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ABSTRACT

The lovw temperature annealing respoﬁse of a cold worked internally
oxidized silver-0.l at.% magnesium alloy was investigated and compared with
the annealing behavior exhibited by the corresponding solid solution alloy
and by pure silver. Wire specimens were deformed in tension at T8°K and the
recovery was followed by measurement of the electricel resistivity and fiow
stress at T8°K after suiteble isochronal and isothermal anneals at tempera-
tufes between T8° and 550°K.

;ﬁ has been found that both point defect and dislocation annealing pro-
cesses are markedly retarded by the presence of the finely dispersed Mg-Ol
clusters introduced by internal oxidetion. The effect of the dispersed phase
on the annealing behavior 1B‘broadly explained in terms of defect cluster
interactions. It is suggested that point defect annealing.iq inhibited because
vecanclee and/or interstitials gencrated during plestic deformation are trapped

in the strain fields surrounding these clusters. The dispersion provides obe

' stacleq to the climb end glide of dislocations and also acts to restrain the

motion of grain and subgrain boundaries, thereby retarding the rearrangement and
ﬁnnihilation of dislocations on annealing.

Besed on the changes in various physical properties produced by internal
oxidation, and evidence obtained from other sources, a model for the structure

of the disperesed phase alloy is proposed, Thé model assumes that coherent

’ ° .
clusters or zones of magnesium and oxygen atoms less than 30 A in diameter are

formed in the silver matrix during internal oxidation.
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I. IFIRODUCTION

'Wheg.anetal:iszp stically deformed at low demparatures, & part of
‘jthe~energy of deliormation is stored iIn th metal dn the form .of various
étrnctural imperfecﬁions, e.g., polnt defects, point»defect agrregoles

of iarious kinds, ahd:dislocations. If the motal is then heated, these
defects will eventualiy acquire enough mobi;ity'to rearrvange themselves
into mofe stable configurations or to_énneal'out‘completely. Annzacling
tharefore reéults in a p?ogréssive release of tho stored energy of de=-

' fonnation‘and a retﬁrﬁ to the defect structure charaéteristic of the origi~
nal undéfbrmed state., 6ne of ths central problems associated with the
__mach#nical'behaviof‘of metals end alloys 13 to elucidate the naturé of ﬁhé
defects present - in the cold-workad state, the mechanisms by which these
defects are produced and tha ways in which they anneal out. The present

" investigation concerné one fairly Speciaiiied-aspect of this general |
problem, namely, fhe influence which finely diepsrsed particles of a second
phage exert on the‘anncaling response of the cold-workad metal matrix.

Two phase matéfials“of this type heve long bezn of intereét because of
the greet improvemant in tha strength properties conferred by the preseﬁce
ofvthé dispersed particles.* A gooé exgmple'is furnished by internally
oxidizedvalloys, which consist of a fin= dispersion of oxide particles 1ﬁ
a wetal watrlx. Thesc,oxide‘particlés are formed in situ by the selectivev

oxidation of & solute element that has a greater chemical affinity for oxygen

P . B
fn extensive survey of the literature pertaining to the dispersion strength-

ening of metals and alloys has been preparad by.Bﬁnshah and Goetzel.l



Nproygmen* ?n crcep “esﬁetance at elevate& tamperaturee. Moreover, softening

_‘gream many investiguﬁions have been carried out on reaaonably pure metals,v

e "_tempemture defomation of Lecocy. meta.ls axe believecl to include vamnciec,
- ‘.-intbrstitio.ls@ Lvacam es. (a.nﬁ yreuxmably di»inbergtitials), .aa.r;rer\ vacancy
"Qkand inﬁerstltial clw sters of various %ypes, stacking faults and dislobations
t{In pure ‘metals and dilute solid solution alloys there is abundant evi ‘nce
that many of 'theae point dpfects anneal ouﬁ a5 dover tempemtvres than
V:;j;disloc@tlons.. The typ&cal annea‘ing speutrum vhich is obscrved during the  E&f“f‘T?

‘jguuprogress e heating 0¢ cold»worked (also irradiated and auenched) metals\

then does the base metal: With certain copper, silver end nmickel-base . - !

a*loys, irterna* cxidation not only leads to a subwtantial ipcereese in the

v

'ylvﬁ “tren@%h aﬁ ordlnary temparatures but to an evez more significent im-

processes such as recovery,amd recrystallization sppear £o be‘murkedLy retare
. 14

2-4

"ded in these materisls,” Gatti and Iillnum} have found, for ewample, that

. the strain hardening introduced by room temnerhture deformation in an 1nter-

nally*oxidized Agao.lp AL allcy is *etained on'anhealing up to temperatarea.

~as Righ as as TO0%C, i eu, to within aboub 250“0 of thE melting point of - silver,

pure ilver, on t?s othey hand, recvyotallizes at abcuﬁ lOO“G under s¢milar '

7vcond1t10n~.

vﬁcw of th& magnitude of thls effect and its dbvions technological o

i

:,.im@ortance, it 1e surprising that relatively few btudies of the annealing
‘f, behaNior of d&&Qeraca phase mameria.s have been undertakenb PreviOus woxk in,Y'"

‘i(' th¢s ares has recently been summarize& by Kléin.5 In contrast, however, _3j*

' 7'ﬁespecially copper, gold an&rs*lver. The dafects which are formed during low ' *_l1”

/,/

g

h as Cu Au an& Ag is shown schema ically‘in Flg. Ly which was taken fram ' ;

‘{fg a recent monograph by Yan Bueren.6

V'- Thc in;*lal nortion of the annealing spe ctrum 18 generaily-fqudaqﬁp‘lgle@_  






’:{__tcon (1.e., those having the lovest activation energics) occur first, follow—y/ T

