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AJ3STRACT 

The low temperature annealing response of a cold worked internally 

oxidized eilver-0.1 at.% magnesium alloy was investigated and c~ared with 

the annealing behavior exhibited by the corresponding solid solution allqy 

and by pure oil ver. Wire specimens ,.,ere deformed in tension at 78°K and the 

recovery 'ms follmved by measurement of the electrical resistivity and flow 

stress at 78°K after suitable isochronal and isothermal anneals at tempera

tures bet1reen .,so and 550°K. 

It has been found that both point defect and dislocation annealing pro-

ceases are markedly retarded by the presence of the finely dispersed Mg-0 

clusters introduced by internal oxidation. The effect of the dispersed phase 

on the annealing behavior is broadly explained in terms of defect cluster 

interactions. It is suggested that point defect annealing is inhibited because 

vacancies and/or interstitials generated during plastic deformation are trapped 

in the strain fields aurrounding these clusters. The dispersion provides ob-

stacles to the climb and glide of dislocations and also acts to restrain the 

motion of groin and subgrain boundaries, thereby retarding the rearrangement and 

annihilation of dislocations .on annealing. 

lhsed on the changes in various physical properties produced by internal 

oxidation, and evidence obtained from other sources, a model for the structure 

of the dispersed phase alloy is proposed. The model assumes that coherent 
0 

clusters or zones of magnesium and oxygen atama less than 30 A in diameter are 

formed in the silver matrix during internal oxidation. 
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structural im:perf~ct ions 1 e • e. I :po 1nt def.ects, PG tnt defe,et p..:;r;rc gQ;_i;.e;,,t;J 

of Yarious kinds, and dislocations. If' th~ m·3tal is then hcatcd, tt'h~s~ 

defects lvill eventually acquire enough mobilit~,r to roarrang:: thc:m~clvcs 

into more stable configurations or to w1n~al out co~pletely. Ann3aling . 

th:.:ref'ore results in a progressive releo.so of th3 stored enm·e;y of de-

formation and a return to the defect structure characteristic of the origi-

nnl undef'orm::d state. One of th3 central problei'llS associated with the 

m3chcnical l::nhavior of rr.etals and alloys io to elucidate the nature of the 

defects present ·in the cold-v1ork·'!d state 1 the m::lcha.nisms by which these 

defects axe produced and tha lveys in which th~y a."111eal out. The present 

investigation concerns one fairly specialized aspect of this general 

p:::oblem, na.rw:lly, the influence which finely dioparsed :particles of a second 

phase exert on the annealing response of the cold-t-rork~d m~tal mo.trix. 

Tl.ro phase materials· of this "type he.ve long be,.:ln of inter-eat because of 

the e;reo;c i!llprovem:mt in th'3 strensth proper-c ies conferred by the prcoence 

* of the dispersed particles. A good example is furnished by internally 

oxidized alloys, which consir;t of' a fin:! dispersion of oxide particles in 

a m3tal matrix. Th3sO oxi(}c particles arc formed in situ by the selective 

oxidation of a solute element that has a greater chemical affinity for oxysen 

·)(-

An extensive survey of the literature pertaining to the disperoion strenGth-

. 1 
ening of metals and alloys has been prepared by Bunshah and Go~Jtz~l. 
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than· does the base metal.~ l'iith certain copper, silver end nickel,..base 

alloys, internal oxidation not only leads to a substantial increase in the 

.rrro~ment in creep i"es:i.sr~ce at eleva.ted Wm;pera.turee. Moreove~, softening 

proceoses such as recovery rutd. reccystal.lization appear to be ma.rlred.ly reto.r-
. . . 2.;.q, . . . 4 . . 
· ded in these materials. . Gatti end F'Ul.J..tne.n have found, for e::romple, tho.t 

.the strain hardening introduced by r~am temPerature defol~tion in an inter~ 
. ' 

n~ cxidize.d .Ag ... o.l% Al Slloy is retained oA anfiealine up to tenr,per~tures, . 
. ; 

. • . . . I 

as f.iS;h as 700~C, :Ue~ ~.to t-iithin ~bout 25ovc of thb' melting point of silver;' 
. . . 

pure silver1 on the other handi xoec:cystallizes at about lOo~c under similar 
;.h 

.. 
· · co1ili tions • 

. ' ... 

!n vie\T of the magnitude of this effect ai.ld its ~bvio1.1s technoloeico.l 
. . . . . . . . ' . . ··:1 

im.I;Jortance1 it is surprising that relatively few studies ·of ·the· s.nneal.irte· · 

behavior o:f' dispersed· phase ma.ter1o.ls have been undertaken. Previous :,rork, in. 
. . • . .. . .. y 

'" this ar~a has recent~ b~·en s~ized by Iai1n. 5 . In contrastj hovteye~·~ ,e. 1 
.•. 

, . . , , , :,': '.';,I ' 

•. 

great many investigatio~ have been carried out on :reaoonably ~ : 111~t$.l.s, ,_· :· : .. . . . . 

··es:POciaii.Y copper;, go
1
ld ~ .. r.~:!.lver. ·The defects vThich are formed au;i~. l.ovr .··.·• 

\ .. ' 

. tem;per-ature deformation of .·f .• c.c •.. metals are believed to include va.cDnd,.es, 
• '. ••• • > ' • • • • • ' • • • 

. ·• 

' · ititert:;ti tio.ls~ ·. d1 vacancies (and presumably di•intersti ti8.ls) 1 i~ger\~cqncy 
. . . . ,. . . .·· \ .. :. . . . . = =::::1::: ::::t:::.::f::=:~t:::ns·: . 
. that llllJll;V of these point defects anneal out at lm1e:r ~ratures tbail~ 

• . • . 1,,. ' .• ' 

· · dislocations. T:11e 'tY.91!;cal a.n..'lea.ling spectrum. 11h1ch is observed during the 
. . . , . . . .. . .... I .' .. .. 

pro.sXessiw heating of cold-vrorked (aJ.so irra.diat~d am. quenched) metaia · ... · 

·such as Cu, Au and Ag is shovm schematic~ in F.ig. 1~ .~rhich vas taken.fro.m. · 

·. . . 6 
a recent monograph by ':fan Buere.r>.. 

The initial pol"tion of the annealiDg spe<::trum is generally found· to 
... 
\ 

'I·, 

:·. 
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-Cold work 
--Quenching 
--Irradiation 

1.5 2.0 

Activation energy (eV) 

MU-30587 

Fig. 1. Schematic representation of the recovery of the 
electrical resistivity in cold worked, irradiated and 
quenched noble· metals. The various annealing 
stages I .. .'. V are characterized by fairly well 
defined activation energies. Between stages, 
some gradual annealing is also observed. (After 
van Bueren. ) 
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·consist of' a series of point def"ect anneali~ stases. (e.g., Stages I, it; .·.· · · ! .. 
I . •·· 

III) vrhich are characterized by more or less well defined activation en~reies •. 

In general, those annealing processes uhich require the least therlillU aeti va- . · · 
• 1 [' • / \ •• 

ti~n (i.e., those having the lovrest activation energies') occur first, :foll~-r~ / · :; 
- , I • ~ . . . ·. . .. ' . ; I 

ed Qy higher energy processes as kT becomes sufficiently large. Dioloc~tiqria 

may participate in these processes by acting as sinks or trapping centers f~r 

point defects and by ·undergoing small-scale 'rearrangements.· At.· still higher · · 

temperatures,· di~locations begin to. acquire some mobility ·ana tend.. to re-
. . 

arrange themsel ve.s on a xnore macroscopic scaJ.e by gliae: (e.g.; cross-slip) i · 

and climb.. Extensive dislocation annealing of this ty:pe is generally in- / 

te:rrupted1 houever, by the onset of recrystallization (stage· V in Fig. 1); 

this process takes pl~ce via the migration of high-angle grain boun~ie~ and 
·i 

results in a marked decrease in .the average dislocation density. ·· ·· 

... · •· . fulluf'fi; Koehler . and Siriimons 7 have ;e·cently given a comprehensive. and . 

:.~,,critical survey of the e.x:Lsting state of kno't.rle~ge concerni.ng point defects 
. . . 

; ·. aral point defect anneaJ.ing processes in de_formed f.c;c. metala. As they ond 
· · . 6 8 I 
others ' have emphasized, . the problem crt: assigning specific defect me

1
Clui.xiisms 
' 

to the various annealing stages is. enormously complicated by the niaey. types. 
' 

' I 

of defects .and the great variety of interactions between defects which '\must . 
. . \ 

be considered. This intrinsic difflcUlt,y is fUrther compounded by the \tact 
. . . I . 

that th~ details of the ~aline; spectrum ~a ?ften extremely sensi ti 1 /to 

,. ~ .. 

~· 
. -···· 

. . . . I . 
.••. .. · ; 1• such experimental variables as the mode,. amount and tem;perature of deformationl 

' . \ . 

· the purity of the material, the method of annealing, and the particular ~by-

sic~ property or. properties being measured. . This circUlll.Sta.nce makes it ' 

especia.J.zy. difficult to compare and evalute the results reported by diffe1--ent . . . - -
investigators. Further.:il.ore, theoretical calcul.a.tions of the properties of. · 

rsimple point defects (e.g., .the energies of' formation end migration) 'are 

... 
... ... 



::;·~ill sui'ficicntly c:;."Udc that li tt.lc L,'1liclt..'l1CC can be obt;:dnccl fl'(.'~:l thc:o:cy • 
.;, 
•;· 

not yet be: en tl!:'.dc c::cc];)t for Stc.tc V 1 •rhich. is uni vc1·o£DJ..y uccribcu to rc ... 

Cr'JCtcl.liza.:tion. 

Corwidel"D.ble proc;rccs is being ru.udc in this cllrcction, llcJtrovcr, by o. 

. CQ!"abinatlon of diffc1·cnt approcchcs, including i:I:Tud.ic.tion and qucnchi:tl,3 

eJ::pcrir:J.cnto 0.nd dil;'Cct measurements of cquilibriUL'l defect conccntl·utionn ut 

hir,h . tCJll))ernturcs. · Nevertheless 1 . B:t.l.lui'fi e-c al. ·t-rcre forced to conclude i~ 

· their reviei-7 that rtno ( opecific) point detect ho.s been J!()Gi ti\rely. identified 

· o.s to.ldng port in ru:ry gi vcn portion of the nnnenJ.ins 1311cctrum of o. cold

't-Torltcd metal 11
• The p1·esent study doe a not o.ira at nu:>Jd.LJC ony clets.iled mcchnn

intic interpretation of the annGclinc; spectrum; instem, o. more modeot ob

jectiw ho.s been ·chosen. Prevlcus 1mrk on the o..nncclir>.G rca);lohoc o-r die-

pen·scd phnse materials ha.a . been conf'ined e:-:clusi vcly to the tcnwc1·uture ra.ncc 

t;:ell ubove roon1 tenlJ.)Cro.tm·c. JUthou,::::h there io clcm~ evidence thnt dialoco.

. tion o.r~neuling processes. (1.e. 1 rccl"Ysta.llizo:cion) v..l·e otl'Ol'lCly reto.rdeu by 

the p1·eoence or disperoed vm'ticlcs, o.ll11ost no information ia a.vc.iJ.c.ble re

gardine the influence of Cusr>erocd. second r>hnoe concti tucnts on point. defect 

. an.neaJ.ing procesocs. The prm'l.l'".Y' intention, therefore, 'vas to determine \rhich 

of' t.hc various loH-telliJ.?Cro.turc . rumcu.ling staceo. in a. pUre mc·~a.J. ouch a.s sil vcr 

arc influenced by ·the intl·od:u.ctiOlt of a· dioperl:led phacc .. in this cnce l·fcO -

and to lrho.t e::;~tcnt. 

