

lover t.o higber temperature, in order to prevent creep deformation under' 

loe.d. However, it is fotini3 that 'unloading sometimes introduces a small 
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yield point on retesting a.t the same temperature, and this effect be-

conJes more pronounced the grea.ter the degree of unload.ing. To eliminate 

possi bh~ complicat:!.ons due to unload.ing yield point effects J the load 

wa.s therefore only partially relaxed, a minimum load of about 70% of the 

flov stress being maintained on the specimen while temperature changes 

were being made. Since the change in strain rate was accomplished in-

. stantaneously no complications due to unloading were encountered here. 

'l1he crystals 1.,rere held in self-aligning, split, friction-type grips 

made of stainless steel. Immediately before mounting the crystals were 

cleaned in dilute HN0
3 

and the thickness was carefully measured_ near the 

grip ends with a micrometer. Mounting and alignment of the specimens 

in the grips were greatly facili ta.ted by the use of a special mounting 

I 

jig which incorporated locating pins for both the grips and the specimens. 

i 

The fact that easy glid.e of up to 20% shear strain was observed. in some 

crystals, and that good reproducib:i.li ty of the critical resolved shear 

stress vas obtained in duplicate runs ind.icates that serious deformation 

vas avoided during mounting. After the crystals had. been mounted in the 

grips_, a. tie bar was bolted across both grips, and, with the crystal 

rigidly supported in this manner, the specimen was removed from the 

mounting jig and installed. in the testing machine. The tie bar was then 

carefully remove·d and a small load, .sufficient to align the grips, was 

applied. preparatory to starting a test. 

2'-~ 'l,he 'wrk on high ... puri ty Ag was limited inasmuch as Basinski had 

already investigated.· the temperature and .strain rate dependence of. the 

flow stress in considerable d.etail over the temperature range from 4.2° 

' 

'I'he fe"' tests which were carried out on pure As, i·rere designed 

primarily to check the previously published data and to prove out the 

<· 

.. 
I 

I 
~ I 

I 
~ I 
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experimental techniques. 'Temperature or strain rate changes were made 

at strain intervals of about 1% and the tests were continued. well into 

stage III of the stress-strain curve. Since the total elone;ation obtain

able lvith the internally oxidized alloys was only of the order of 10% or 

less at the lowest temperatures, the strain increment between changes in 

temperature or strain rate was usually held to about 1/2'/o with these 

materials. It almost always proved. possible to 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 

·cycl:Lng was continued. until it became apparent that the maximum load had 

been reached. and that fracture of the specimen was imminent. 

Since each test normally required. several hours, the load calibration 

was frequently checked. after the completion of the rWl 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. 
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III. RESUI,TS 

A. Silver-Oxygen System 

In the se1:1.rch of :Lnte:r.st:l.t.:l.al solution effects on the mechanical 

behavior of silver, two different orientations were employed, namely, 

< 100 >and the easy glide parallel to the tensile loading axis. 

The deformation behavior and the work hardening characteristics 

fo'r the high pur:i.ty silver single crystals, oriented for multiple slip, 

i·rith ancl without oxygen in solution, are reproduced in Fig. 1. There 

i·rere no noticeable effects of the presence of oxygen on the amount of. 

total strain and the work hardening behavior, but the yield strength 

2 ' 2 
of pure silver was raised from 0.84 Kg/mm to 1.12 Kg/mm by the 

presence of oxygen. However, the slip line pattern appeared to be 
I . 

identical at equivalent amounts of deformation in the two cases. 

The interstitial solution of oxygen in silver single crystals, 

oriented for single slip, did alter significantly the stress-strain 

behavior; the results are shown in Fig. 2. The extent of easy glide 

Has considerably increased when oxygen was present. However, the 

work hardening rate in Stage I was not affected. The initiation of 

Stage II was delayed, but the rate of hardening in that stage underwent 

no change. The slip line patterns were quite similar and the total ex-

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

crystals oriented for single slip, however, exhibited the yield point 

phenomenon which was absent in silver crystals,· containing oxygen and 

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

detailed manner, the temperature dependence as well as the strain rate 

dependence of the yield point were investigated; the amount of drop 

~·' 

.. 

r 
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increased. with increasing strain rate and a similar effect was asso

ciated with decreasing temperature. The parameter m' (~;~ ~ ) was 

determined by changing the strain-rates by a factor of 10 at 273°K• 

'l.'he results obtained for doped and pure silver crystals are represented 

:i.n Fig. 3. The value of m' for the crystals saturated with oxygen was 

always smaller than that for pure silver 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 dHute silver alloys, single crystals containing approxi-

mately l at.ajo Hg were used. Two different orientations were employed 
I 

in t~e study; one produced multiple slip and the other led to single 
i 

sHp. The mechanical behavior of silver-magnesium-oxygen alloy crystal 

oriented for ~ltiple slip 1.s shown in F:Lg. 4. The yield strength 

(measured at O.l'fi, offset) exh:Lbited a tremendous increase on oxidation. 