S may partic1pate in these yrocesses by actlng as sinks or trapping centers for

ehe

~cons1st of a seriea of point def@ct annealing stages. (e.g., Stages I, II

Jo
IIL) whlch axe characteriZed by more or less well defined activation energies.< i
) In gcneral, tho e cnnealing proceaoes which rcquire the least thermal activa-

‘-»‘ - /“A\ )

. /
ed by highcr cnergy proccoses as I becomcs sufficiently largc. chlocotions

o point defects and by undergoing small scale rearrangcmcnts." At still highe:
tcmperaturec, dislocations begin to. acquire some mobility ‘and tend to re- l:“‘
'arrango themsclvc on a more macroscopic scale by glide(e.g., cros s-slip) fj'.
- end climb. Extensive dislocetion ennealing of this type 1s generally in- f
terrupted, however, by'ihc,onsct of recrystallization (Stcge'v in Fig..ljgv

. this process takes place via the migration offhighéaogle grain boundciieo and
<'resultb in o marked decrease in the avcraue dlslocation density. o ;‘if ;
Balluffi, Koehler and Simmons7 have recently given a comprehensive and

woritical survey of the existing state of knowledge concerning point defects

.. and point defect anneallng processes in deformed f.c.c. metale As thcy and

R others6’8 havc emphasized, . the problem of assigning specific defect mechanlvms

|

>

: to the vurious annsaling stanes is~enormously complicatcd by the many ?ypcsj
of defects and the great variety of interactions between defects whlchﬂmns»,
be COﬂoldCred. This intrinsic difficul*y is further compounded by the fact

. \ X
" that ‘the details of the annealcng spcctrum are often extremely scnsitiv? to .

g Ajasuch cxperimental variablcs as the modc, amount and temperature of defoﬁmation,

'the purlty of the material, the method of annealing, and the partlcular bhy~

sical pronerty or. properties being meacured. This circumstancc mekes it

. egpccially difflcult to compare and evalute the results reported by dlffcrent ‘ T&'ﬁ
invest:gators. Furthermore, theoretlcalvcalculatlons of the properties of - |

rsimple point defects (e g+, the energies of formation end migration) are
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sﬁill Sufficientiy crudghthnt little puidance can be obtaincd from theorys
It is perhaps not surprising, therefore, thot wnasbipuous asclgzacnts have
not yet been _mmde exeept for Staae v, *.‘;“hichf 1s universaelly ascribed to rc-
crystallizotion.

Consideroble progrecs 1s being mede. in this dircetion, however, by a

:combi_nation of diffcrent approaches s including irindiation and qucnching

' e::pcriimnts_ ond direct mee.suremenis of equilﬁbrimn dcfect concentrations ;11:.

-hig;h temperatures. HNevertheless,. Balluffi et al, were forced to conclude in
‘:'“. their reviev that "o (specific) point‘defec*t hos been positivelgf 1dentified |
‘,;‘,;;. as Atuking, pert in a.ﬁy given portion oi" the anncaling spectrum of o cold= |
'v:"wor,kéd metal®, The presént study does not ainm at.. meking any detolled mechone-

" istic interpretation of the anncaling cpectrum; instead, a more modest obe

jective hos been ‘chosen. Previcus work on the anncaling recponse ol dipw

yersed phoce materials has been confined e&célusively to the tcnmérature ranee

well above room temperature. Althouch there is vcl’ear evidence that diclocas
| -'»tion.s;gﬁealihg processés. (i.e., récrystalliza'tion) are sttbngly retordcd vy
, the' presence. of dispersed particles, olmost no information is availoble re-
| gaxding the influence of dispersed. second phase conctituents on point défec‘t o
a.nnealin,:; procecgees. - The primaxy intention, thercfore, was to détérm_ine _vhich'
" of the vb.ribus lov-temperature  anncaling stages. in a pure metal such _aa.“silvér -
a.zc influenced by the introdud‘cion ‘of a dicpersed phase - in this cace M0 - |

_and to vhot extent.

General considerations suggest thot the presence of e dispersed phase.

should modify the enneeling behavior of the metol matrix in at léast two

- slgnificant reepects. Firet; 0. en extent which ls-dependent uwpon the nature

of the particles, (i.e., their size, shape, spacing, de‘grce.ofl ccherency, etc. )

the dispersed phase mny alter the mode of deformation of the matrixz and thus



‘ J;"': of bhe dis ;peraed pa:s‘ticles on the kinetics of point clefect end disloca,tion .

i _-;signii’icantly &lter the dislocat:.on stmc’mm of cold-worhea mctsls haxi

o ‘;f: recenﬂy been obtained b,y tra.nsmisulon elec ‘tron microscopy. Thus, "zranhg haﬁ

T ; ‘oxidized Aguo l% Al Jlo,;, & -pronounced chzan{)e was noted. in the dislocation

o dlutribution of the silver ma‘br:i.x Instead of forming a cell structu:ce, a

: ‘A rCLeins hu,s a.lso observed .a grea'tor densiby and, unifonnity of dlslocati/ons in o

i-6-t

- influence both the type and concentraticn of the various defects vhich aie

’ yxoduced, as well as the spatial dzstri’::ztion of these defectg._ Second, fl_ie_

ais'persed particles mey interact in a.varlety of ways with point 'de.’c‘eé*t;é anc'i

g dislocations, 80 that even 1f the defect structure of the cola-worl ed ma.trix B
\ _.‘were unchanged by the. intraduc“bion of the pm"b.ucles, the kimties of ccrta,in'-lj S
= annealing s’cc,g,es would stlll be' appre mbly altered. It was hoped thot the
"flxprcsent ezperiments mignt nw.ke i't possi’ble *to deduée somcthing a,bcmt the