Gcn9ra.l considerctiono sug{!.CGt tlmt- the presence of a dinperoed phone 

should modi:f';y the c.nncaJ.ing behav!or of the ·metal lllQ.tri.:~ in nt lenot t\ro 

cic;ni:ficn.nt recpccts. First; to, en extent 't·rhich is dependent upon tr..e nature 
' . 

of the particles, (i.e., their size, sha:vc, spaci~, decree of cchercn:cy~ etc.) 

the d:l.spcrscd pho.se mn.y a1 ter the mode ot defol'l11<1tion or the Dntrix vild thus 



,. 

influence both· the ty,pe and concentratit;n of the various defectn 1rhich a.l:'e 

' 
. J?:t·ocluced, as vrell as the spatial distril::].tion: of these defects. Second~ the 

dispersed particles may interact ·in a. variety of ways vTi th po_int defect~ and\ 
. dislocations 1 .so that even if· the, defect s·bructure of the cold-vrorked J)1atr.ix 

_1rere unchanged by the. introduction o:l." the particles, the ltiMtice ·of c:'e:i.~.~n· .· 

annealing stages would still be· .apprec.iably altered.. It. was hoped· tho.t ·the,. 
'• .. 

. · '· . ' . . 

. present exper:i.loonts might. make it .possible to ded,.u<!e sow.ethins about the · ·~· ·' 
t! . ~-

., 
' 

. ! . '- relative inrJ)orta.nce of these t'·TO effects, aEJ. ~Jell .as t~e· l~ela.tiva i~lU,~n~~~' 

· . o:t .the dispersed particl.e.s ·on .the kinetics of .poiht defect end dislocat'ion I! . , 

,. 

I 
! 
\ . 

. . i 

·I .. 4 

'. 

1 ... 

I .. 

:·a.nnea::L.ipg processes. ·\ •·. ·.·· .. · 
. \ •-. 

' .' . ;, ' ~ . l . 

I .. 

. · . ~. · Qonvineing evidence that dispersed secol!d. phase particles do, in \~act, . ' ' · 

.significantly alter the dislocation structure of cold-vmrked met~s h, , -

': recently been obtained .by transmission elec·tl~on microscopy. Thus 1 ~ro.nh9' h;s· .. 
i
\ 

i. 

·.··. 

. ' .. ·' 

- sho1rn. that a. fine dis:Persion of particles !l1.ey" completely prevent the fon11ation .· '!• 

. . . . . . . ·. ~-

of the:-usuS.l cell structure observed in pure :r. c. c. metals. In an intel.·ri.o.ll.y ·. -~· -~ 
.... ,;,. ,.;.··· . ',·:'· 

1 

. ... ~ : 
distribution of the silver matriX. Instead of forming a. cell structure/ a · ·. . ' 

. . ~-

hic;h densi·cy of unifo~ 'distributed, elongated d.islocation loops and jo&:;ed .. 
. ' . . . 

dislocations 1-rere produced. Similar observationS have been made by Ashby and 

10 . -. . 
SII'.i th on internol.ly oxidi.zed Cu-Al alloys. Prismatic dislocation loops, · 

. maXzy- of them trie.ngula.r i~ shape w·ere seen ;attached to the A12o3 particles_;: _·. 

and many of the dislocations 1-rere heav:Uy jogged.* Reln.ti ve to l'Ul"e sil;ver ~ ·. 

· · Klein5 has also observed .a greater density and uniformity of aisloco.~;t(~ns in . 
·'/ . 

cold-~<torl~ed interna.lly oxidized P.g-Me alloys and, this has been confirmed in~ 
. ~. 

directly. by Fourier ~sis of the x-ray line broadening profile.s. The -~gh. ·_ 1 , .:,. 
\ . . ! 

. . . I ·/ * .· . . . . . . . _·. I 'i.i 

The for..nation of these loops has been explained by Ashby. and Smith on 'tlie 1 .\ .: ·' 
!1 .-' 

basis of a model '\>"herein the scre1-t components of the mo:trix dislocations b:>rpass 

t.he pur-cicles via o. double cros~-olip mechanism. 
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initial \Wrk hnrdcnitl[; ro.tcr;, ll-l3 th(;1 abccnce of eo.sy gl:f.tl.e in favorably 

ll 1.1+. P'"''·· tt ..... ·.·rna··l4.15 oriented ainc;le cr.rct.o~o 1 nnd tho fiue our:fn.ce nlip line '" -.: ' 

oln:;cr"¥Cc1 in diopcrl!r~tl pho,sc syotcmo nrc oJ.no (~onsistcnt ui th tho idea that 

deforl\t::J.tion 1::; moro hc)moc;cncaua in thccc n:ateriru.G und tlnt. the d.iatributlon 

of dislocrt:t:tono is substn.n:ticJ.ly more unifol,ll. Dil•cct evidence hc.s nlao been 

obtained thnt dispersed aecond ph.'J.Ge pnrticleo provide copious nourceo for 

disloca.tiona on qu.enclung16,l7 o.a lrell us duril)U plastic dcfonn.a.tion.18 * 
It is well established that dislocations interact etrollGly lfi th die· 

perced particleo o.nd that these purticles net aa obato.cleo to the c;lide 

mot:Ldn of d.isloca.tiono. The strencthenill{~ effect nsoociatcd '-rith the preocnce 

of the pt~icles me~ be broadly understood on this basis, and a number of 

theories have been proposed to explain dispersed phase strengthening in 
. . . 12 15 ·. . . 

terms of po.rticle-diolocation interactions. ' Hollcvcr, thcoe theories 

o.re ccnsi ti va to tho de toile of the a.;::oumcd intcro.ctiona, about '~'hich reln

ti vely little ia kno,m1 ond none of them n.ppeo.r to ba completely adequate. 

The vo.riouo theories OJ.1d mechan1Gms of dioperaion ho..rdenine have recently 

been re~ei-red in detail by 1Cellyl2 o.nd ore (UE!O diocuosed by Gunrd.l5 D1• 

verse type~ of particle-disloco.tion interactions seem possible, depending 

u;pon the stacking fault energy of the matrix, the size and spacing of the 

particles, the crysta.l structures nnd elo..stic properties of the matrix o.nd 
. . ' l . . ' 

the dispersed phase, 9 upon '\:hether the pnrticled ore coherent, partiol..ly 

coherent or incoherent 1 deformable or und.eformable i. etc. 

Thus, dislocations moving thr.ough the matrix uey aim;ply bypaas o.ey 

particles .. uhich intersect the glide plo.ne by bowing out bet1reen them, leaVing 

1
· Jackson20 has ~cently proposed, moreover, thnt foreicn particles act~ 

provide the reaJ. sou.:rces for dioloca:tions in crystals gl"O'Im fran the melt. 



1 21,22 oops encircling the particJ,es as the disloce.t:lon line moves past. 

Alternatively, the disloct:l.tions Ilk"!Y cross-slip around particles in the 
. ' . . 10 
manner proposed by Ashby and Smith. If the particles .are coherent and 

if the structures of the particle and mat1•ix are similor, the dislocations 

~ intersect o1· cut throur)l the particles iru1tee:cet.12 This type of behavior ~ 

·.' has been observed, f'or exaxn;ple 1 by Nicholson et ol.23 in precipitation-

hrirdened Al-Cu Uloys • Po.rticle•dieloct=ttion interactions may be studi.ed 

directly by carrying out def'orm..'ltion experiments on thin foils inside the 

electron microscope. AD yet, however, too few Bystems have been investigated 

in this manner to· establish the general conditions under l>Thich a given type 

'-> ,, 1 ~ 'of interaction 1-till be favored.. 

The outstanding creep resistance of many dispersed phase materials 

furnishes same clues regarding the nature of dislocation-particle interactions 

o.t hie;h temJ.)erature. Since tlle creep rate is believed to be controlled by 

'.the .climb of disloco.tions, at least under certain conditions, it appears. that 

·dispersed.partioles must somehow act o.s obstacles to climb as well ns to glide. 
. ~ 

This problem has been considered in some de toil by Weertma.n \tho has derived 

' 
· .. theoretical· expressions tor the creep rate of dispersion hardened alloys. 

·.Again, the .predictions ore sensitive to the details ot the e.osumed particle• 

--dislocntion 1nteractions13,l5 and the theoretical models have not been ade• 

; '·quately' tested. Nevertheless, the concept that climb is inhibited by the 
' 

:presen~e of di·speraed particles is consiotent '11th the observation that large• 

scale disloca.t1on annealing is al.so retarded in such materials. 

·, •. r•, 'l'he si tua.tion '·rith respect to tlle production of point defects in dis• 

:·· ':"<!·'-persed phe.oe materialo is very obncure. There is little doubt that point 

· ..... - .. ·-' 

defects are formed in cpprociable numbers in pure metals as a result of low 

6 .. 8 
tenUJerature deformation, but the decree to 11·hich point defect production 

processes ~ be influenced by dispersed particles is completely unk.nolm. The 



.. 
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model currently favored foi• defec't producUcm at moving dislocations con

oid(~rp that point clefects o.re· created by the non .. conservo.ti ve motion of 
~ 't ' 

' . 7 2'- : 
jogs on dislocations having E~ strong screvr component. 1 ::> i The nature of 

the defects produced d<i-.lperuls upon mD.ey f'o.ctors 11 e.g., the nctunl jog con

:f':i.guration, the Burgo~G vci:ilo~ Of' the jog; lvhether or tlot jog motion is uidE:Jd. 

by thermnl fluct\w.t:Lona, etc o So far 1 no o.ttellrpt hrts been mtJde to examine 

the effect of' dispersed particles on joe (iynamios. It lrould be ex:pected1 

however, that the pJ.~cwcnce of cohere11cy str£1.in fields around the particlea 

or strain fields arising from clifferentio.l thcl'Dlnl contraction betvreen the 

. :26 
part:i.cle nnd the mn.trix might have on important bearing on the jog produc .. 

t:J.on process. In this connection, the heavily jogged disloco.tions seen in 

.internally oxidH:ed alloya by Svronn9 and by Ashby and Smith~0 mey be aignifi .. 

cant;. 

One other piece or informo.tion of en indirect nature ma:y be mentioned 
27 . . . 

. here. Peiffer ho.a dete1--mirutd the stra.:l.n dependence of the· electrical 
. . * . . 

·resistivity of composite Ag ... J\.:~03 elloys at 78*K. The resistivity increment 

on defo:rma.tion at 7841K lft1.a found ·to obey the ueua.l Slower loM expression 

vhere A and n are conotonts and e; is the strain. However 1 the value of n 

obtained for the dispersed phase material ,.,as aomevrhat less than tho.t for 

pure s:i.lver and wo.s found to c1ecreane uith increasing volume t'r!lction of . . 

alumina. The results indicated that the formation of detects during cold .. work 

is greatly enhv.nccd by the prese11c.e of the finely dispersed ~o3 particles. 
. 28 

Based on a theoretical analysis of the relative contributions of point 

defects and diclocationa to the resiotivJ.ty increment, Peiffer has concluded 

~ t II , . · 

· Prepared lw :pmrder metallurgical techniqueo. 
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that most of the resiGti vi ty increa.se observed on df.~formntion is o..osocia.ted 

with the production of' dislocations rather than point defects. 

There· is e;ooc1 reason to suspect that the annealing out of point defects 

which are generated <luring cold lrorlt may be influenced by dispersed po.rtich~s. 