'l'he strength level was ra:Lsed from l,Kg/mm2 to about 30 Kg/mm2 , but it 

va.s achieved at the expense of ductility; the total strain was reduced · 

to aJJnost half on oxidation. A very h:Lgh init:Lal work hardening rate 

was the characteristic feature of the deformation behavior, but this 

rate tapered off to an :i.ns :Lgnlfica.nt value at large strains. Further-

more, the .slip seemed to occur on a very, very fine scale because no 

slip bands ,.,ere visible even after. lo%of tensile strain. The critical 

resolved shear stress exhibited a. strong temperature dependence a.s shown 

:l.n Fig. 5. The value increased from 11.7 Kg/nrrn
2 

to 17.9 Kg/mm2 in 

cha.nging from 273°K to 77~K. However, the crystals showed a stronger 



-18-

temperature dependence of the critical shear stress below 150°K. 

The stress-strain behavior of the internally oxidized silver-

magnesium alloy single crystals, oriented for ~~J-e sliJ2 was con-

s :i.derably' cUfferent from that of the crystals oriented for nru.ltiple 

sliJ2. The easy gl:tde stage exhibited by the unoxidized crystal (Fig.6) 

ivas conspicuously absent in the oxidized crystals, as shown. in Fig~ 7. 

In fact, the oxidized crystals exhibited very peculiar deformation 

characteristics;· the rate of work hm;dening was very high initially 

and after attaining a peak load of approximately 13'+. 5 Kg, the load 

continued to drop on further straining. The defonnation was observed 

to be localized in a certain region and necking of the specimen 

occurreo. q_1J.ite early in the deformation sequence. A few slip bands 

i-tere Tound to be clustered on the necked region towards the end of · 

the deformation. 

18 
Following the pro~edure of Cottrell and Stokes a large number 

of measurements were made of the change in flow stress accompanying 

a change in temperature during deformation of these single crystals. 

In polycrystals and single crystals of pure metals the ratio of the 

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

eg. 273°K (T
273

) is ~ound to be independent of deformation at large 

deformations. This ratio, for the oxidized alloy crystals, was found to 

be more or less constant. The V'a:riation of this ratio with temperature 

ts shovrn· ln Fig. 8. 25 . 
The results of Neighbours et al. on the variation 

I 

of shear modulus of silver with temperature (Fig.9) were utilized to 

make necessary correction in the ratio .. A strong temperature dependence 

of the flow stress is well documented by the high values for the Cottrell- : 

Stokes ratio. Similar experiments were carr.ied out with internally 

,. 
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oxidized single ~rystals of Ag-1 at.%Mg, oriented for single slip, 

but the results were not reliable because of the peculiar deformation 

characteristics. Furthermore, there wa.s no evidence for wo:rk-softenlng 

in the internally oxidized materials. 

C. Silver-Cadmium-Oxygen Alloy 

In the study of the hardening effects coupled with internal oxida-

tion of dilute silver-cadmium alloys, crystals of two different orienta-

tions were used, namely < 100 ~ and the easy glide along the loading 

axis. 

The deformation characteristics 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 

2 I 2 alloy system was 13.50 Kg/mm as compared to 30.2 Kg mm for Ag-Mg-0 

alloy. However, the internally oxidized silver-cadmium crystals oriented 

for single sl:L;p showed normal deformation behavior (Fig. 11). The 

yield strength of the unoxidized crystal was raised from an insignifi

cant value to about 13.6 Kg/mm2 (measured at 0.1% offset) on oxidation." 

The easy glide region exhibited by pur~ silver cadmium crystal (Fig.l2) 

was completely absent in the oxidized crystals. Furthermore, the rate 

of work hardening was ~uite high initially and then it tapered off. 

And slip appeared to occur on a very, very fine scale because no slip 

bands were visible even up to the fracture stage of the material. 

The Cott.rell-Stokes type of experiments were also carried out on 

the internally oxidized crystals oriented for multiple slip. The results 

of these experiments are shown in Fig. 13. The ratio of the flowstresses 
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a.t tvo oscillation temperatures vas found to. be more or less constanL 

'l'he strong temperature dependence ·of the flovstress exhibited by these 

materials is documented by the high values for the'ratio. 