: rela‘cive :.xrfportance of these tvo ef‘fects, es wll a8 the relative influencq

)

N -L'a.nnealmg yroees esr U S ‘ R T \ el

Convincmg evidence that c‘tisperscd second Phase particlcs clo, in ract, s

' shovn that 8. :f‘ine dlgpersion of particles way complctely prevent tne f'ormaﬁicn

of the usue.l cell s*bmc‘cura observed in pure i‘.c.c. meta.ls. In en internaily,

- hic;h dens n.by of uniwml;y distributed, elonbated dislocation 1oop.., a.nd Jog,ge&

o di_slocations were produced. Similar obsewations have been made by Aghby und

10

f&n:i’ch on internally oxidlz.ed Cu-AL alloys. Prismatic amlocation loo*os I :
L mamr of them triangular in shape were seen attached to 'the 3 particles ;. ,f :

' m.nd many of the dieloca.tions were hea.vil,,r Joggea.. Relative to pura BllV"‘Z‘,

COlﬁnTJOI‘Iied inuema.lly oxidized Ag-Mg a.lloys end this has been coni‘irm.d in~

_d.n,rectly"by Fourier analysis of the x-ray line broadening p_ro:ﬁ‘ile.s. 'I‘he high / ;

4

.\ ./

*v'I'he foma‘tion of these loops hag been explained by Ashby and Smith o‘n -’che- SR g

basis of a model wherein the screv components o:t‘ the maunx disloca’cmns bypass

the pm'ticles via & double crosq-slip mecharnlom.



. 11 .
initial vork hardening rates, 13 the abcence of easy glide in favorably

W : .
13,14 and the fine surface olip line patt‘urnc:lu’ =

oriehtad gingle crystolo
obserwed in diaperied phose systemo ore olso consistent {rith the idea that
delformation 1“ nore homo@neous in these waterinls ond that thé dictribution
of diéloc::xtions is éubs‘r';cm'tviz;illy more uniform. Direct evidence hos olso been
obtnincd. that disperséd gecond phace particles provide copious sources for

: 4 ®»
16,17 a8 well as during plastic dcformu.t.:lon.li_3

dislocations on qucnchinc;
| It 18 well eatablichcd that dislocations interact strongly with dis-
‘persed particlea end thot these particles act os obstacles to the ¢lide
moticn of dislocations. The strengthening effect pesociated _with the presence
of the particles moy be browd.Lv \mderstood on thié' basio » and a nmunber of
theories hove becen propoacd to explain diupc.rscd phase strcn{;thc.ning in

12,15 _Hm-fever, thcse theories

tenns of pa.rticlc.-dislocation 1ntcractions.
axe scnaitive to the detalls of the acsumed interoctions » ebout which relo~
tivcly little ia known, and none of them appoa.r to be completely adequate.
The w.rious thcoriee a.nd mecha.nisms of dif:pereion hm‘dening have rccently
'been reviewed in detmil 'by Kc,]_ly and exe u.lso diccussed b'y Guaxd. 15 Die
verso ty'pes of' particle-dislocation interactions seen possible, depending
u‘pon the rtacking fau.lt ener(;v of‘ the mtrix, the size and spo.cing of the
pa.rticles, the crystal structures and elostic properties of the matrix o.nd
the dinpersed phase ,19 upon whethcr the particled are coherent, pa.rtially
coherent or :anoherent » defommble or undeformable; i etc.

Thus ; dislocations moving through the matrix ma,y sim;ply byzaws amr

particles which intersect the glide plane by bowing Out betvee.n them, lee.ving

rm B
: Jacksonao has pecently proposed, moreover, that foreign particles e,ctua.‘l.]y

provide the real gsources for dislocations in crystéls gi'ox-m from the melt. |
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loops encircling the particles as the dislocatibn line movesvpa.st.el’e2

Alternatively, the dislocations may cross-slip around perticles in the

 manner proposed by Ashby and Smith.lo

If the particles are coherent and
 1if the structures of the particle and métrix are simllar, the dislocations |
may intersect or cuf through'the particles iﬁmtead,;a This type of behavior
has been observed, for example, by Nicholson et al.23 in precipltation-
hirdened Al-Cu alloys, Porticle-dislocation intersctions maj be studied
directly bj carrylng out deformation experiments on thin foils ingide #he .
eiéctron miéroscoPe. As yet, however, too few systems have been investigated
in this manner to establish the general coﬁditions under vhich a given type
w0 of interaction will be favored. ’
| The.ouﬁstanding creep resisiance of ﬁanyvdispersed phese méterials '
furnishes some clues regording the nature of dislocation~pérti¢le.1nteractionn
at high temperature. Since the creep rate is believed tovbe.controllgd by
~“%the .climb of dislocntions, at least under certoin conditlons, 1t appears . that
‘dispersed. particles must somehow act es obstacles to climb as well as to glide.

. This problem has been considered in some detail by Weertman?u who has derived

wthebfetical-expressions'for the creep rate of dispersion hardened alloys.

‘Again, the predictions are sensitive to the detalls of the a@sumed partiéles .