For exanwla, if coherency etro.in fields exist o.rowld the particles, or if 

internal otro.ina of a similar no.ture ore developed e:1.S a. result of differentia~ 

thermal contraction, it is quite possible tho:t vacancies or 1nterstitieJ.s 

formed during deform..'1tion Jn.O¥ be tra.:pped in their vicinity. Same evld.ence 

for the trapping of vacancies o.t. G·uinier-Preaton stones in various aluminum 

alloys has recently be·en presented by Fcderighi Nld Thomo.s. 29 Depending on 

the site, aho.pe and spo.cine of the dieperoed particles, and the 'JllO.gtlitude of. 
. . . ' l •. 

their associated elastic strain fields, it is conceivable that the J;>a.rticie's 

lllllY be even more effect! ve trapping centers for point defects tho.n ·dislocations 1 

this possibility, hmtever, nruat be rego.:rdad a.s speculative at the matnent. 

lf the portioleo are cornpletely noncoherent 6r tt the interfacial. enerir 
between the particle an4 the J matrix is. high, the int~i-fa.ce wcy- act o.e e. 

good sink for . vacancies. Grain boundaries h.."l.ve long been kllcmn to be effect! ve 

sinks for vacancies, \tlrlle mol'O recently K.a.sen o.nd Polonia3° have dem~n.atrated 

that interphase bOUil!laries in quenched Cu·S1. al.leys eJ.so tunction e.a .efficient 

vacancy sinks. ·Furthermore, Resnick end Siegle31 have shotm that the pores 

or voids developed during the d.er.incing of a.-brass are heterogeneous'ly nucleated 

at int?rnal sur~aces, i.e., nt the interface between oxide inclusions and 

the matrix. The gl"O\·rth of vOids or cavities at grain boundaries under creep.. 

rupture conditions also appears to be acccntu~ted by the presence of second 

. phase particles o.nd. this has a1nr1la.rly been explained on the baais that the " 

particle-matrix interface repreoonte an efficient oink for vo.cancies.31,32 



.. 

To . ountlll.al"iZe briefly; there el)J;>enr to be valid grouhd.B · for believing 

that the presence of' dioperoed second. l?hase particles mey ha.ve a profound 

influence on the 8nneoJ.ing of point de:f'ecto as lrell as d:1-oloco.tiona in cold

vrorked metr.:Ua. In order to determine whether or not this is nctuo.ll.y the 

case, the ru.uwaling :behavior of' n cold-worked' internally oxidized Ag-O.l at.% 

Mg alloy. has been folloved over the temperature range from 78°K to about 

55o•x by measuring, a:tmulto.neouoly 1 the recovery of the electrical 1·esisti vi ty 

o.nd. the flow stretHlJ for comparison purposes, the low tentpero.ture nnnealing 

response of pure silver end the uno:ddized solid solution alloy have also 

been investigated. under 1dentic8l conditions. The electrical resistivity is 

sensitive to the presence of both point defects and dislocations, wltile the 

flOW' stress will only be changed tl.PPl."CCiably vrhen substantial altere-tiona in 

the dislocation structure occur. Hence 1 at least a crude sep~ation betireen 

point defect lllld dislocation a.nneaJ.ing proceosee can be made by com;porine;; 

in the same specimen1 the relative clw.ngea in the electricaJ. resistivity end 

the flmr, stresS 1-lhiCh aXe prcduced by erulCP.J.inge Both iaochronaJ. and iSothe:nnal. 

enneoJ.ing ex:periments have been carried out in orde:r. to evaJ.uate the ncti vation 

energies nssbcio.ted 1-rith certain of the enneal.1ng st~es·,·obeerved in these;::· 

:mo.teri$ •. · 
' ' 

;Internally oxidiled silver-magnesium alloys have been seiected for 

study for a. number of reasons& l) A very large strerlgthenine effect is observed 

· in this syatem21 33 and the machanical. properties ~f these a.lloya have been 
I 

thorou.ghj¥ investigated o.s a. function of the oxidiaing variables, i.e., 

tem;per?-tu-re 1 ini tiaJ. solute concentration, oxygen presoure 1 etc )3 J 2) Since 

oJcy"gen. di:ffusea extremely rapidly in silver, and since silver oxide (~o) 

itself is therm0<1ynD.mically unstable above about ~.wo•c, internP.J. oxidation 

can be c.ccomplished readily and conveniently merely by ex.posing the alloys 



to air or oxygen at elevated tem}X'J.raturesJ 3) The structures of interna..l.ly 

oxidir.ed. Ag-HFJ; had previously been investigated, at least in a ,J?relitninary 

fashion, by conventionril. replica methods33 o.nd tranmniso-ion ele~tron nlicro- . 

scopy51 34 J 4) Concurrent a.r.d closely relo:ted eJtudics of the set arune znateria.l~ 
hs.d qll"eoiiy been undertaken (:l..e., di~location dmn;ping, tempcratl.U."e dependence 

o:f' the flovr stress, etc.) and quenching studi~s were plnnned. 

' 



.. 
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... ' ---' '.. . ' i 
'l'h~ lmr-t€mt;;;:~i-.;!i.ttu·e tl1ll1<:1o~ling behcvior o:l' a de:formu<l .:i.ntornnl.zy 

o:r..1dized 1\g-0.1 o.t.tp Mg o.lloy to~as studied nnd coll~i!m·ed to :tho e.nnecling 

responoe of high :pu.ri ty ~.:d.l vc.n· und the correcmoncling u.noxid.ized ol.lt.-zy- under 

sim1ln.r condi tiona •. ·viire op~dm.cns of each mo.terio.l vore deformed in ten-

E:Jion at '(8°IC ancl the p:rog:reGs oi' onncoJ.ing >ta.s followed by measurements of 

the elcctric8l. :res:totivity nnd flo11 ot:ress. !bth types of measurement \rere 

carried out at 78°K on the same sumple G.t'ter suito.ble isochrorwl. or iGo .. 

thermal tmn.GalB at tem,pera.tm.'·tw bet-vrcen 78•K o.nd 5506K • 

a.) · 11D.terials ------
. '• . 

•; 
'~; ' 

~1e oilver uoed had n ncrnin[u purity of 99.9999% and contained < 1 ppm 

* ox;y'gen. Conoiatent i·rith thi.s IJurity level, the measured residuo.l resistivity 

ratio, p293.J p1~, 2 oK 'VTLts found. to be npproximn.tely 2000. A 0.1 at.% Ng 

aJ.loy 'ltraa prepo.red :f'rc:an this 1silver by melting in a purified helium atmoa• 

phere in a high purity (< 10 ;ppm total inQ:ru.rities) thorOU{l;h.ly outcnased 

graphite crucible.+ 

To obttd.n specimens suitable :f'o1· '\rii·e dra.irine, tlle silver and the alloy 

wore then melted o.nd. cast under va.cuurn ( .... l0..;6JJlm. He) in the .forin of 3 1nm dia.. 

rode OJ?proxinJD.tely 12 ·ern. long. OUtgasscd high-purity graphite crucibles were 

o.e;a.in e.nq,>loyed and every preca.ution lm.o taken to ndnimize contartl.ination by 

oxygen. 

* Supplied by Consolidated Mining snd Smelting Gr_:;,nlJ?any of Canada., Ltd. 

+ SuWlied by United Cn.rbon Products Conrf:>uny, Boy City 1 Michigan. 
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The cast rods trere d.ra\m d01m to vTiree o:pproxime.tel.y o. 30 nnn in 

diameter vri thout intermediate n.nneeJ.ing. Surfo.cc conto.mination was re• 

moved by etching in vrarm dilute rmo
3 

giving a fino.l. 1dre diameter of 0•25 mm. 

The pure silver vriree 't-rere ·t.hen .rumcaled for 3 hours o.t 250°C in vacuum 

( ' -6 ) . < 10 nun He , this treatment ca.vn a unifoz,n recrystallized gro.in site of' 

about 20 ~" One length of the alloy wire ims . also e.rmeaJ.ed under these same 

conditions, the resulting g~ain size being approximately the same as that 

for the pure Ae wire~ A por-don of the recryataJ.lized. ell.oy l-Tire and the 

remaining length of cold-draim alloy wire 'vere then oxidized for 4 hours 

at 6oo'O at,l a.tmo oxygen pressureo* After this treatment,. the excess 

oxygen in solid solution in the silver matrix (i.e., OXYgen not combined 
. . -6 

vith Mg) \rn.O removed by degassing for 24 hours at. 6oo•c in a: vacuum of' 10 

' tmll Hg, 

~ta.llogro;phic exrunination revealed that aome grain growth had occurred 

during oxidation, particularly near the center of the wire a. This effect 

was slightlY more pronounced in the wires oxidized in the cold-dre;\-rn condi

tion than ~n wires which had been recrystallized prior to oxidation, hmrever, 

no significant diff'erEmce in grain size could be detected between the two 

graups of o.Xidi&ed specimens. The average . grain diameter was estimated. to 

be ehout · 50· 1.1e 

c) ~?a;r:atus nne!_ Tecf1niques 

. The 'tensile apparatus uas designt:ld to permit operation at a constant 

* According to a calculation based on the work ·of Heijering and D~steyn 

only about 15 min. are required :for complete o:ddation under these conditions. 

., \ .. 
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strain rate and could be clasoed aa a relati ve.l.y hard machine. The 

ntoveable crooshev.d, to vrhich the upper specimen grip vro.s fastened, 't-tM 

actuated throUgh on o.ppro:tn•io.te reduction gear by ·the constant speed chnrt 

drive m.otor of a r~eds ruld. Northrup Dpeedomax recorder. 'I'lle loacl wao applied 

thrcmGh n long ot.o.inlesa oteel pull rod o.t't;ached to the moveable crosa-

head, the lower specimen grip being held oecurely in a stationary position. 

A linear dif.fercntio.l transformer mounted in a calibrated proving ring 

attached to the pUll rod tma used to measure the load. 'l'he output of' this 

transformer was ~lified and fed into the balance circuit of the recorder. 

In this 't·ta:y a continuous autographic streaa-st1·ain record could be obtained •. 

Tho strain "t<raa coiibra.ted by measuring the actual crosshee.d motion to 

within :t: 0.001'• with a. micrometer. Using wire specimens 0.25 mm in diameter, • 

a stress aenoitivity of 50 f!JJI/mm2 could easily be obtained •. This eenaitiviey 

was achieved at aJ.1 stress 1evele by the use of a. suitable zero su;ppressor. 

The grip assembly .1s illustrated in Fig. 2, together with the arrange

anent of the current and potential leads fOJ:' the resistiVity measurelilenta. 
r . 

To facilitate carrying out the lm., tenu:>e:rature annealing operations, the 

a:ppa.ratuo was srranged so that the specimen and the grip assemb}¥ could be 
. . . . . 

enclosed 1ti. a cylindrical copper can which could be evacuated through a long · 

stainless steel tube that also hOWJed the pull rod, Testa at liquid. n1 tro• 
. . . . . . . . . 

gen. tenu><arature cOUld then be conducted by immersing the copper J a.c1tet in 

a Dewar and using dr.Y . helium ·as tm exchange gas inside the specimen chamber. 