D. Experiments Involving :Partial Oxidation 

To stuo.y the effects of pa;rtial oxidation on the stress ..:strain 

behav:i.or, single crystals of silver-magnesium and silver-cadmium alloys, 

both orj.entecl for single sl:i.p vere oxidized for 1/2 and 1-l/2 hrs. at 

·600°C in floving oxygen at one atmosphere pressure. The deformation 

characteristics are reproduced in Figs. 14 and 15 for the partially 

oxidized silver-magnesium and silver-cadmium crystals respectively. The 

mechanical behavior vras completely altered on partial 'oxidation; The 

silver-magnesium crystals showed almost no work hardening after the 

initial yielding, but the yield strength (measured at 0.1% offset) 

exhibited a considerable increase on varying the time of oxidation. 

The slip bands ,.,ere distributed on a very fine scale in the Ag-Mg 

crystals oxidized for l/2 hr., but no bands were visible in the crystals 
I 

oxidized for l-l/2 hrs. The partially oxidized silver-cadmium crystals 

-exhibited similar effects but the yield points were absent. They showed 

regions of positive work hardening after a few percent strain. It 

appeared that ductility of these materials was not impaired considerably 

on partial oxidation. 

. " 
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Dl. DISCUSSION 

Before attempting an interpretation of the results severaliperti-

nent features of the silver-oxygen system should be noted. First of 
l 

all, it has been shown that the solubility of oxygen in silver is 

proportional to the sq.uare root of the pressure, 
26 

which implies that 

the oxygen molecule is dissociated at the surface and that oxygen goes 

into solution as the atomic species. It is also believed that the 

oxygen atoms occupy interstitial positions in the silver latticr based 

on the fact that the activation energy for diffusion is only ll:'.OKcal/mole 

as compared to l+5Kcal/mole for self diffusion of silver and 30 to 50 ''i 

Kcal/mole for diffusion of known substitutional solutes (e. g. ,zri.) in 

silver. The ionization state and hence the effective radius of oxygen 
0 

in silver is unlmmtn. Oxygen has a covalent radius of 0.73·A arid a 
0 0 

crystal or ionic radius of 1.4 A. The atomic radius of silver is 1.44 A 

while 'the "~adius" of the octahedral interstice in the silver lattice 
0 

is 0.64 A. 

Finally it should be pointed out that at an oxygen pressure of 1 

atm. Ag20 becomes thermodynamically unstable above 190°C, However, no 

studies seem to have been carried out on the kinetics of precipitation 

of Ag2o 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 Eiche~auer and Muller26 namely, 

log£ = 1.403 - 2593 + ~ log P 
T 2 

.... ,. (2.) 



\-rhere £ is the solubility in cm3o2(s ·T •p) /100 gm Ag, T is. the absolute 

temperature s.nd P is the partial pressure of oxygen in mm Hg. The amount 

of, oxyr:;en tho.t. could be introduced into the samples am'ounted to 70 ppm 

at 600"C under normal oxygen pressure. 

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

oriented for multiple slip, affected only the yield strength value. 

And this a real effect because the formation of oxide coating on the 

surfs.ce 1-ras eliminated by saturating "the samples with oxygen at 600"C 

ru1d by chemical polishing of the crystals in dilu~e HN03 before testing. 

This increase in yield strength of the oxygen-bearing crystals could 

very 1-rell be associated with the interaction between the distortion 

produced in the lattice by an oxygen atom and the .mobile dislocations. 

I 

Hoi-rever, no attempt was made to correlate this increment in yield 

strength with the strain associated with different positions of the 

oxygen atom in the silver lattice because there is no certainty about 

the ionization state of oxygen atom in the lattice. 

Even though there is convincinc; evidence for the interstitial 
I 

diffusion of oxygen, however, the effects of solution of oxygen in 

silver crystals, .oriented for single slip, are similar to those for 

substi.tutional alloying elements. The increase in yield 'strength, ex-

tension of easy glide region and the subsequent delay in the beginning 

of the linear hardening region are the features of the oxygen-saturated 

sa.'nples that are common to dilute solid solutions of the substitutional 

' 
type. The lengthening of Stage I and the delay in the initiation of 

Stage II could be attributed to the increase in shear stress necessary 

to activate the secondary slip system. This seems logical because the 

yield strength of silver does show an increase in the presence of oXY08n· 
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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. 

~his was proposed by Cottrell and Bilby27 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 during thermal and mechanical treat-

ments. 

2. D'islocation Multiplication Mechanism 

This alternative mechanism was suggested by Gilman and Johnston28 

and Johnston29 on the basis of their work on LiF. They attributed the 

yield 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 re~uirement to produce yield 

drops, and this feature is common to both the mechanisms, but they differ 

cons j.derably in detail. The Cottrell mechanism envisages .the break away 

of dislocations from the atmospheres whereas the second mechanism in-

volves rapid multiplication of mobile dislocations. However, the immo-

bile dislocations are supposed to play an indirect role by reducing the 

nwnber of mobile dislocations. 