-dislocation 1nteractionsl3’15_and the theoretical models have not been adew

%5quately tested. Nevertheless, the congept that climb is 1nh1bitéd*by the

fﬁreéenqe of dispersed particles 1s consistent with the observation that large«- '

scale dislocation anncaling islalsq retarded in such materials,
7 The situation with respect to the production of point defects in dise
»7 Srepersed phese maferials is very obescure, There is little doubt fhat point
defects are formed in cpprecinble numbers in pure metols as a resglt of low

6-8

tenperature deformation, "™ but the degree tb which point defect production

procésses may be influenced ﬁy dispersed particleg is completely unknovn. The
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model currently'favored-fér defect production at movihg dialocationé con4
' éidé;g that point defects are created by the nonoconservat;ve motion of
Jogs én dislocations having e strong screw compbnent.T’QS ;The noture of
the defects produced depends upon mony factors, e.g.;_the;aétual Jog éon?
fipuxration, the ﬁurgefsi§eé%d¥ of the jog,; whether of'notljog motion 1s aided
by thermal flucﬁﬁmtiohg,vetcs 50 for, no attempt hes been mode to examine
the effect of dispersed particles on Jog dynamics. It vould be expected,
however, thot the presence of coﬁerenmy strain fields exound the particles
or strain fields arising from ﬂiffereptial thexmal contraction’bétween the
particle and»thﬁ mntrix286 mipght have an importent bearing on the Jog produce
fion procees. In this connection, tha'heaviiy Jogged dislocotions seen in
Antérnelly oxidized alloys by Swmm‘9 end by Ashby and Smith%o.mmy be signifie
cant. | | |
‘ ‘One other plece of.infOfmaxion of an'indirecﬁ nature mey be mentioned
H:hgre. Peiffer27 hos determined the strain dependance of the'electricél
-"résistivﬁy of composite Ag=I1,04 elloys' at 78°K. The ‘re.sistivity increment
on deformation at T8®K was found to obey the ueﬁal power low expression

Lo = Aen
where A and n are constonts and ¢ is the strain, However, thé #alué of n
obtéinedvfor‘the dispersed phase m@teriai was somevhat lesa.than fhat fo: 
- pure silver end vas found to decrease with increasing volume fraétioﬁ of
: alumina., The results indicated that the formation bf defécts &ufing_coldwwork
is greatly enhanqed by the prgsencé of the f{inely diépérsed A1203 particles. i
~ Based on a theoreticalranalysieaa of the're;ative contributions of polnt

defects and diclocations to the resistivity increment, Peiffer hss concluded

Prepared by powder metallurgical techniques.
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that most of the resistivity inéreasé observed on deformation 1z associated
with the production of dialoéationa rather thah point defects. |

‘There is good reason to suspect that fhe annealing out of point defects
which ere generated during cold work ﬁmy be influenced by diepersed particles.
For exanple, if coherency etrain fic;ds exist around the particles, or Aif
internal otrains of a gimilox noture are developed as a result of differentiocl .
thermal contraction, 1t is.quife possible that vecancies or interetitigla
formed during aefb_xmtion moy be trapped in their vicinity, BSome evidence
for the tropping of vacanéies at Guinier-Preston gones in vnriaua‘aluminum
8lloys has recently been presented by Federighi and Th&mas.eg‘ Depending on
the sire, Gha@e and~spdcing of the dispersed particles, and}the ﬁagnitude 6f:;
| their aséociated elastic sﬁrain fiélds,_it is'conceivabie thaﬁ the par£1cie§ '
mey be even more éffective trapping qeﬁtera for poipt defects thaﬁ’dislocdﬁioné;
this possibility, however, muat be regorded as sﬁeculativa aﬁ the moment.

Ir tﬁe’particles.are ccmﬁdetely noﬁcohErenz_érmif the interfacial energy

betwveen fhe particle end the ;mamrix 1s,hi¢h, the 1ﬁﬁé§face may act o8 o
good. sink for.yagéncieé. Grain boundaries have long been known to be effective
sinks.for vacancieé, vhile more recently Kasen.and Polonis>° have dempnsﬁratéd

that interphase boundaries in quenched Cu=Si glloys aelso function aslefficient
: ' ' ' _ . q
vacency sinks. Furthermore, Resnick and 81egle3l have shown that the pores

or volds developed during the dezincing of a~brass are heterogeneoudly nucleated

at internal éurfaces, i.e.,, ot the interfaée between oxide inclusions and
the matrix. The growth of vﬁids or cavitics at grain boundarieé under creep
rupture conditidns also appears to be acceﬁtuaﬁed by thé presence of.eecond.
phase particles and this has similerly beén explained on_ﬁhe basis that the
31)32

particle-matrix interface represents an efficient sink for vacancies,

-
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© To summiarige briefly, theré sppear to be'ﬁalid @rounde for believ1ng :
‘thaﬁ the presence of dispersed second phase particles may have a profound
iﬂfluence on the ennealing Qf point defcets as well as diqlocations in cold-
worked @etals. ‘In order to determine whether or not-thié is actually the
case, the anncaling behavior of a cold-workéd”internalxy oxidized Ag=0.1 at.%
Mg ailoy,haa been followed over the temperaturé range from 78°K to sbout
550°K by measuring, simultoneously, the recovery of the elecﬁrical resistivity
ond the flow stressy for camparison purposes, the low tempefature unnedling
response of pure Bilver and the unoxidized solid solution alloy have also
been investigated under identical. conditions, The electrical resistivity is
sensitive to the presence of both point defects and dislocations, while the‘
'ficw stress will only be chénged'apprcciably when substantiel elterations in
the dislocation strﬁcture occure Hence, at least a crude separation between
point defect end dislocation ennealing processes can be made-by canpexing,
4n the Bome gpecimen, the relative chenges 1ﬁvthe.electrica1 resistivity and
the flow‘stress wﬁich exe produced by anneaiing. Both isochronal and 1sothermal
annealing experiments have been carried out in order to evaluate the activation
energles aosbeiated with certain of the énnealing stnges observed in thesaw
- materials. .