Preliminary annealing runs which served to .locate the ma.Jor ·annealing 

stages were carried out in fixed temperature baths rdth the copper Jacket 

removed and the specilllcns inttnersed directly in the bath. 'I'he tem;pera.ture end 

baths employed 'treres 78°K (N2 : b. pt.) l40°K (methyl cyclohexane, m.pt. ), 
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To crosshead 

K t K 

c 

MU-30597 

Fig. 2. Schematic illustration of the tensile apparatus, 
including the cryostat, grip assembly and specimen 
chamber; (A) Stainless steel pull rod, (B) Stainless 
steel frame, (C) Copper jacket, (D) Lavite grip 
holder, (E) Pin fastener, (F) Split specimen grip, 
(G) Potential lead, (H) Current lead, (I) Specimens, 
(J) Tungsten heater, and (K) Stainless steel tube. 
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195°K (dey-ice-acetone), 230°K (eteyl-olcohol-lrater1 m.pt.) ond 273•1( 

(I!aO, m.pt. ). Temperatures betvreen 273°K o..nd 37311K \rere obtained ;.rith a 
'• ' 

conots.nt tem;perat\U'C water bath• This method of operation was relatively 

sim]?le but it ho.d aeveroJ. dh1~dva.ntages. Not only 1-ras the choice of 
i ' 

. . I 
nnncaling tenweratures l:lmi ted, but icing in the low temperature baths . 

mo.d.e i't necessary to wa.rm the specimens esecntial.ly to room ternpera.t~ be• 

fore cooling back dovrn to 78°K for the flmr stress nnd reaiativity measure

ment~. For these· reo.sone 1 this method of annealing 'me abandoned in t'o.vor 

of the followfune procedure, 

A helical tungsten ribbon heater was s~ported concentrical~ around 

thll E!pecimen (see FiG• 2); this heat<;:r va.s about l cmo in diameter and 4 em. 

lo11r,. \-lith the outer jacket inm:lersecl in liquid nitrogen a.nd with helium l'lS 

an exchf.lllge gas·.: .... · inside the specimen chamber, the E:lpecimetl. tenqJerature 

could be controlled at MJ¥ desired level betvreen .,a• and. 550•K by balancing 

the power input to the heatel'' against the heat loss to the walls of the 

jacket. Since thermal. equilibrium wo.s achieved quite ra.pi~ under thee~ con

ditions, isochronai a.nneala an ohort as 15 minutes in duration could be 

employed and the apec:Unens oaulcl be brought back essentially to, liquid nitro•' 

gen temperatu.:i:'e within a. few minutes a.ftct the heater c~nt was tUrr,\ed off • 

With this method. of operation, the specimen itself vas used a.s e. resie~ce 

thermometer. The tenlJ:)ernture dependence or thte- ~sistivity oftdlver .e.s 

given by MacDonald. wns used to obtain a temperature calibration, 

The resistivity apparatus was ot the. standard potentiometric ~ in 

llhich · a. constant current 1 regulated to within 1 part in 105
1 was passed 

through the speci~n and through a. knoun resistance connected in eerieo. 

Currents of the order of 0.1 amp uere employed. The potential drops across 

the epec:Unen and the standard resistonce lrere measured vTi th e. Rubicon ~hexmo-



free potentiometer (Hodel 2768) in conjunction '\trith o. baJ.lic.ti.e galvanometer. 
. -6 

Cllo.nees in the specimen resistance as smell as 1 x 10 ohm could. be detec-

ted, '1rThich, for specimens of the size employed,. corresponds to a. .sensitivity 

. -10 
of EJ4lprox1m.ately 10 obm .. cm. '!'he mrodl11l.lln probable error in the measurement 

of the resistivity, including the uncertainties in determining the physical 

dimensions of the specimens; is estimnted to be ± 5 x 10"'9 obu~cm. Ti1e 

resistivity of pure Ag at 78°K 'ma found to be 3.35 x 10"'7 ohm-em, this com

paree vecy fa.voro.b:cy. w1 th other vo.luea reported. in the 11 tore.ture. All 

measurmnents '1-rere made at .,a•x vtith the opecimens incorporated. in the ten• 

sile apparatus. 

Wire specimens having e. ga.ue;e length ot a.bou1; 4 em were mounted 1n 

the tensile machine in aelf•aJ.igning oplit stainless steel grips •. Fine 

capper wirea ( .... o,oa ililli• dia.) served as· potential. l~ads. These l-rere .lo.id. 
' . 

Ci'OSG•,.fise upon the specimen in the grips and forced into .intima.te .. ~onta.Ct 

.. with the . specim.en when the grips \tere tightened down.. . ~s technique was . 

found to give reproducible results without requiring thllt the leads be , . 
. \ ... 

soldered or ii.Pot welded direct~ to the specimen. . Rela.ti ve~ heavy copper 

current leMa '"ere silver soldered. to the. end.a of the Gt"ips1 which in turn 
. . 

were electrically insulated tram the apparatus by Lavite holders. InSUlation 

of .the grips proved to be necessary in order to eliminate para.Sitic emf's 

which interfered. with' the resistivity·measuremE:m~s, 

While mmmting the ·tdres in the grips 1 attaching the potential leads 

and instal.ling the specimens in the OJ?paratus1 the grips themeelves were .. 

clamped rigidly in a speci~ ~ig eo as to minimiie accidental bending or 

d..efo:rlnation of the specimens durirJG ha.nd.ling. All tensile testa . and f'low 

stress measurements were carried out at 78•K at a constant strain rate of 



.. 

6 ' -4 -1 ' ' x 10 sec Defore mensurill(~ the resistivity, the load on the specimen 

una o.J..moot co:m;pletely relaxed, .only a small load {approximately 0.5 k({/nrrn2 ) 

sufficient to maintain a.ligmuent of the grips being nw.i~ta.ined. It was 

established that tW.s lond did not have Wl,Y influence on the measured resia• 
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28 

as cold drawn 

Tensile strain, E (%) 

MU -30589 

Fig. 3. Representative stress strain curves obtained 
for internally oxidized Ag-Mg alloys, the cor
responding solid solution alloy, and pure silver 
at 7 8 • K. 
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Representative streos-strain curves :for the different rnateriaJ.s o.re 
! 

shmm in Fig. 31 '1-thile values of th~ illitiltl yield et1·eas and the "ork 

hardening·coefi'icients (in the linear harclen~nc ranee) nre listed in 'ruble 

1. The potent strengthening effect produeed by interna.l oxidation is 

ohc.nm by the f'act that the yield atreos of the Atf.-0.1~ Mg olloy io raioed 

~oet by a f'o.ctor of l• by oJddizing at 6o0°C. This strengthening is 

perho:.ps even more im;p:t'(';losi ve 1-rhen 1 t is considere(l tluit the volUI!le f'ra.ction 

of oxide in the silver mntrix ia oril.y about 1 X 10"'3. 

The Dk-,gnitude of this strenr;thening effect nlso appears to be dependent : 
:. 

to some extent upon the previous thermal and mechanical history of the materi• 

oJ.. Thus,. specimens oxi(liied in the recryota.llited condition eJdrl.bi ted a. 

consistently higher yield atreso tlk'm those oxidized directly after cold. 

d.rm;ing ~ This point was chec:lted ro.ther cro-e:f'ully since previous work 33 had 

indicated that oxido.tion of cold \rorked speciments resulted in o. greater , 

strengthening effect. Thi:l observed difference in yield stress betlreen the 
. . . . . 2 . . . 

groupo of oxidized opecimcno (rouehJ.y 3 kt!)nm1 ) was reproducible and ·~-tas . 

three to four times greater than. the scatter in the_.ma.surements '\n thin each 

groupJ hence, it is concluded that the effect is.real. 

From Fie.· 3, it can be seen that, compared to pure:':Bilver or to the 

unoxidized alloy, the internally o:::idi:i:ed cpccimena exhibit greater lWrk 

hardening rates at all strains, ne in generally observed for dispersion 

hardened systemo. No significant differences in llork hardening chare.cteris• 

tics llere found betvreen specimens Ojcidi~cd in the cold dra:tm condition and 



Table 1. l·~cha.nical and El.ectrlcal Properties ot Internal.ly Oxidised Ag 
0~1~ Mg, the Unoxidi&ed Alloy, and Pure Silver at '(8•K 

Linear 
Material Yield Stress Work Hardening Initial A n ~ .Dp, 

,.., 1 2 Coei"ticient Resi.stiVity1 p P _
0 2 .ag: mm - . . o '"' o e- • "' _ ,_, . P~~ P~~ H~ 

99·9999 Ag ).2 0.33 0.335 0.56 1..54- 0.152 0.051 

Ag 0.1~ };~_ 4.3 0.31 o.4o"( o.6J. 1.51 0.135 0 .. 055 

Ag 0.1~ ~~(1 ) 17.4 0.49. 0.44) . 0.67 1~45 0.167 ° 0.074 

.Ae 0.1~ 1>1g0(2 ) 14.1 0.54 0.498 . 0.)1. 0.75 0.18'2 0.091 

(1) Oxidised sa recx7stall1 zed 
: 

(2) Oxiclized sa cold ~ 

.. 
i\) 
1\) 
l 
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No ntndn a.aing ef'f'ects or unloa.clill{!; yield point effects wre oboe~:'(t3d 

unc1cr a.n,y or the test:l.ng conditions t~mployed in these ex:perimcmts.-

b) El&!~c~Int(:E~~xitl.ation on_g~~.]~:l_;_?~r:tePl HcGiGtivit_] __ p.t 78~! 

Intcr11al oxidation of' the ~"':O.l);~·~:Tc olloy led to o. air:;nifica.nt increase 

in the electrical resiati vtty ,· r.>.a is shmm in Tr:tble 1. This increase amounted 

to about 9%,,:.o.nc.l 22~, reopecti vcly~ for spcc:J.mons mdllizcd in the rccryotoJ.l:.tzed 

and cold d.rmm c~mlition, ·both these voJ.uee ooine relatiw to the 1nitioJ. 

renioti vl ty of the ai-{nbo~ed (i.e. 1 recrystallized) o.lloy • A similar increase 

tn 'the resistivity had previously l')een rioted by :t-'bijering ond. Dl:"'JY'VVoteyn2 

nrid by Gorouch?3 At first glance, thia behavior seems anomalous since it 

might have been C.Jcpected tha.t OXidation 1·10uld effectively remove magnesium 

atomo from solid solution, thereby lmrerine the reaiotivity. Such ie found 

to b~ the caoe, in fact, in o.ll other internolly oxidizable systems except 

Ag-MG and Ac-Be • The stl"Uctura.l im,pllcations of this effect are discussed 

at some lenc;th below. 

c) §.tra;tn. Dependence of' the .Elcctrica.l Resistivity at z8•It 

The increase in the electrical resistivity produced by tensile deforma~ 

tion at 78°1( is shm-m in Fia. 4, in which the resiativ-lty increment is plotted 

as o. function of the strain on e. log-log sceJ.e • It is seen that, for all 1;he 

n~aterietls investiga.ted., the dependence. of' the reQ1St1vity increment on sira.il'l 

is '-rell described em;pirically by a power law ex:pression of' the formt 

. A n !J. P = « , 

uhere A and n are constants. Th1s is the behavior couunonly observed 'nth 
. . 

polycl.Yatalline r·.c.c. metals 'lef9rmed at lovr temperatures. 
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Fig. 4. The strain dependence of the electrical 
resistivity at 78 o K for the four .materials 
shown in Fig. 3. 

.. 
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The v:.lluer.> of A alld n derived from ,Pig. 4 o.re listed :J.n Table 1. For 

pure "At~·, the solid solu-tion alloy, nncl the a.lloy ox1<liZt;~d in the recry .. 

stoJ.lized condition, the exponent n lies in the J:'ange f:r~ 1.14-5 t6 l. 57. 

~,he so W. .. lu.eo are in reasonn.ble agreement vi th those (1.15: to 1. 53) prcvioua.cy 

rcporte<l in :the 11teru.tui-o6 for 99.98 .. 99·99~ pure Ae deformed a.t 78°IC. 