The appearance of the yield drop in the 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 

octahedral site in the silver lattice. This can lead to strain in the 

matrix because of the diffe!'ence in size of the oxygen atom and the size 

of the available interstice. This strain can be relaxed by the migration· 

of oxygen atoms to the dislocation cores. The accumulation of these 

atoms around the dislocations will result in decreasing the density of 

mobile dislocations - a necessary requirement for the observance of 

yield point phenomenon. 

The observed increase in yield drop in the oxygen-saturated crystals, 

with increasing strain-rate can easily be explained in terms of "Dislo-

cation Multiplication Mechanism". The strain rate can be expressed as 

* E = b n v (3) 

where b is the Burgers vector, n is the number of mobile dislocations 

which: is a function of the strain, v is the dislocation velocity which 

at constant temperature is a function of the stress. 

More·over, the dependence of dislocation velocities on shear stress 

can be written as 

(4) 

There has been no attempt to interpret this exponent 'm' physically 

but it •ras well documented by Johnston's work29 that the smaller the 

value of 'm 1 , the larger the yield drop. Assuming that the number of 

mobile dislocations, which is dependent on the thermal and mechanical 

history of the specimen, are the same prior to macroscopic ~ield at 

various deformation rates, then the dislocations would have to move 

faster at higher strain rates. Furtherm?re, the drop in stress after 

the yield is a sensitive function of the velocity and number of mobile .f 

dislocations and this in turn is affected by the strain-rates. The 
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higher is the defonnation rate, the greater is the change in dislocation 

velocities after the yield. This conse~uently results in bigger drops. 

The experimental value of 'm 1 , which was obtained by extrapolating 

the value of'm' to zero strain was smaller for the oxygen-bearing silver 

crystals in comparison with that for the silver crystals without oxygen. 

It 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 pertaL~ing 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 function of the size of the particles. 

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

length to be formed is 2r.r( em). Conse~uently the energy involved is 

2 
E = 27i~ (5) '2 

8 
= 3"2Xl0 rev. 

Even for the particles of lOJ{ size, the thermal fluctuations will 

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

energy is too high. It is, therefore, r~asonable to assume that the 

flow stress as well as the yield strength.of a material should exhibit 

little or no temperature dependence if the Orowan's mechanism is rate 

controlling. 
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The strengthening produced by coherent particles has.been associ-

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 produc.ed when the particle is 

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

moving the matrix corresponding to the smallest repeat distance in the 

matrix. At 0°K the stress required to move the dislocation through 

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

hence 

2 -r bd2r = 7tr v c 

7tvr 
-rc = 2bd 

(6) 

~he only parameter which can exhibit temperatur~ sensitivity is · 

the surface energy; but the creation of surface involves breaking of 
i 

bonds and this process is not very temperature sensitive. Consequently 

if the shearing of particles is rate controlling, the yield strength 

should show little or no temperature dependence. 

The cross slip mechanism for dispersion strengthening is similar 

in detail to the Orowan 's mechanism except that it involves recombination 

of partial dislocations before the dislocation can avoid the particles 

by cross-slip. This process would be expected to be temperature sensi-

tive because the values of activation energies are smalL However, 

magnitude of the activation energy is a strong function of stacking 

fault-energy of the matrix material, the state. of internal stresses 

and size of the obstacle. 

All these mechanisms outlined above 'involve a dislocation-particle 

interaction of some sort; the particles are considered to play a direct 
·j 
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role in strengthening of the matrix. However, strengthening 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 dislocation density is attributed to 

their presence. 

B. Silver-Magnesiu.rn-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 results in a considerable 

increase in yield strength, but this treatment does result in decrease 

of ductibility. 

2. A strong temperature dependence of the flow stress as well o~ the 

critical resolved shear stress is exhibited by the system. 

3· A very high rate of work hardening is observed in early stages of 

deformation, but this tapers off to a very small value after a few per-

cent of strain. 

All these characteristics of the mechanical behavior appear to be 

similar to those for aluminum-copper alloys containing e and er preci

pitates.8 However, the critical resolved shear stress (measured at 

o. 1% .. offset) exhibits a strong temperature dependence as compared· to 

that for aluminum-copper alloys containing discrete particles. 

In order to facilitate interpretation of these results, a structural 

model will first be presented for this alloy. The proposed model is 

si.milar to that recently suggested ·by Dark~n30 for the Ag-Al-0 system, 

its principal feature being that during internal oxidation small clusters 

of magnesium and oxygen atoms, perhaps no more than 20-30A0 in diameter, 

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

reviewed. 

1 '.-, 



-28-

The NaCl-type structure of MgO can be simply derived from that of 

silver by substituting magnesium atoms for silver and placing oxygen 

atoms in the octahedral interstices in the fcc· silver lattice. More-

over, the lattice constants of MgO and silver (at room temperature) 

differ b'y iess than 3%. This close structural similarity suggests it 

is probable that coherency exists between these two phases, especially 

ivhen the Mg-0 clusters are extre,mely small. 