Internalxy oxidiged silver—magnesium alloys have been selected for
study for a number of ressonst 1) A very largeletrengthening‘effect is observed
in this syetem?’sa.and tha mechanical properties éf théselallcys have been
thoroughly investigated es a function of the oxldiging vuriables, .e»,
temperqture, initiel solute concentration, oxygen pressure, etc.333 2) Since
oxygen diffuses extremely rapidly in silver, and since silver oxide (Ag20) 
itself 1s thermodynemically unctsble cbove about 200°C, internsl oxidation

can be sccomplished readily and conveniently merely by exposingrtha alloys
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to air or o::ygén at elemtéd témmx‘za.tures; 3) The structures of internall& '
oxidiged Ag-?_Mg:had previously b_eeri inm.sti@;a‘ced,' at leest in a prelimimary
ashion, by éonventioml replica methode33. ond transmiseion electron micro- |

’ s.co;p;\r5 ’Sh; 4) Concurrent and élo‘eeiy related studies of these same x;mtzerie.i;

had .qlready been undertalen (1.e., dislocation denping, te@amtum dependence

of the flov gtrescs, etc.) and quenching studie:_s were plamned.

L



2, IXPERLMLIITAL PROCEDURE
|

The low-trmjul’culc zm‘nexél‘ing behavior of a (‘iefonucd !ﬂ.nterm.lly
oxidizged Ag-0.1l ot.P Mg olloy was atudié‘d and coupared to ;'thc snnealing
respénse of high purity silver end the corresponding mloxid.:i’zed olloy undexr .
similor conditions. . Wire aiuec:imm'ns ‘of cach moterial vere deformed in ten-
sion at TB'K ond the progress of cnnealing was followed by measurements of
the electricel resistivity end flow stress. Doth types of nxeasumzﬂént were
carried out at T8°K on the some cowple efter suitable isochronal or iso-

- thermol anneale at t'enrperature:s between TO°K and __550""_}{. |

The eilver used hod o neminal purity of 99.9999% and contained < 1 ppm
-6}@‘@;@1&.* Cunsistent with this purity level, the measuxed residual resistivity
| _vmtio, p293°K/plh2°K was found to be appro:;ihmtely 2000. A 0.1 bfc.% Mg |
elloy wes prepared from this silver by melting in e purified helium atmose
phere in a high purity (< 10 ppm total dmpurities) thoroughly outpesced
gfa.phite éruéible."L | | |

» To obtain epecimehs sultable for xv_’ire drawving, the silver and the a.iloy
were then‘mlﬁed ond cact under vacuum (~ 10‘6nnn He) in the form of 3 mn dia.
rodé mppz‘dxi‘nmte]y-li? ot long. Outgasced hié;h-purity gr_ajphite yérucibleq wvere
ogain émloyea end every precauﬁion_xms taken tq.‘minimize contammuqn by

oxygen.

Suéplied by Consolldated Mining and Smelting .'Cr;m)any of Ca,mlda,,‘ Ltd.

+ Supplied by United Corbon Products Compaw; Bay City, Michigan.
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b) Specimen Preparation

The cast rode wére d.fm-nd dovn to -wires approximoately 0,30 mm in
dieﬁnetér without intermediate annealing. OSurface ccmtanﬁnation_vfas re=-
moyed by etching in warm dilute HHO3 giving e fin_al wire diameter of 0.25 mm.
The pure silver wires were then anneéled for 3 hours at.250°c ‘in vacuum
(é: lO"6 mn Hg )y this treatment gave a uniform recrystalliged groin sige of’
about 20 pe One lengfh of the alloy wire wz.-a.e,also ennealed ‘under these some
coMitio@,- the resulting grain size being _approximately the ssme es that
fof the pure Ag wire, .’A portion of the recryatalli’ned alloy wire and the
 yemaining length of cold-draym alloy wire were then oxidiged for & hours
at 600‘0 at l atmo oxypen pressurea ‘ Af'ber this treatment, the excees |
oxygen in solid eolution in the silver matrix (iee., oxygen not combined

with Mg) we.s removed by degassing for 21& hours at. 600°C in & vacuum of lO -6

mm H({,o
Metallographic examination revealed that some grain growth hed occurred

t

 during oﬁaatidn, particularly near the cenmter of the wires. This effect
wé.s slig}itlﬁiénom proﬁbunced in the wires oxidized in the cold-drewn condie
tion than in wires which had been recrystallimd prior to oxidation, hovever,
- no significant difference in grain size could be detected between the two

- _groups of oxidiged specimens. The average grain Aiameter was estimated to -
be ‘shout’ 50";_;. | |

d) ggparatus'and Techniques

- The ‘tensile apparatus was designed to permit operation at a constant

[ L

According to & calculation based on _tlie work -of Meljering end Druyvesteyn

only sbout 15 min. are required for complete oxidation under these conditions.