HOi·rever, the e.lloy oxidized :l'.n the cold dra.vn state ohm:ed a distinctly 

,, dLf.ferent behavlor; for this mat<.~rioJ. the exponent n vas o;ppro~(imately Oo15• 

The quo.li tati ve di:fference in the strfrln dependence of the resistivity ex-

hibi ted by this mo.ter1o~1 compared to the other specimens, ia ahmm more 

clearly in Fig, 5, where ~ is plotted e.a a function of the a train on e. 

linear sca~e. It is sEten that a val.ue of n < 1 for the a.lloy oxidized in 

the ~~old dralTn condition correspond.a''to a continuously decreo,ei~ d 6p/d<:., , . 
. , 

whereas n > 1 for the other materio.la corresponds to a continuously increasing 

d t¥J/ dr;.. Poosible interpret1n.tione of thie behavior are considered in the 

discussion. 

' 
For comparison purposes, the values of f!,p,Jo.nd. t¥J/ p

0 
(p

0 
• rcsistirtty. 

at e=o) corresponding to 20% atra.in at 78°K are el.so listed in Tnbl~ 1:·. 

This was the initio~ stre.in which eo.ch specimen received before annealing. · 

At e:=0.20 the .increment in the resistivity produced by deformation 'WW!I sub

stantia.lly greater in the oxidized opecimena than in the solid solution · 

alloy or in pure At:,~ Ao vr1ll be discussed, this implies. a hie;her rate ot 

defect production in the mddizcd nm.tcria.l::.~a The greatest increase in the 
' . 

resistiVity on deformation was exhibited by the alloy oxidized in the cold 

drmm oto.te,· this behavior being· even more pronounced e.t lovrer strains .• (see 

Figs. .4 and 5 ) • 
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Fig. 5. The strain dependence of the electrical 
resistivity at 78°K; same as Fig. 4 except 
plotted on a linear scale. 

.. 



The prelimina.ry anneoJ.ine runs in f'bcod tc;uJ,perntu.:.re baths yielded· the 

isochronal E.ll111ealing curves shmm in Fig. 6. The do.ta have been normaJ.ized 

by. plottin(; /¥)r/ 6p..,S•K ns a. function of the oJ.'lD.Cal.ing temperature, ~T being 

the resioti vi ty increment oi'ter a 1/2 ... hour anneal at each indicated tempera

ture T, and ~rs•x being the resistivity it:1crement oboerved at 78•K immedfate; .. _ 

l,y after a 2c:t/o strain. Although only a. few "'idely spaced o.nneals were 

carried out, it ia eVident that considerably lese recovccy of the resistivity 

occurred in the oxidized opecimens than in pure silver or j,n the unoxidiied · 

alloy over the entire temperature range invest:tga.ted. T\-ro distinct anneill.ing 

stages are observed· in pure silver, one cente-red around 100°K and the other 

o.round ro<:an temperature. These same recovery atoeea are e.lso preaent in 

the solid solution alloy but appear to be displaced sanewha.t tmiord higher 
.,; . 

t~IlU'leratures as expected. In contrast, there ia only a vague indication of 

a recoVery staee bet,•een 150" o.nd 200°K in the alloy oxidi&ed in the recry-

- ata.llied condition, vrhile the oxidized cold dra:wn alloy exhibits eseentia.lly 

continuous background annealing. without any evidence of a distinct recover,y 

stage up to 373°K· • 

. · Considerably better definition of the low tellll'>erature a.rmea.ling ata.ees · 

'vas achieved in the second set of' isochronal a.nneci.ling e~eriments which ware 

carried· OU:t in the cryostat using the t\l.IlGoten; heater. In these experiments 

the isochronal enneo.l.ine; time was reduced to 15 minutes. The results, which 

are shown in Flg-. 7, a.re oeen to be in qualitative accord with the preVious 

30-minute isochron..:-ll ~ealine data. The t1ro recovery stages in pure Ag and 

in the solid solution alloy are clearly evidcntJ these two stages appear to 

be sepora.ted by a temperature range in irhich the backGI"ound 8llllealine; iS more 
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Fig. 6. Isochronal annealing response after 20o/o 
tensile deformation at 78° K. The fraction 
of the initial resistivity increment (normalized) 
remaining after each successive anneal is 
plotted as a function of the annealing tempera
ture. Holding time at each point equals 15 min. 
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Fig. 7. Isochronal annealing of the electrical resistivity; 
same as Fig. 6 except holding time at each point 
equals 30 min. 
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Fig. 8. Isothermal annealing of the electrical resistivity 
at 195°K. 
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... , 
. :.\ 

or leas continuouc; • ~,be 1:'ir::.;t ommaling Btn.g~e, vihich corresponds to Sta{l;e II 

:J.n the n·ot.ation ueGd by Van Bueren, occ·w:·tJ betvreen 90• nnd 130°K in both pure 

A(!, and the UliDxid.:tzed. .Ag-t~ alloy; this st1.ige accow1ts :fbl1 r:\bout 4()'1p of the 
,.t 

i 

total recovery :tn r;tirc oil ver t.t:nd. about 30% in the alloy. 'l'he second 
•. 

a.tmeLU..ing crtage occurs bet'\lf}~n 300° to 360°K in pure ail_V\U' nnd. bet•ree.n. 41.1(}• 

and h75°K in the soli<l solut.:ton alloy. !t is believed. tllftt .. thio stage 

correspond.s to rccrystoJ.li$ut1~:J>n 111 both materieJ.f:l and 1a therefore d,co.i~l!l{)t .... 

ted as Stage y. ~l'hc recovery of the electrical resistivity t-rhich ocmu-a tfi 

St,age V accou~ts for betvreen 45 o.nd. 50~t of the total recowry in both materials. 

The oxid:tzed specimens eYJlibit r~sr,entially no recovery (< 5~) up to 

l90°K. · ~t,·reen nbout 190° and 275°K1 a. :t't:dl:'ly -vrell defined a.nneo~1ng stt'lge 

occurs in the illoy specimens vrhich VTCl"C reccyatallized prior to o"id.a.t1on, 

the recovery in this etagc amounting to about 15~~ of the 1ni tial reoisti v-1 ty 

incrementJ hmrever1 this stage is absent in specimens oxidized in the cold 

drawn condition. 'l'he latter mchibi t e. broe.d continuous annealina opectrum 

with no observable fine structure up to _the hie;heot temr>era.turca inwstieated 

( .... 550°K). The totcU. recovery obtained on ioochronal o.nneoJ.ing up to 500°K 
. . 

1ro.a only about 25% in the oxidized cold d.ra1m specimens o.nd about 35~ $.n the 

OJ.X~cimens which vrere rccr;y·stoJ.lizcd before o:jddntionl the correa1)0nding amount 

of ~ecovery .in· pure Ac. and in the unoxidizcd ·alloy '1-Tas 95-98'%· 

A aeries of isothennnl l.umeala -vterc nlso c~:trried out a.t 78°, 195° o.nd 

273°K. · \olitlrln the sensitivity of the measurements, no recovery vas observed 

in the oxiclized nw:tE~l1io-la nt 73°K in times up to 24 hours. iii th pure Ag, 

and the unoxidized alloy about 'J.rfo of the ini tia.l I:{J ennealed out t1t 78°K 

durinci the first 15 minutes but esoentirU..ly no further rumeal.ing took :Place 

thereafter. The renults of the isothcrm.a.l f:l1lneuJ..1ng runs at 195° and 273°K 
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Fig. 9. Isothermal annealing of the electrical resistivity 
at 273°K. 
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· initial rntc of re<!ovory io Gicnificant..J..y lm·rer in the ox:l.dlzeu spccil.H.cn8., 

than in 11uro Gil vcn· or in the Golid soluti(;ri alloy ant."i the 'total amount of · 

recown•;•r 1:::; r.1Go n,J)Ill'<;cia.hly lo~;or in the internnl.ly oxirHzcd G]_)ecimens. The 

ini t:lul reeovc:ry ru.too o.t 195° ::Jll<l 2"{3°1( o .. re found to incroaoe in the follow

ing order a ox::l.dized col<l d.l.L\'il11 alloy, o:id.d:i.t.cJll l~ecry·sto.iiized alloy, pure 

s:n ver, unoxiclizcd solicl solution o~loy. During the eal.·ly portion of the 

e.r.J.1ca11ng proc:e:.::::; the unoxid.:i.z~;{t n.lloy DJ?lX~o.ro to recover slightly faoter 

than pure silver; hmmver, vf'ter loneer times the toto~ recovery iu greater 

in pu~-e silver. 'lbia Gi!IDle effect is observed both at 195° tlnd 273°K1 but 

o:tnce th~) d.lfferehce in the ini t:J.e~ recovery· rate is smn.l.l o.nd possibly 

1-ri thin the S<!a.tter in the mea:sUl·<.mtents, 1 t 111t1y not be SiGn1ficru1t. In 

e;enern.l, therefore, the isothel"'Dl~u annealing behavior O.l)pears to be entirely 

com;intent \rith the recults 6f the isochrom.U. onnen~ing runo. 

Ihvine; b()th inochronn.l and isothex,un.l t1nnet1.1.1t1(~ data. for 1n1 tially 

id(~ntica.l ·r;pecimcns, it is. poc;sible to detel"lnine the activation enereY, E, 

uooocJ.uted 'nth a. given nnnenlitl{!; ota.ge using the annlynis develo:ped by l4eechon 

a11d Drinkmon, 36 mmely, 

1:there .6.t
1 

io the increment ot isothcntW~ tumeo.1.111{~ tiinC r<-:Hluired to produce 

.. th 
. ·the fJ2Jlte resist1 vi ty chance no io obaerved in the 1 isochrono~ annealing 

pulGe o.t temperatu:t-e T
1

• 'l'he t~ec:lwn-Drinl~1J:m o.na.lysis tms n}.)plied to the 

data. obtained for Dto.ge II in both r>ttre sil v-cr and the solid solution alloy 

o.nd to the stuce obsel'ved in the e~loy ox:l.dized in the recryotallized cozl.d1· 

tion. A reprc:::cnto.tive 1)lot of En LJ.t1 vs. l/T1 fol' pure Ac is chown in Fie;. 

10. The same ectivat:l.un encrc:Y uno ol.Jt;'.:Lncd for o.ll three nnneal.ing sta.ces 
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Fig. 10. Isochronal annealing of the flow stress. 
The fraction of the initial strain hardening 
increment at 78°K (normalized) remaining 
after each successive anneal is plotted as 
a function o·f annealing temperature. Holding 
time at each point equals 15 min. 



.. 

mentioned e.bove, no1ncJ.y O.lG ± 0.03 eV. 'I'hls is taken as evidence that the 

llrocess occurring in the 190jt - 27510K reco~ry eto.ge in the oxidi&ed alloy 

is bo,sically the some n.o tho.t in Gtor,e II ,1.n' pure oil ve r. ru1d in the W1oXi• 

clized oJ.loy. The activation energies corre::pondinc to Stage V in pure ~ 

o.nd the aolid solution alloy could. not be evaluated '\-ri th confidence and 

hence ore not reported. 

Attenwta vrere o~ao made to eetablioh whether or not the isothe:rmal 

onnealing procesr.es could be described by either first or second order kinetics. 