The failure to observe any discrete particles during transmission 

electron microscopy of Ag-2 at.% !vlg oxidized at 650°C31 suggests that 

the clusters of magnesium _end oxygen atoms formed during oxidation 

must be. less than 30A0 and probably smaller. 

The small size of the Mg-0 clusters formed during oxidation may 

be unCl.erstood on the basis of the following considerations: Oxygen 

diffuses extremely rapidly in silver26 compared to magnesium. At 

600°C, the two diffusion coefficients probably differ by four or five 

orders of magnitude. Because of the strong chemical affinity between 

the two solute elements, oxygen atoms diffusing in from the surface 

rapidly seek out and combine with magnesium atoms before the latter 

have had an opportunity to migrate many atomic distances. Once this 

happens, the distribution of magnesium and oxygen in the silver matrix 

is effectively'frozen in' since pairs and larger aggregates of magnesium 

and oxygen atoms are immobile. The growth of these clusters can only 

tru(e place by thermal dissociation of magnesium and oxygen atoms within 

a cluster, and then having both constituents diffuse individually to 

other clusters in the vicinity. This process should be very sluggish 

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

EssentiallY the cluster size will be determined by the initial 
·' if 
i'·l _.-.. 

... 

,,, 
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distribution of magnesium atoms in solid solution prior to oxidation. 

Since silver and magnesium have nearly the same, atomic radii, extensive 

clustering ·w-ould not be expected. 

The ionic nature of the bond between magnesium and oxygen atoms 

suggests that oxygen atom may be ionized once it jumps into an 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 0-- ion. A very large matrix strain would therefore result. 

This strain might be reduced by forming larger MgO clusters. 

It can be concluded from this discussion that the clusters are 

of the order of 20A0 in diameter; assuming them to be spherical, the 

computed mean-:-planar sp.acing between the particles is about 100-120A0
• 

j 
·On the basis of the high temperature sensitivity of the flow stress 

as well as of the critical resolved shear stress exhibited by this 

alloy, the possibility of shearing of particles by dislocations is 

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

then it would have shown .a little or no temperature dependence. This 

is further supported by the following arguments. The activation energy 

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

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

shear modulus, and 

2. Th~ energy re~uired to break the bonds. 

Large differences between the shear moduli of silver and magnesium 

oxide result in a very high value for the first term. It is, therefore 

suggested that a dislocation will be strongly repelled by these clusters. 'k. 

Similarly high temperature sensitivity of the critical shear stress 

exhibited by this alloy system r~le out the possibility of the OrOWfu~'s 
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mechanism as a controlling factor. 

The experL~ental evidence favour either by-passing of obstacles 

by cross-slip mechanism or strengthening of the matrix as a result of 

increase in number of dislocation-dislocation interactions. The stack

ing fault energy of silver is about 25 ergs/cm2 and, therefore, the 

partials will be widely separated. Consequently, the activation ener(!;f' 

for the cross-slip process may be too high for it to be thermally 

activated. In order that this process is sensitive to thermal fluctua-

tions, the particles or clusters should produce very large stress-

concentrating effects so that separation between the partials of 

leading dislocation is considerably reduced. However, it is not possible 

to visualize the origin of such large stress concentrations from the 

clusters in the system under consideration. It is, therefore, suggested 

that \cross-slip of dislocations will be quite infrequent at the tempera.-

tures of investigation and the flow' stress will be controlled by the 

intersection mechanism. Essentially, Mitchell, etal32 arrived at a 

similar conclusion from their work on the Al-Cu system; the increase 

. in strength and strain-hardening for the system has been shown to 

arise from the high initial dislocation density and its,rapid increase 

i'iith strain. 

The conclusion outlined above is further supported by the absence 

of work softening in these materials •. · This implies that the deformation 

structure obtained ~t a low temperature is quite stable at high tempera

ture. In other words, the p~esence of clusters in the matrix hinders 

the rearrangement of' dislocations by cross-slip. 

The constancy of the Cottreli-S~okes ratio with strain and the 

absence of an:y appreciable diffe·rence between the ratios. obtained on 

"'' 

f-' . 
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single crystals and polycrystalline samples suggest that the distribution· 

of the dislocations cannot play an important part in determining the 

values of the ratio. 24 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 ratio for this material differ slightly 

from that for pure silver, for example (:77 G273 ) i~ 1··24 for in-
273 G77 

ternally oxidized Ag-Mg alloy where as it is about l·o6 for pure silver. 