strain rate and could be claséed as a relatively hard machine. The
* moveable crocsheed, to whichlfhe upper specimen grip was fastened, was
actuated through an approbriate.reductibn gear by the constant speed chart
drive motor of a Ieeds and Northrub’Speedomax recorder.. The load wes applied
through a long steinless stt,el pull rod sttached to the moveable crosse-
head, the lower specimen grip being held securely in a stationary position.
.A linear differentiel transformer mountcd in a calibrated proving ring
attuched to the pull rod waa used to meagure the load. The output of this
tranaformer ves anplified and fed into the balence circuit of the recorder.
In this wey a_continudus autogrophic strées-strain record could be obtained.
) The -strain wes calibrated by measuripg the actual crossheed ﬁotion to
'withiﬁ £ 0.001" with & micrometers Using wire specimens 0.25 i 4n diametei,i
a stress Bansitivity of SQ gm/ﬁm? could easily be obtained. This sensitivity
was achieved at éll stress levels by.the‘uée of alauitable zero'suppressér.
The gfip éesembly‘ia illuatrafedvin!Fig.'Q,'together with the arrange— ‘

ment of tha current end potential leads for the reaistivity measurements.
Tb facilitate carrying out the 1ow temperature annealing operations, the.
apparatus was arranged 80 that the epecimcn ond the grip assembly could be
encloeed 1n e cylindrical copper can which could be evacuated through a long'
. etainlesa steel tube that also housed the pull rod, Teste at liquid nitroe
gen temperature could then be conducted by immersing the copper Jacket 1n
a Dever and ueing dry helium as un-gxchange gas 1nside the specimen chamber.

' Preliminary maung runs vhich served to locate the ma,:ér annealing
stages were carried out in fixed'temperaturé.baths with tﬁe'coppe?_aacket
removed and the speciﬁmns inmersed directly in the bath. Ihé temperature end

baths employed weres T8°K (Né: b. pt.) 140°K (methyl cyclohexana, m.pt.),
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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 _(dr'y-ice«-acetone), 230°K (ét};yl»alcohol-wra,ter, m.pt. ) and 273°K
- (1,0, mupt.). Tenperstures between 273°K and 373°K were obtained with &

* constent temperature water bath; This method of oparatiogﬁwas relatively
eimple but 1t hed several disédvantages. NotvOnxy_was.thé choice of
nﬁnealing tenperatures liﬁited, but leing in the low tempéiature ﬁaths;
mode it necessary to ﬁarm the specimens éspentially'to room tem@erature bew
i‘ore cooling back dc)'vm to T8°K for the flov stress and resiativi‘by measure-
mentu. Foxr these- reasons, this method of annealing wan abandoned 1n favor
of the fcllowmnb procedure., |

A hclical tungsten ribbon heater was supported concentrically around

tha specimon (sce Fig. 2)} this heater vas about 1 cm. 1n demeter end b om, -
longs With the outer chket immersed in liquid nitrogen and with helium aaj:
an exchange gaeu; inside the specimen éhamher,'the specimen température- .
could be controlled at any decired level between 785.anﬁ 550°K by balencing
the power iﬂput to the heater agoinst tﬁe héat‘loes to the wslle of the o
Jocket. Since thermal equilibrium was achieved quite rapidly undexr theea cone

.ditions, 1sochronal anneals ag ahort es 15 minutes in duration could be _‘ |
employed and the epecimena could be brought back essentially to liquid nitro~‘

- gen temmerature within a few ninutes after the heater current was turned Offt

With this mgthod of operation, the specimen itself was ueed o8 & resistance

 thermmmetér; The_tem@eréture dependence of thévresistivity ofveilvef hs]

given by Macbonald~ waé uaed'to,obtain a temperature calib#ation.
Thevresistivity apperatus was of the standard potentiometric f&pe in

vhich a conetant curient, regulated to within 1 paxrt in 105, vas paseéd 7

through the specimen end through a knovn resistance connected in seriea.

Currents of the order of 0.1 amp were employed, The potential drops across

the specimen end the standerd resistonce were measured with a Rubicon thermo-
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free potentiometer (Mudel 2765) in conjunction with e ballistic galvancmeter.
- Changes in the specimen resistance ag smell 28 L x :LO'6 ol could be detec-
ted, vwhich, for specimens of the size employed, corresponds to a sensitivity

=10 olm~cm. The modxdrmm Probable error in the measurement

| of approximately 10
of the reslstivity, including the uncertainties indetermihing ﬁhe Physicel
dimencions of the specimens, is estimated to be 2 5 x 10" olu~cms The
résietivify of pﬁre Ag at T8°K was found to be 3,35 x 10“7 ohlnucmy thié oM
_ pares very fe.vombly with other volues reported 1n the literature. AJ..‘L
measure*mentm vere made at T8°K with the specimens 1ncorpore.ted in the tens
sile epparatus. |
‘Wire specimens having‘ e gauge :'length of about 4 .c‘m were mounted in
. ‘the tensile machine in self-sligning split steinless steel gripa. Fina
copper wires {~ 0, 08 ninis dia.) served. ag poten‘bia.l 1eeuis. '!‘L‘hesevwerefla;id
croea-wine upon the specimen in the grips and forced 1nto intimate contact
..with the. specimen when the gripe vere tightened dorwn. - Thie technique vas . |
found to give reproducible repults without requiring that the leads be . _'I‘
goldered or gpot welded directly to the specﬂ_men. : .Relatively heavy copper
‘:current 1¢éds were silver soldered to the ends of the grips, which in tuxh
were electficé.ll& insulated from the apparétus by Lavite h‘olders‘ Im’miation -
of the gripe proved to be necessary in order. to eliminate parasitic enf's |
| which interfered with the resistivity measuremonts. g '

- While mounting the wires in the grips, a’ctaching the potential leada
and instelling the epecimene in the paratua, the grips themselves were -
clamped rigidly in a special Jig o 28 to minimize accidental bending or
deformation of the specimens during handling. All tensile tests end flow

" stress measurements were carrled out at 78‘1{ at a constant strain rate of
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6 % lofh sec'l. Before meaguring *the'-rersistivity, the load on tl;e spc-:_cimenl ‘
~was elmost conpletely relaxed, _oxﬂg” & emall load ‘(approximafel‘v, 0.5 kg/mmz)
pufficient to maintain aligmﬁent 61". the @gr'ipe, being mej.:_mtained.' It vas

established that this 'loaci'did not have any influence on the messured resige _
tivity at 78K, |
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Ag-0.1% Mg, oxidized
as recrystallized

Ag-0.1% Mg, oxidized
as cold drawn
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12 Pure Ag -
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MU-3V0589
Fig. 3. Representative stress strain curves obtained

for internally oxidized Ag-Mg alloys, the cor-
responding solid solution alloy, and pure silver
at 78°K.