Firot order reaction kinetics nro indico:t.ed if £n D,p remaining a.t tiloo t 

varies linearly lfi th t, vhile second order kinetics ~ obeyed if .l./ /::,.p 

VtU"ies linearly vith t. These teste, applied to the 1sothcrmo.1 annealing 
•\ 

da.to. at 195° o.nd 2T3°K1 showed. thnt integral order kinetics uere not.obeyedJ 

instead, kinetics of fractione~ order near unity oeem to be indicated. This 
'I 

result is ur~leroto.ndo.ble BillCe the isotherm.OJ. anneo.ling tenweratures em.• 

. played do not lie wlthin the temperature range Of th~ major annealing stngeSJ 

time, it .1o likely that at 195° and 2T3111 K, two ,or JnOro defeat anneal.ing pro

~esses ~ taking place sinrultaneoualy and, 1! so, eiD!ple kinetics would not 

be ex;pected. 

2. Reooi!ery of the 'J!'low Stress ~n.{\nn~a~J.~ · 

The isochronal onnenling of the flow stress (15 minute holdins time at 
. ' . ' . 

each t~rature) is shown in Fig. lle · The data }lave again been normalized 

by plot-ting the fraction, of the initial flow stress inoremcnt (correapoDMng 

to c • 0420 at 78'K) remnining o.:f'ter each succeed.ins isochronal anneal against 

the o.nnea.ling tem;perature. Pure. silver and the unoxidized el.lcy are seen to 

· exhibit little recovery of the flow stress Wltil teJiq>eraturee corresponding 

to Stage V in the respective nw.terivl.B nre reached. P\lrthermore, softening 
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Fig. 11. Determination of the activation energy for 
Stage II in pure Ag. Each plot corresponds 
to a different specimen deformed and annealed 
under similar conditions. 



ie esaentially complete o.t the end of this stnge. This co~EJti tutes o. strong 

orgtUJJ.ent in favor of assigning this stn.ce to recryste.llization. 

In contrast, the :f'irat sign of oof'tenine in the ox1diz;ed alloys does 
'" 

not manif'eGt itnelf until abcrt1t 4oo•K, o. tem;pero.ture well above that at 
I 

i 
which p\U•e silver recrystallizes. In gene>.·o.l, the reaowtf of the flow stress 

' 

proceeds nruch more gra.d.ua.l.J.y in the oxidized materiuls so that even o.t 5'04 K 

about 80% of the ini tiol strait'l hro4 dcn1ng otill remains. . It mli also be 

noted that eofteni~ occurs less rapidlY in spectmeria oxidized in the oo1d 

dra>rll. condition than in the specimens \-thiah were recrystallir.ed prior to 

oxidt'l.tion. 'l'hio behnvior parrillela quite cl.oael.y that observed during ioo• 

chronal. e.nnefiline; of the electrical resistivity~ 



4, DISCUSSION 

To provide a firmer basis for interpretation of the annealing exper1 .. 

mente, a structural model will first be presented for the internally ox1diae4 

alloys. In essence, the proposed model is sintllar to that recently suggested 

by Darken37 for ~e Ag-Al-0 system, its principal feature being that during 

interna.l oxidation small clusters of ~eeium e.nd. oxygen atoms, perhaps no 

more than 30 1 in diameter, are formed coherently with the ~~~ver matrix. 

From a structural etond.point, these clusters are believed to be similar in 

met respects to the ~uinier .. Preston aones observed during the e·arl:y; stages 

of precipitation in supersaturated solid solution allo,ys euch as Al•Ag end 

Ai-cu. ?.he evidenc.e supporting this model will nov be reviewed. 

The observed increase 1n the electrical :resist! vi t:y <:~n oxidation (see 

Tabie 1) together with the fact that the average dislocation density is not 

changed appreciably by ox1ds.tion37 implies that the silver matrix ie lM!aVily 

strained. 'l'h.ia,; .• ~.:r.a.in contk"ibut,on to the resistivity lttU.St, ill fact, out• 

vtigh the decrease in the resistivity expected as a reGUl.t ot the prec1pita- . 

* ~ tion of magnesium atoms tram solid solution. Additional evidence ~hat the 
' 

silver matrix is elastically strained is provided by the folloWing obeena-
. . a . 

tionsa l) the lattice parameter also increases on ad.da.tionJ ,33 2) there 

is a pronounced broadening ot the x-rey reflectionsJ 5,33,38 3) protuberances 

are seen on the surfaces ot oxidi£ed specimens which seem to represent the 

extrusion of entire grains above the surface$ 31' 39 thia effect 1a not observed 

when Pure silver is oxidized under the same conditions.· 

* The increase in the resistivity on oxidation cannot be accounted tor b:y 

the presence of oxygen in solid solution since the uncombined o~gen had 

previously been removed by vacuum outgassing. 
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It ia believed that elastic strains arlse largely as a result of the 

formn.tion of coherent cluotere or zones of rna.gnesium e.nd OJcygen atoms in 

the silver ma.trix. The crystal structures e.nd unit cell dimenoions of silver 

and MgO are illustrated for com;parison purposes in Fig. 12. It may be seen 

that the Ne.Cl-type structure of MgO is simply derived from that of silver by 

aubstituti.ng IllJJ.gneai.um atoms for silver and placing oxygen atoma in the octa.-

hedrol interstices in the f.c.c. silver lattice. Moreover, the lattice con

stants of' MgO ond. :··Silver (at room tempera.turee) dif'fer by lese than 3~~ This 

close structural similarity makes it e.ppear highly probable that coherency 

exists between these tvro phases, eapecia.lly when the Mg~O clusters or monee 

are extremely small. In this connection, 1 t may be noted. that thin single 

crystal films of silver ~ be .produced by epitaxial growth on the surfaces 

of rockealt cr.yotale and that these films are indeed coherent with the 

aubstrs.te. 40 

Since the bulk thermal expansion coefficients of silver (18 x loe6/°C) 
.. 6 . .. · .. · . 

and MgO (10 x 10 ;•c) differ appreciably, it is also possible tho.t elastic 

strains will be set up around the MgO clusters as a result ot d1tf'erEtnt1al 

thermal contraction. Any such strains would coutribute to the resisti vi t;y 

in the same.w~ as coherency strains, and the effects would be difficult to 

distinguish. However, considering the fact ·that the inte1~ally oxidi~ed 

all~ys \rere slowly coolad.(< 50.C/h:r) from 600°0, which should have allowed 

some opportunity f'or the internal stresses developed on cooling to relax, it 

1s felt that the straJ.n contribution from this source is probably small in 

com,porison to the effects of coherency. It ie interesting to note that Ashby 

10 
e.nd Sm1 th ·have observed coherency strain fields surrounding r.;.~o3 parti-

cles in int.erna.lly oxidized. Cu-Al alloys. The oxide particles in this base 

are actua.lly plates lying on ~lll} planes With their edges parallel to < 110 > 
~ . 
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Fig. 12. Comparison of the crystal structures and unit 
cell dimensions of MgO and Ag, showing the 
similarity in atomic positions and·the small 
degree of mismatch of the two lattices. 



* directions 1n the copper matrix. In internaJ.ly oxidized Cu-Di nlloyo, 

bcn•ever, no strain fields were seen cxound the spheroidal S.L00 particles, 
c; . 

the rnatrix .. po.rticle boundu:ry being conwletely noncoherent. 

TM.n film trnnsmioaion microscopy of internal.J.y oxidized A6 .. Mg alloys 

ho.s eo far failed to reveal the presence of distinct oxide particles, nor 

have e.:rry contrast effects been observed \-rhich couid defini tel.y be attributed 

to coherency.5,34 The absence of reoolvoble particles indico.t.es that the 

clusters of :m.a.gnesium ond oxygen o.tomi! fomed during oxidation must be lees 

than 30 A in' d.ion1eter and probably considerably smaller. 6\num and Wreidt 41 

have examined the structures of internal~ oxidized Ag .. JU elloya by trans ... 

• mission electron microscopy and have eatabli.shed en upper limit ot 30 A tor 

tne size of the Al .. Q c.:j.uotera in this materia.l~ this figure most likely 

repreoen.ts an overestimate since it includes the aasoc:t.a.ted strain field e.a 

well. 8lnall e.ngle x .. ray scattering mes.aure~nte likewise indicate that the 

average cluster size io lees than 30 A. 38 'illuo, there E!J?pearo to be a close 

structural simile.ri ty betwen the Ag .. Al. .. o M.d Ag-Mg ... o aystema. However 1 

since the clusters are not reaolvable, or just barely so, it :le not possible 

to establish their shape or to decide with certainty whether or not they are 

·coherent. 

tr.'he small aize of the Mg ... Q clustera formed during internal oxidation 111q 

be 'i.lnd.erotood ori the basis of the :f'ollmring conaid.erntions. Oxygen dif:f'Ui3es 

extremely rapidly in eilver42 com;pared to magneei~. At tSoo•c, tor ;example, 

the two diff'Ueion coet'ficiente probably differ by four or five ordeJ;':S of 

* The geanetricoJ.. conditions for coherency nppee.r to be even more favorable 
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* magnitude. :&:!cause of tho strong chemical affinity between the two solute 

elements 1 oxygen atoms diffusing in from the surface rapidly seek out and 

combine with magnesium atoms before the latter have had an opportunity to 

migrate ma.ny atomic distances. Once this happens, the distribution of mag .. 

ne eium end o;,cygen in the ail ver mo.trix is effectively 'fro~en in' since pairs 

or larger aggregates of ~nesium and oxygen atoms are immobile. The o~ way. 

this distribution ce.n be changed ia by thermally dissociating the magnesium 

end oxygen atoma within a given cl~ter1 and then having both constituents 

diff'use ind1v1dually to other clusters in the vicinity. This growth process 

should be very elt16giah, however, due to the large bind.:t.:ng energy between 

magnesium and mcygen atana; which amounts to eevere.l eV •. In keeping w1 th 

these ideas, 1 t ta well known that the dispersions produced by internal 

oxidation of dilute ail ver alloys are extremely stable end do not tend to 

coarsen appreciably even on prolonged heating near the melting point. The 

ave~ number of magnesium atans in clusters :ronn.ed on oxidation mrq tl:lwi be 

determined to a large extent by the initial distribution of magnesium atoms 

in solid solution prior to c;>Xid.ation. Since silver end ·11188nesium have nearq 

the same atomic radii, extensive clustering vould not be expected, especiaJ.l¥ 

at concentration as lov aa 0.1 ·at. ~· 

One other possib~ significant factor 1IIfl\Y be mentioned. It 1o ~eneral.ly 

believed that oxygen dissolves interst1t13lly in silver and that ·tit~ ctif'tu• 

'**42 sion of oJcygen occurs by an interstitial mechanism. lf .. so, oxigen 1m1st 

* 'l'he tracer di:ftus1on coe:ffio1ent for m.e.gnaeium he.s not been zooa~d direct

ly but it should have a value close to that for other divalent subst~tutional 

solutes in eilver. 43 

** 'l'his is based to a large extent on the high dif:t'usivity ot C>Jcy'gen. ;'he 

activation energy :for diffusion of' o:xygen in silver is onl,y 0.48 ev42 as 

compared to about 2.0 ey for substitutional solutes. 43 



exist ae essentia.lly neutreJ. a.tomo, einca ·the o• ion is norm.olly far too large 

to be a.cccmode.ted in interstitial pot:litions ill the silver lattice. However, 

when a neutral oxygen a:bom JUlllpa into an intersti tia.l ai te ad.je.cent to a 

magnesium atom, both the oxygen o.nd. the nearest neic;hbor magnesium should 

became strongly ionized since this approximates the type of bonding which 

exists in Mgo. The oJcygen 1a now trapped in an interstitial. position, not as 

a neutrol. atom but essentially tis an o"' ion. A wey large matrix strain would. 

therefore result. '!'his strain nlight be reduc~d by formiDB larger MgO olti.aters. 



e.) The Effect of Internnl Oxido:tiun on 

Defect Proc'J.uction During Cold Work 

The stress-strain curves for the oxidized e.l.loya exhibit the usual 

features characteristic of dispersion hardenedma.teriala, namely, a aig• 

nifica.nt.ly higher yield stress and a greater strain hardening rate relative 

to the solid solution alloy or pure silver. In general, the resistivity 

increment produced by . deformation 1s also considerably greater in the oxidized 

materials. ·Neglecting,; for the moment; the differences bet,reen the two g~s 

of oxidized epecimcpe1 it seems safe to conclude from these reeul.ta that 

higher concentrations of defects are generated by cold work in the oxidized 

materials than in pure silver or the Wloxid.i&ed aliey. UnfortWlatel.y, the 

nature of theoo defects cannot be established unambiguously from these experi• 

mente. Some order .. of .. magni tude cal.oulations of the defect concentre.tiailB 

can be ~~e, however, based on the theoretical scattering cross-eectioris of 

dislocations and point defect1B. 