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

of a sharp yield point in these w~terials introduces an uncertainty in 

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

the flow stress at 0 ~ l'{o offset was taken as a measure. of 'iT. But this 

additional deformation can alter the dislocation structure, thereby 

resulting in a slightly higher value for 'iT and conse~uently leading to 
'T 

higher __ T __ ratios. 
'T 273 

The rapid hardening observed in this material implies an unusually 

high rate of dislocation generation within the matrix and this demands 

that initial dislocation density should be ~uite high. This suggestion, 

of course, is consistent with high values of the critical shear stress 

exhibited by this alloy. But it is not known precisely how the particles 

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 L~ terms 

of equivalence between the annihilation rate aDd the multiplication 

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 cells is quite small so that they can annihilate 

each other without having to move large distances. 

The occurrence of slip on a very fine scale·. implies· that each 

slip source does not contribute significantly to strain, but a lot 

of slip sources have to operate to produce total strain. This could 

result if each slip source work hardens very rapidly and the operation 

of a new source becomes imperative to produce further deformation. 

The unusual mechanical behavior exhibited by the internally oxi-

dized silver-magnesium alloy crystals, oriented for single slip.~ can 

be associated with the rapid multiplication of dislocations after the 

upper yield point and thereby leading to continuous drop in load on 

J 
further straining. This suggestion implies that the dislocations are 

stro?gly pinned by these clusters. This, of course, is supported by 

the ?bservations of Papazean and Hummel33 on the internal friction 

qehavior of these materials. 

C. Silver-Cad.mium-Oxygen Alloy 

The essential features of the mechanical behavior of this alloy 

system are more or less identical to those for the silver-magnesium-

oxygen system and can be explained_on similar lines. However, the 

values of the Cottrell-Stokes ratio for this 
"{" 

from that for pure silver, for example ~ 77 
273 

internally oxidized Ag-Cd alloy where as it 

material do not differ 

., G273 
G77 

is 1.07 for 

is aoout 1.o6 for ~ure 

silver.· Furthermore these ratios appear to be more or less constant 

with strain. This L~plies that the long range back stresses are also 
#i 

dependent on the spacing of dislocation forest and its validity is j· 

based on the following reasoning~ If the L~tersection mechanism is-

rate-controlling, then flow stress (r) of a metal below a critical 

.. 

-. 
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temperature T ' is given by 
c 

* 1 -1 
[ u -

l NAbv J ( 7) '(" = 't' + ?j; kT n-
Lb 'Y 

* 1 is the spacing of the forest where '(" is the long range backstress, 

dislocations, u·is the activation energy of the intersection process, 

N is the number of points of contact per unit volume between forest 

dislocations and glide dislocations, A is the area swept out per 

successful intersection, b is the Burger's vector, v is the frequency 

of vibration of the segment of the glide dislocation undertaking inter-· 

section, k is Boltzmann's constant, Tis the absolute temperature, and 

~ is the shear strain rate. 

The ratio of flOi .. rstresses at two different temperatures but for the 

same dislocation structure can be written as 

1 1 -1 [u - kT1 
ln N~bv J 't' GT *f + ~ Lb ?j; 

Tl -r Tl 'Y 
2 

J 
(8) --= 

T*fT2 ?j;-1 [u ln N~bv "T GT + 1 1 - kT2 2 1 u- Lb 'Y 
T2 

;; 

* For the ratio to be constant with strain, T should vary as 1/L. This 

conclusion is quite significant because it implies that the particles 

play &'1 indirect role in strengthening _of the matrix. 

The absence of easy glide region in the internally oxidized silver-

cadmium crystals oriented for single slip suggests that slip occurs 

simultaneously on a number of slip systems. This can only happen if 

the stress necessary for propagation of strain on the primary slip sys-

tern and in the secondary slip system are of the same order of magnitude. 

The differences in the strength level achieved in the two systems 
' 

can be attributed to the differences in the particle size in the two 

cases. The bonding between ca~mium 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 CdO molecule and the surface energy 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-magnesium-oxygen system. This finer distribution will lead 

to a different dislocation substructure and thereby to those observed 

difference's on r the two systems • 

D. Partial Oxidation Experiments 

The partial oxidation of these alloy crystals produces a dispersion 

within a narrow region interiro to the surface. This second phase 

particles indirectly serve as obstacles to the motion of disloc~tions. 

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

eq_uation suggested by Meyering et al., 
12 

for ~ · hour oxidation time, .· 

6 -2 the zone should be 1.1 XlO em deep and the zone depth should be. 

-2 I 2Xl0 em when the oxida~ion time is 1-1 2 hours. 