"
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'3,  RESULTS

a) Effect of Internsl Oxidation on the Mechonieal Behavior at TO°K

_ Representative stresc-strain curves for the differené materials are
shown in Fig. 3, vhile #alues of the initial yield atréss$and the work
<hmrdening'éoéfficientg (in thé linear herdening renge) are 1ie£ed in Table
1., The potent strengthening'effect produced by internal Qxidation is
chown by the fact that the yield stress of the Az=0.1% Mg alloy 10 raloed
slmost by a factor of & by oxidizing at 600°C. This strengthening is
perheps even more imﬁressive when it is considered that the volume fraction
of oxide in the ailvcr motrix 1s only ebout 1 X 107 -3,
| The macnituae of this strengthcning effect also appears to be dependent
o some extent upon “the previous theimal end mechanical history of the materie -
als Thus,. specimens oxidized.in the recrystallized condition ekhibited e
conslstently hipgher yield stress than those 0xidized directly after cold
drewing. This boint wag checked ruthe: ca?efuily since previous‘work33 had
indicated that oxidetion of‘cold workéd epecimgnts repulted in a greater
strehgthening effects The observed differente in yield stress betuween the
groups of oxidized spccimcns (roughly 3 kg/mm ) wes reproducible and
~ three to four times greater than ‘the scattar in the measuremznts within each
groups hence, 1t is concludcd that the effect is. real. _

From Fig,‘3, it can be seen that, compared to puremﬁilQer or to the
wnoxidized alloy, the internally oﬁidized specimens exhibit greater work
hardéning rates at all strains,las in generally observed for dispersidn ,
hardéned systems., No eignificant differcnces in wofk hérdeﬁing charecteris-

tics were found between epecimens oxidized in the cold drawn condition and



. Table 1.

Mechanical and Electrical Properties of Intermally Oxidized Ag
0.1% Mg, the Unoxidized Allcy, and Pure Silver at 78°K

Material Yield Stress Work Hardening Initial . o A n X 2D,

S ke /m2 Coefficient Resistivity,p A Py e=0.2 o
i pQ-cm o pQlecm C Ve Q-em

99.999 A& 3.2 033 . 0.3% 0.5 1.54 052  0.05L

Ag 0.1% Mg .3 0.3t o.ho7 0.61  1.5T 0.135 0.055 - !

Ag 0.1% Mgo(”_ 17.4 oy o3 0.67 1.k5 0.167 -  0.0Th

Ag 0.1% 1z0(2) %1

0.5h 0588 - 0.1 0.75 0.182  0.091

(1) Oxidized as recrystallized

(2) Oxidized as cold drawn
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those which hod been rucryutclliz 2 prior to oxldations
No strain aging effects or unloading yleld point effects were obsegved

under any of thé testing conditions employéd in these experimentaf

b) Effect of Interncl OAiaation on the Flectricol Recistivity ot 78K

. Internal oxidation of the Ag»O lﬁka,ollxw'lcd to a sipnificant incremse
in the electrical rusistivjty, 28 is shoim Iin Table 1s This increase amounted
to about 9%¢and 22%, respectively, for specimﬁns oxidized.in:the recrystallized
and cold drawn cdnaition,‘both-these volues being relative to the initial
resistivity'of the éﬁhéaled.(i.e., feérystallized) alloy. A similar increase
.in the ronietivlty had previoualy been noted by bbijering und Druyvemteyn
: und by Gorsuch33 At first glance, this behﬂwior seems anomalous since 1t
'might have been expected that oxidation would effectively remove magnesium |
atums from-solid solution, thereby lovering the reeistivity. Such in found
to be’ the case, in fact, in all other internslly oxidizable syatems except
.Ag Mg and Ap=Bz2. 'The atructural implications of this effect are discussed

at some length below.

¢) Strain Dcpendence_of the Ileetrical Resistivity at‘78°K‘
| The increose in the electrical reaistivity produced by tensile deforma=
tion at TO°K 1is shovn in Fig. b, in which the reéiativity increment is piotted
" as & function of the strain on a log=log sceles It is seen that, for all the
materials investigated,_phe dependence. of ﬁhe reglstivity 1ncrem§nt on strein

is well described empirically by a power law expression of the formg
“Ape=Ae?
_vhere A and n are constants. This is the hehavior cammonly observed with

polycrystalline f.c.c. metals deformed at low temperatures.
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MU.30595

Fig. 4. The strain dependence of the electrical
resistivity at 78°K for the four materials
shown in Fig. 3.
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The values of A and n derived from Figs b are listed in Table 1, For
pure “Ag, the solid solution alloy, and the alloy oxidized in the recrye

stallized condition, the exponent n lies in the range froﬁ l.h5'£0'l.57{

Thesé Values are in reasonable agreement vith those_(l.lS to 1.53) previously

rcportcd in: the literafuxtg for 99.¢8 « 99, 99% pure Ag deformed ot T8°K.
Howvever, the alloy oxidizcd in the cold dravn state chowed a distinctly
different behavior; for this material the exponent n was epproximately 0.75.
The qualitative differénce in theistrain dependencé of the resistivity eXe
hibited by thia materjal, compared to the other upecimcns, is shown more.

clearly in Fig, 5, wvhere Ap 18 plotted es a function of the atrain on a

.linear scale. It is s&en that-a value of n < 1 for the alloy oxidized in

:,the cold drawm condition corresponds to a continuously decrensin@ a Apfde,

whereas n > 1 for the other matcrials corresponds to a contimicusly increasing
d Ap/de.» Possible 1nterpretmtions of this bchavior are coneidered in the ”
discussion. » ‘ | o A_.