For example, at c = 0.20; 6p • 0.074 ~-tA-~ for the tilloy oxidized 1il the 

recrystaJ.lized condition, while for pure silver, 6(J • 0.051 1.1-.D.:-cm (see Tabie 

1). Truting.the reported theoretical values for the resistivity increment per 

Wlit length of dislocation in silver, which ranee tram 1.3 • 3.6 x lO•l3 

1-l~cm/cm dislocation 11ne/cm3,6,B,44 it is found that an excess di~location 
density of about 1 X 1o11cm/c~3 would account for.the entire difference in the 

resistivity increment bet'l-reen these t,,o materials. lhiley and Hirsch 
45 have 

estimated the dislocation densities in deformed 99·99% silver by measuring the 

total projected length of dislocation line per unit area on transmission micro• 

graphs of foils of kncnnn thickness. They give a dislocation density of 
I 

5 x 1010 em/ cm3 after 2QI{o elone;ation. 'l'hus 1 to explain the observed resistivity 

increment in the oxidized alloy, the dislocation density would have to be 

ll 1 3 about 1. 5 x 10 CI!1f em 1 1. e. , roughly a factor of three greater than that in 



pure silver.* The observations by &'i·renn9 ohow that this is not unrensono.bleJ 

furthe1-more 1 10.ein5 hao found, from an e.n.o..lyaie of x-rey line brorulening 

profiles, that the d.iolc)eat1on denoi ty 1o between ,2-5 times higher in 1nternol4r 

oxidized 1\e, 0.1% Mg alloys thnn in pure silver after 75% reduction by rolling. 

It ie also possible to assign part of the resistivity increment to the 
•,· 

creation of point defects dur:lng deformation. Mont theoretical ct\lculationo 

indicate that the resistivity change due to monovacanciea (in copper) is about 

1.0±0.5 ~-em/at. ~vacancies, and that the scattering associated with 1nter-
1i . . . . 6,7,8 . . 

st tiale ia at least as high or higher. As will be discussed. in greater 

detail below 1 the onnea.J.inc behavior of pure silver indicates that roughly 
. i 

\ 

5~ of the resistiv.tty increment on deformation mar be aasociated with the 

introduction of point defects. Thie corresponds to & point defect concentra• 
. 19 3 . . 

tion or about 1 x 10 /em 1 which is well within the range of theoretical esti• 

mates based on jog product1on,.modele.6 However1 the e.ssunwtion tba.t even 

greater concentrations of point detects ere generated. in the oxidized. material 

than in pure silver lea.Cls, as will be seen, to certain difficulties in the 

interpretation of the annee.l.ing ex;periments. 

The strain dependence of the resistivity increment provides same additional 

clues concerning the defect structures of these ma.terial.s. It is seem fran 

Figs. 4 and 5 that pu:re sil vcr 1 the solid solution alloy, and the alley oxidized 

in the recrystallized condition ell exhibit Virtuall.y the same behd.vior •. Foi" 

all these materials, 6p a. E3/2 and the resistivity increment per unit strain 

* It ia also conceivable that when distributed on a more uniform scale, as 

in th~ deformed oxidized. alloys, dislocations make a greater effective con• 

tribution to the reeisti vi ty than when arranged in the f'orm of dense tangles 

w1 thin cell waJ.le, aa in cold .. worked silver. 
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increases vri th increasing strain. Tbis behavior is characteristic of 

6 pure t.c.c. metals and indicates that essentially the same mechanisms of 

defect production are opE:rati ve in the oxidized o.lloy as in pure ei+ ver 1 

although the relative concentrations. of clislocn.tions and point defects which 

are produced may be subotantially different in these tt·ro materials. 

On the other hand, the behavio1· of the alloy oxidized in the cold dra.wn 

condition appears quite a.nom.aJ.ous. In this nw.teriaJ. 1::::.. p 1s proportional to 

e~/4 inst~a.d. of E3/2. o.nd the resistivity increment per unit st~e.i~ decreases 

'With increasing strain. If' the a1~guments given by van Bueren6, 28 and Pe~f~er27 
are valid, the ~3/4 strtlin dependence inWlies that the dislocation contribution 

to the resistivity far out,reighs that due to point defect production in this 

material. The absence of a 'troll defined a.nneoling stage (see. below) attr1bu• 

table to point defects in this alloy is also consistent with thie interprets.-

tion. 

The rather pronounced differences in the strain dependence of the re~ 

sisti vi ty bet"Yreen the tvro groupe of oxidized specimens con be explained in 

the follml'ing "e::i• When the alloy wires are oxidized in the cold drawn con-

.. dition, the ·dislocation otructure produced by wi:re dra,nng ita parti~ re ... 

ta.ined. This ie because the oxidation process occurs so rapidly in the surface 

la¥ere that the dislocations in this region are effectivelY pinned before the,y 

have an opportunity to anneal out. 33 Although recrystallization does take 

place in the center of the cold drmm vrire before· oxidation is com;pletedj e.s 

GhOim by ~neta.llo(!;raphic examination, the average dcnsi ty of d1sloca.t1one in 

the oxidized as cold dra1m mnterial ia undoubted.ly eomevrhat higher than that 

in sa.mpleo which had been recryoto.llized prior to o:dda.tion. This agrees with 

the observation that the resistivity increment produced b.1 oxidation is eub

stont1e.l.ly greater in the cold d.raun specimens (see Table 1). 



The h:S.gh initial a.enoity of dislocations in the surface leyers of the 

cold dro.wn end. oxidized Hire would be expected to tnodif'y the d.efo:rma.tion 

behaVior qUite sicnificantly. For exenlJ?ie, since these dieloca.tiona ere 

probably pinned at various pointe along their length by Mg~o clusters, they 

could. well act as Frank .. Read source a. A higher sourco density illUllioa a 

h:lgher inititil. rate of production of' disldcations and. lToUld olao account :for 

the greater resistivit¥ increment observed on deformationb To be consistent 

the ini tinl work hardening rate ebould t.Ueo be grea.terJ this is aetueJ.ly 

observed (Table 1) B.lthougb the effect is email; and possibly D.Ot sisztificant. 
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p) 'l'he Effect of' Internal Oxidation 

on the Anneo.linc; Response 

The annealing behaVior of the oxidized alloys 'Will nov be cOIJU)flred 

'With that of' pure silver and the corresponding oolid solution alloy. To 

provide a basis for comparison, the results obtained for pUre silver will 

first be discussed in relation to the work of preVious investigators• The 

manner in which the annealing behaVior of silver is modified. by the intro• 

duction of the dispersed phase 'till then be considered, and :f'ina.l.J.y, an 

attempt will be made to rationo.l.ize the observed differences between the 

two groups· of oxidized opecitnena. 

Previous work on the low. tenlJ.)ernt'Ul"e annealing behavior ot cold worked 

silver is aUltllllEl.rized in Table 21 along with the results ot the present 

experitnents. . In view of the seno1 ti vi ty of the Einnealing response to eJCperi• 

mental varle.bles, (see p. 4 ) the ~eement between tllese different invea• 

tiga.tions is eatisfe.ctory. Stage II a.ccountlJ for a eome,ma.t larger fraction 

of' the total recowry in tlle ]?resent experiments than has been observed by 
1 , r' ~ 

46 . 47 . 
lvbnintveld or JongenburgcrJ in addition, StQ8e V occurs at lower tempera-

tures. 'l.beoe dif:rerencea are consistent vrith .the higher purity level of the 

silver used in this investigation. No ·indica.tion of' a distinct ennea.ling 

stage in the teru;pero.ture range correoponding to Stt'!.Ge III can be· seen in the 

annee..J.i:ng spectrum (Fig. 7). Instead, the a.nnee.llng which occurs between 

Stage II and Stage V appears to be continuous and cannot be cba.racterized by 

a unique activation energy. This so-called "garbage. a.nn.Ca.line" which occurs 

over the temperature range from about 150• to 300°K, accounts for only about 

15~ .of :the total recovery. Stage IV was not detected here 1 probably beclwse 
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Table 2 o Recovery o:f the Electrical. Re.sisti vi ty o:f C;::;ld-worked Silver 

Investigator Purity 

Ramsteiner, 52 99.99<ffo 
Schfile & Seeger 

'4· 
Jongenburger ·. T 99ocy:j3c/o 

46 
Manintveld · '? 

Present work 99e999%· 

Deformation Cc:mditions 
Type & amount Temp. 8K 

Rolling, 
50-85~ 

Tensile, 
13-2~ 

Tensile 
? 

Tensile, 
2fPP 

belov * 
2300 

14° 

78• 

78• 

Annealing Response 
Stages obs. Temp. range, 6 K 

III 230°- 26o0 

rl 325•- 4oo• 
v > 350° 

II l4°<->18o.x' 

m 18o•<->3oo•x 

IV 350•- 4oo• 
v - 42o• 

--
II eo•- 16o• 

m 200a- 26o0 

II 90°- 130. 
v 300·- 36o0 

cja rec.Jvery E ,ev 
act.· 

+ o.6o±0.05 
0.88±0.05 

1.0 - 1.4 

30 
20 not 
10 reported 

40 

20 0.18 

15 0.65 

4o 0.16±0.03 
45 

* Rolled after cooling to 90°K; rolling temperature ded-a.ced f'rom. presence o:f :frozen alcohol on specimen 
surface. 

+ Cannot be evaluated on an equivalent ~1.;; du~ to absence of Stage II. 

x Specimens annealed only at 14•, 18o•, and 3009 IC 

I 

+ 
\0 

I 
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it -vras oboeured by the otl.set of rec:cystallitation (i.e. 1 by Stngc V). It 

should be noted that, UGine otored enerror mcac~urenrontG, van den :Bsuk.el48 

' 
hno recently oboerved ·!iiro ma,jor c.rta.ges in the recovery o-r silver defo~d 

at 78°K. These staeco occUl·red in the B8lne temperature re.ngea e.a those re• 

46 . j 
ported by ~Bnintveld, a.nd. the activation energies lvere 1n oe;reemcmt with 

those derived frc~ resistivity data. 

'l'he fact that Stage II in the recovery of the electrice.l rci'oiati vi ty ici 

not a.ccompunied by any oboerva.ble recovery of' the flmr stress (see Fig. 10) 
,. 

is taken e.s evidence tho.t this otr:J.Ge involves the a.nnihile.tion of point 

. 49 defceto, e.o was firot em;Qha.o1zed by Molenaar and Aarte. A recovery stage 

with an eotima.ted activation ~norgy of 0.2±0.05 eV has eJ.so been oboerved. 

in. this Bame tcxaperature rtiU'lge ( 8o-170•K) a.fter irradiation. 501 5l According 

52 . 
to Romsteiner et o.l. 1 Stu.ge II in irradiated silver is due to the recotllbina· 

tion of rela.ti vely lridely. opc~ced interoti tia.l-wonncy pairs, t\S diotinguiehed 

from Stnge I uhich is believed to be e.osocio.ted with the rcctllllb~na.tion of' 

ne:lghborinr, Frankel pa.ira. B:mrever 1 vnriouo other interpretations have been 
6 7 . . . 

offered ' and it is by no means established that Stage II after deformo.tion 

occurs by exactl:y the etuue proccooea a.o those 1n irra.diated rooterial.a, since 

the initinl concentrations as lrell ns the spatial distribution of vnc~ciea 

and interotitia.lo may be quite different in theoe tvo caseo. 