There are t>io possibilities for the initiation of slip: (a) the 

slip starts from interior of the crystal and propagates towards the 

surface, and (b) .the slip sources start operating at the surface and 

then the loops expand inwards.· If the slip had initiated at the sur-

face, the stress-strain curve would have· exhibited rapid work hardening 

in the early stages of deformation. However, this feature was absent 

in the mechanical beha~ior of the partially oxidized mat~rials. These 

observations suggest that it is l,ikely for the slip to start from the 

interior and the·n 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 Lmplies 

\ 
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that the stress necessary for the source to :produce a step on the sur

face ivill depend on the depth of the affected zone; the greater is the 

depth) the higher is the stress value. Conseq_uently the macro yield 

strength of the material iVill also depend on the depth of this zone. 

Once an expanding loop has broken through the oxidized zone, more loops 

will follow through without any difficulty, thereby resulting in a little 

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 oxygen in silver affects the mechanical 

behavior of single crystals; initiation of 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 atoms. 

The deformation characteristics of silver-magnesium-oxygen and 

silver-cadmium-oxygen alloy crystals are similar to those for aluminum-

copper alloys containing incoherent precipitates. The strengthening of 

these materials arises from the increase in number of dislocation-

dislocation interactions. The flow stress has been shown to be controlled 

by the intersection mechanism. The dispersed phase has been assigned an 

& indi~ect role in strengthening of the matrix. The differences in strength 

levels attained in the t•ro systems have been shown to arise from the 

differences in dispersion size. 

Each slip source does not appear to contribute significantly to the 

total strain. Moreover, motion of dislocations over large distances is 

restricted by the substructure resul~ing from the presence of a second-

phase in the matrix. 

The slip sources near the surface appear to be effectively pinned 

in partially oxidized silver-magnesium and silver-cadmium alloy crystals. 
\,.,I 
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FIGURE CAPTIONS _ 

Stress-strain curves for (a) pure silver crystal and (b) silver 

crystal containing oxygen; [100] being the loading axis. 

_Stress-strain curves for silver crystals (a) vTithout oxygen 

and (b) with oxygen. 

Variation of m' with strain (a) pure silver (b) s;ilver doped 

with 'oxygen. 

Stress-strain curve for internally oxidized silver-magnesium 

alloy crystal; [100] orientation. 

Critical resolved shear stress of silver-magnesium-oxygen 

alloy crystals as a function of temperature; tensile axis is_ 

along [100] direction. 

Stress-strain curve for silver-magnesium alloy crystal 

oriented for single slip. 

Load-elongation curve for silver-magnesium-oxygen alloy 

crystal oriented for single slip. 

Ratio of the flow stress at T( -rT) to flow stre-ss .at 273 '1<: 

(-r
273

) plotted against temperature for silver-magnesium

oxygen alloy crystals oriented for multiple slip (a) before c· 

correcting for the change in shear modulus with temperature 

(b) after. 

Variation of shear modulus of silver with temperature. 

Stress-strain curve for silver-cadmium-oxygen alloy crsstal 

of [100] orientation. 

Stress-strain curve for silver-cadmium-oxygen alloy crystal 
r 

oriented for single slip. 
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Fig. 12. Stress-strain curve for silver-cadmium alloy crystal oriented 

Fig. 13 

for single slip. 

Ratio of the flow stress at.· T( 1-T) to flow stress at 273 "'< 

(T
273

; 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. 

Fig. 14 Stress-strain curves for partially .oxidized silver-magnesium 

alloy crystals oriented for single slip (a).l/2 hour oxidation 

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

Fig. 15 Stress-strain curves for partially oxidized silver-cadmium 

alloy crystals oriented for single slip (a) 1/2 hour 

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

.. ( 
• i ,· 

J_ 



-C\1 

E 9 ' 

E 
' 

' ' l 
l 

en 
..::;:::. -
(j) 

6~ 
(./) 

(j) 
:,_ 

cor.- I (j). 

Q) ~ 
(/) 

\ c· 
Q) I 

i 

F-
I 

3 ' 

-42-' 

L ·. I -5· 10 
'==-= 

15 

~ 
i . ,_, 

= J 
20 

·Tensile strain ( 0/o) · 

Fig. 1 

MU-35652 

/ 

':'; 
,.;-~:·~-



6 

C\J 
5 E 

E 
' 0' 
.X 

4 
(/) 
(/) 

(l) ,_ - 3 (/) 

(l) -
(/) 

c 
<l) 

f-

o~l --~~---~--~----~--~--~----~--~ 
0 5 10 15 20 25 30 35 40 

T en s i ! e s t r a i n { 0/o ) 

Fig •. 2 
MU-35655 



·---' --~-----.......-~ .... -............ - '"" ------.-~ ......... -·-... -·-· •• ____ ,,,,- .. -------:-------··-••'~~"•"•··--··-V""~---·-·M---~· ....... ~ ... _,_,,_ ·- -··• ------· 

.. 280 

240 

..... 