A sUillillar'y of the annco.linc characteriot1cs o.f pure silver, the .Ag-0.1 

e.t. '/o Me aJ.loy, and the oxidized a.lloyo io presented in Table 3· 'l'he maJor 

effect of rnagneoitun in oolid solution 1o to shift Stege V tm-1ard higher 

tcm.pcto.turcs by about 100°K, i.e., to deley the onset of recrystallization. 

Thio mny be attributed to th<r! reto.rding influence lThich :1mpur1tieo exe1"t on 

the mir;ration of hi(!)1-a:nr;le boundaries. 53 There is e. mild indication of en 

annealing stoee beti-reen about 260° and ]20°K lThich could poooibl.y correspond 

• 



• 

.._.-
-~ 

<" 

'l'abl.e 3· SuJm:Da.ry of the ~nneaJ i ng Characteristics 

M9.teri.al . stage 

99. 999g/J Ag II 

contin. 
aimealing 

v 

Ag 0.1 at .. ~~ II 

con tin. 
anneaJ.ing 

* plateau 

v 

Ag 0.1 at.~ Mg 
l n 

* plateau 

Cantin. 
antlealing 

Ag 0 .. 1 at.~ Mg
2 cont.in •. 

annee.lil:lg 

(1) Oxidized as Recrysta.Jli zed 
(2) Oxidized as Cold Drawn 

* See Figtl.re_ 1 · 

Temp-. BaDge, 
•K 

90°- 130° 

130°- 300° 

300°- 360 •. 

go•- 130° 

130°- )4o• 

J4.0•- 400" 

4oo•- 4ro• 

200°- 26o0 

26o·- 360. 

36<J•- 550° 

78·-550° 

~ Recovery Activation energy, e V · 

EJ..eet ... Resistivity Flow Stress 

4o 

15 

45 

30 

20 

(o) 

45 

15 

(0) 

20 

25 

0 

5 

85 

0 

5 

10 

8o 

0 

5 

15 

. 15 

0.16±0.03 

0.16±0.03 

0.16±0.03 

I 
v-. 
I-' 
I 
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to Stage IV; hoi.rever the onnealinc; in this rt'l.nge could not be chnre.cterized 

by a unique e.cti vat ion enorgy. Gtac;e II 1n the colid solution alloy accounts 

for a. nmsl.ler fraction of the tot:..1.l recovery than in pure silver, \Thich ma:y 

be underr3tood. in terms of the intEn·actions between solute atoms and point 

defects. 'I'hUEJ, u~esium atoms \WUld be expected to tr~ point defects in 

their vicinity and prevent them from contributing to the 1"ecovery process. 

The a.nneaJ.ine re oponse of the cold .. •mrked oxidized alloys differs sis• 

nificantly from that of pure silver. tiot onl..y is recry~rtallization d.rastica.lly 

inhibited bUt point defect anneruing processes are also strongly retarded. 

Consider first the alloy oxidized in the recrystaJ.lized condition. A atage 

in the. recovery of the electrical resistivity is observed in this material 

(rram 200• to 260°K) which is not accompanied by any change in the flow otreos. 

This stage mar· therefore be assigned to point defect annealing. The apparent 

activation energy for this stage is the same; within experimental limits, as 

that for Stage II in pure silver or the unoxidized alloy, indicating that the 

point defect annenlina processes involved are similar in a.ll three materials. 

Hmrever, this stage in the oxidited. D.lloy accounts for only about 15i of the 

total recovery, ae com;pared to 4ti/o in pure ail ver, and is displaced toward 

higher temperatures. 

It ia sur;e;ested that this behavior is due to the trapping of point 

defects in the strain fields surrounding the Mg•O clusters.· Trapping of 

this type '\<rould certa.1n.ly be expected since it yould lee.d. to e. reduct~on in 

the average strain enerror. The binding energy between the clusters a.nd point 

defects may, in fact, be quite appreciable. Point defects which are trapped 

in this manner mieht also be expected to retain their id~ntity and thus con

tribute to the resistivity, rather than being conwletely annihilated. 'l'he 

idea that point defects produced by defo1~tion roB¥ effective~ retsiDltheir 



• 

identity even when trapped t:tt clielocations bas recently been· introduced by 

54 . . 
Birnbaum in order to explain the sh·a..:tn ugine effects oboerved in copper 

at low tenq:>eratures. Since Stage II is much more pronou11ced in pure silver 

tha.n in the oxidaed alloy, i't ia concluded that the strain f'ielda surrounding 

the Mg .. o clustel's provide. far· better trapping centers for 'point defeats than 

do dislocCtti.ona o · 

The pe.ra.llel recovery of the reoisti vi ty end flm1 etreaa "tllhich occurs 

at tenij?era.tures above about' l.~00°K in the ox1d1z~d al.loys ia indicative of 

dislocation a.rm.eaJ.ing (cOJ.il),)o.re Fig. 1 and 10). It is clear; hmrever, that 

.the rearrt1l'l[;ement or annihilation of d.islocations is greatly retarded by 

the strong interactions betvreen dislocations. and the disparoed ~-0 clusters. 

~1e detoiled nature of these interactions cannot be specified since independent 

·structural studies have not been carried out. It is possible, however, that 
. -

· the gradual anneaJ.ing obser"'l;ld in the re..nge above l1-00°K w:cy' correspond to small 

amounts of' loceJ. reccyotallization. Briiuha.ll55 has recently observed local 

reccysta~lizaticm in internally oxidized Ag-Mg elloys by transmission electron 

microscopy, and evidence :for this effect bad previously been obtained by 

Klein5 arid Gorsucl1.33 The localized nature of the recrystallitation process 

is readily accounted for in ter~m of the restraint which the oxide clusters 

. . 4 
offer to grain bounda17 migration. 

'l.'he alloy o:ddizcd e.e cold d.rmm does not exhibit a well defined poir!t 

defect annealing Btage, ao may be seen freon Fig •. 7. Only about 5tfo of the 

initial resistivity increment anneals out before a.ey recovery of the f':tow 

stress io discernible. There are at least t110 possible wey-s of accounting 

for tl;lia behllvior: 

(1) Point defect trapping of the kind preViously discussed is more 

effective in this material than in the alloy oxidized in the recr.ystallized 

condition; this could pres'Ull1£1bly be due to the higher average dislocation 
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density or to e. reo.l difference in the cho.rocteriatice of the dispersed 

phase. 

(2) As sho•m previously 1 the enoht.aloua dependence .of' the resiati vi ty 

inoremnt ·on strain indicates that l'elat.ivelq fewer point' defects ere produced 

in this mteria.l during def'orma.tionJ. this m~ ina.nif'est itself more clear;cy 

on annealing. 

It ie not possible to distinguish between these two possibilities on 
. . 

the basis of present information. The situation may be clarified somewhat, 

however 1 by carrying out quenching experiments on these materials. Xf the 

rates with which quenched-in defects anneal out are substantially different 

in the oxidized e.l.loya, o.a compared to pure silver, these differences might 

be ascribed fairly unambigUous~ to the trapping of vacancies by the MB·O 

clusters. On the other hand, the inter~pretation of the quenching experiments 

would not be as stra.ightforwo.rd as it might appear. For exe.m;ple, internal 

stresses \rould be generated by d.if'te:reritial contraction during quenching; 

and these might be sufficient to .nucleate dislocations around the clusters. 

Consequently, the contributions which the clusters (and their associated 

strain fields) make to the resistivity might be d.ift'1oult to separate fran 

the resistivity increment due to quenched-in vacancies. 

• 
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5. f3l][vii:v-iARY .J\lfD COHCLIJSIOF!S 

The ·presence of a disp.3r::Jed phase produced by internal oxidation of 

a dilute sHVI:lr-magru~s :tum alloy ha.s been ol:n:113rved to tnhibit recovery e.nd 

recryata.1Hza.tion on annaa.ling after low tenlJ>'3ratur\C! defonnat!on. The 

·. effect apparently n:d.sea both :from the influ;::mca of the d tsperaed phase 

on the structure of the cold. '\'torkod state o.nd tts influence on the oubss• 

quent rumGaling behavior of the d.efects generated by deforlllation. Although 

it l-re.s not postHbJ.e ·to sepe.re.ta these effects w1.th certainty on the be.siB 

of' the present E>.::.cper:un,~nta, som.::'! conclusions .mB.Y' be dre.m1, namely: 

(1) Th1~ presence of the d.is1)ersed. phase r!)sults in an increased 

rata o:f' d'3.fect production during d.ef.orm.at ton. 

(2) Th'l relative concent.ra:tions of dislocations and point de:f'ecta 

generated by deformation app)ar to be controlled by the .initial dialoca

tion structure of the mater tal end the detailed cha.ra.ctedst ics of the 

disp~rsad Mg-o clusters or zones, i.e., their size, spatial distribution, 

degree o:f' coherency, ate. 

(3) Point defect annealing is apparently inhibited by the trapping· 

o:f' ve.canciea tm.d/or interstitials 1n the elastic strain fields .sU:XTounding 

the Mg...O clusters. The tro.ppod defects appear to retain their identity 

tl.nd thus continue to contribute to the l'esietivity. It io suggnstad that 

the interactions bet1-rcen point defects, in part:!.cule.r vacancies; and Mg·O 

clusters. tnight be studied. in more detail by carryitlg out quenching ex:peri• 

menta, from which an estimate of the binding en'3rgy batwean va.ca.na:i.es end · 

clusters might be obta1n'1d. 

·(ll.) The dispersed pho.se provides obstacles to the climb and cross• 

slip of dislocations thus ret.o.rc1Jng d :taloca:t ion i•earrangem~nt and 



e.nnihilo.tion on ennea.l1.l1g~ 'the clusters also act to reatre.:tn the migration 

of grain bouri.<'i.arias and thereby lnh.1b1t recrystt:"tllization. 

(5) Internal ox:l.dat.ion leads to a si~if'1.ca.nt inc_rea.se 1n the elec• 

tr:J.cal r~Gistivity, the yield stress and the work hardenln8 rate or the 
.• 

a ilver nw.e;tlt!lG iurn a.ll.O:'l· . ''l'hi~se effe.cta aug~~ast that coherent M1~-o clunters 

or zones of very small d 1mei1.:;1ions · (less than 30 A dia.mati'!r) are formed 
. . . 

during oxidation. Tha r(~oulting elastlc atraJn in the silver matrix is 

believetl to account for the rimgn:itude of the observed resistivity tncre-

mt2!nt 1 Vhile tho etrenr::.thening effects e.re e.ocribed to ele.stic interactions 

b~tween glide disloca.t;lona c.ncl the etro.in ::."ields surrounding the clusters. 

" 
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This report was prepared as an account of Government 
sponsored woik. Neither the Unit~d States, nor the Co~: 
m1ss1on, nor any person acting on behalf of the Commission: , 

A. Makes any warranty or representation, expressed or 
impli~d, 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 
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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 emp)oyment or contract 
with the Commission, or his employment with such contractor . 