E 200 

160 

[!00] (uo] 
120 

100 
0 5 10 15 20 25 30 35 40 

Tensile strain ( 
0/o) 

Fig. 3 
MU-35653 

' 



... 

If) 
If) 

Q) 
>--If) 
Q) 

(/) 

c.: 
(!) 

r-

40 

30;--

5 10 

Strain { 
0/o) 

Fig. 4 

MU-35651 



..n 

..n 
0.) 
"-.,.._ 
..n 
,.; 
0 
<l) 

.s::. 
..n 

"'0 
<l) 

2: 
0 
..n 
<l) ,_ 

0 
u 

... 
u 

i: 

14.00 

10.00 

100 

-46-

200 

Temperot ure 

Fig. 5 

' * 

MU-35649 

'1: 



I 
I 

(\J 

E 
E 
' 0" 
..X 

tf) 

tf) 

<l.> ,_ 
+-
tf) 

<J.) -
tf) 

c 
(i.) 

1-

-47- ' 

6 -
273°K 

5r. 
• I 

4~ 
I 

I 
3 

2 (100] [no] 

ob-~--~----~----~----~----~----~----~-
35 0 5 10 15 20 25 30 

Tensile strain { 
0/o) 

Fig. 6 MU-35656 



-
"'0 
0 
0 
_j 

-48-

130 

I 
125 ·~ 

[100] [110] 

',. 

'l20!1.,..;i _____ -..~..T -· ____ ,_;,.,_j 

0 1 .. 905· ·3081 

Elongation. (mm)· 

. Fig. 7 

MU-356.54 

t. .. ~· 

~ 

r 
I 
f 
I 



-49-

.. 

'~lf 1.20 
r- r-

J-..N N 

........... 
~-

t-11-1--o<.? 

"0 
c: 
0 ........ 
,~ 1.00 1- r-

J-.. N 
If... -

0.80~----~----~------~----~------~----~~--~ 
50 100 200 300 400 

Temperature ( 0 1<) 

Fig.o MU-35643 

.;, 



N 
,-
c: 
u 

........ 
(j) 
<J) 

c 
>. 
v -
--
'o 
X 

'<..!) 

2.15 r 
" . 

2ol0~'-

2.05 '--

2.00' 

I. 95 

50 

,, 
\ 

-50 ... ,' 

100 
Temperature 

·. Fig;-'9 

200 

I 
l 

I 

~I 

.=i 

300 

MPJ-356~6 -. 

. •· 

. '.t 

l•"'. 



····------· .-.. ·-··----------------

-51-

-C\1 20'-E 
E 

' Ol A·r 273°K 
.X - 18 -
U) 

(.f) 

(]) 
' ~ 

~- ! 6 ·..:.._ 
~,- -
(j) 

. ·~ 

()) 

(/) 14 c 
(l) 

r-

12 
0 5 10 

. Strain (Ofo) 

( 

Fig. 10 
" 

MU .. 35644 



......... 
C\J 

.E 
E 

-52-

16 

en 
-~ 15 ·-

(/), 
(/)' 

<1) 
),._ _,_ 
(/) 

(J) ,_ 

. [100] [110] 

13 !..,_ __ _..;._---L ____ _._--!----1---...J 

0 5 . 10 12.5 

Tensile strain (0/o) 

:Fig. 11 MU -35771 't'i 

.. ~-·. . . 



;•)'• 

I 
I 

J 

.1:>. 

51 
........... 
C\l 4 
E 
E 

'-.. -
en 

....::.::: ....._.. 
3 

(f) 

(,/) 

OJ 
),_ .,..... 
C/) 

OJ 2 -
(j) 

c: 
<I) 

~ 

I 

-53-

[loo]=---=-~[IIO] 

. 0 ~----~----~----~------~-----~----~ 
5 10 15 20 25 30 

. Fig. 12 

MU-35768 



0.95 
b-----~------~------~------._----~~==---~ 50 100 200 300 400 

Temperature (°K) 

Fig. 13 MU-35647 

i 
" !· 

I' 

T )ll ~: 

} 
i~ : 

!: 
.;~ ~ r; . .,. 
··: 

,·: 

·.I 

N 

~~ 
i1 
·:i 



~-

(\! 

E 
E 
' 01 
_v.: 

(/) 

(/) 
(j) 
..... ..,_. 
(/) 

(\) 

(/) 

c 
<)) 

i-

i 

'1 

-55-

22~--------~----------~~--------~----------~ 

20 

18 
(b} ' 

16 

14 

[looJ [110] 
'i/)1 u 

(a) 

10~--------~----------~--------~--------~ 
5 10 

Strain {%) · 

Fig. 14 

15 20 

MU-35770 



-) 



. • 

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 the 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 • 



'· 

I 