For ccmpqrison purposes, thc values of Ap»und Ap/p (p = resisti&ity
at eao) corresponding to 20% strain at 78°K are also 1isted in Table 1‘-1
This wes the initial strein which each specimen received before annealing.._i
At e=0.20 the.increment in the resistivity produced by deformation‘waa sub-
etantially grea;er‘in the oxidized ppecimﬂna‘than in thé'eolid aolutioﬁi

alldy or in pure Ag. Ao will be discussed,. this implies_a higher rate ofi

~ defect production in the oxidized mnterials. Thé greatestiincrease in the

resistivity on deformation wo.s exhibited by the alloy oxidized in the cold

drawvn atatc, this behawior being even more pronounced at lower 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, I
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d) Anncaling Fesponoe

1. Recovery of the Electrical Resistiviﬁy on _Amealing
The preliminary anneoling runs in fixéd tempefnture‘baths yiélded'the :

1sochronal ennealing curves shown in Fig. 6. »ﬂhé data have been noxrmaliged
by plotting ApI/Ap7&°K es & function of the annealing temperature, Doy being
, the rcsistivity increment artar 8 l/2~hour onneal at each indicated tempera-
ture T, and Ap78‘K being the resistivity increment observed at T8*K 1mmed1ate-l
1y efter a 20% strain, Although only a few widely spaced anneals were
carried out, 1t ia evident that conelderably less recovery of the resiétivity
.occufred in fhe oxidized specimens than in pure éilver.or in the unoxidiged -
alloy over the cntire tem@urature rangc investjgated. Tvo distinet snnealing
stages ere obrerved in pure silver, one centered around 100°K and the other
around‘roam-temperature. These same recovery atagee are alco present in
Fhe solid eolﬁtioﬁ alldy but appeér to be_diéplaced somevhat toward higheff
‘temperatures aa:e#pected. In contraét, there'ia onl&’a vague indication of
a recoVery stage between 150° and 200°K. in the alloy oxidiged in the recry-
.stallied condition, vhile the oxidized cold dravn elloy exhibits esecntially :
continuous background annealing without any evidence of a distinct recovery
stoge up to 373°K. | |

j“donsiderabLy'better definition_of the low temperature annealing stages -
. was:échieved in the cecond set of isochronal anhedlingvéxperiments which ﬁare
vcarried out in the cryostat using the tunbsten heatér. In these experiments
thc isochronal ennealing time was rcduccd to 15 mimutes, The,results, which
are showm in Fig. T, are seen to be in qualitatiye accord.wiﬁh tﬁé_pre§1ous
”30~minﬁte isochronal annedling data. The tvo recovery steges in pure Ag and
in the solid solution alloy are-clearly evident) these two stagea eppear to

be seporated by a temberature range in vhich the background snnealing is more
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MU-30594

Fig. 6. Isochronal annealing response after 20%

' 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 ié%s COntinﬁouse The first nnngalinw Etlge, which corresruuds to Stage II
in the notation used by Van Bueren, occurs between 90° and 130°K in both pure
Ag and the uxmicmzeg Ag=Mg alloys thie stage accounts Cor about 40% of the
total recovery in pd¥¢ siiver and about 30% in the alloy. 'The second
'anncaling stage occurs between 300° to 360°K in pure silwver and between %3@‘ N

and 475°K in the solid solution alloy. It is believed thet this stage
corresponds to recrystallization in both mavberisle and is therefore designe=
ted a5 Staée V. Uhe xecovary,of the'electricai_resistivity vhich ocours $n
- Btage V accounts for between L5 and 50a of the total recovery in both matepials.
The oxidiged specimens exhibit essentially no recovery (< 5%) up to
’190;K.' Between about 190° and 275°K, a fairly‘well.defined enneoling stege
oceurs in the alloy specimgns vhich were rgcryetailized priér to oxidation,
the recovery ih this stage amountiﬁg to about 15% of the initisl reoslstivity
1ncreﬁ@nf; however, thia stage 18 absent in specimens oxidized‘in the cold.
drawn condition. The latter exhibit s broed contimous anncaling spegtrum
with no observeble fine structurn up to the hi hcat temperuturcs inwustigated
(~550°K). ‘The total recovery obtaincd on isochronal annealing up to 500°K
wan only about 25% in the oxidiged cold drovn specimens and about 35% in the
specimens whidh vere recrvstallized before. oxidationy the corresponding amount
of recovery in pure Ag end in the unoxidizcd elloy was 95-98%. ‘

A series of 1sothrrmal unnLals were nlso carried out et 78°, 195’

273°h. «Within the sensitlvity of the mcasurements, no recovery vas observed
in the oxidizad‘materimls ot TO°K in times up to 24 hours. With pure Ag,
and. the unoxidized alloy about 2%'of the initial Ap annealed out at T8°K
--during the first 15 minutes but essentislly no further annealing took place

thereafter., The results of the isothermal annealing 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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ore presented in Figs. 8>mnﬂ 9, réspeétively. At both t<mherviu¢u. the
'initial rate of recovexy 1a L1Lnificantly lower in the OAﬁQlZLL sp@cimone
th&m in pure silver or in the solid solution alloy and the: total ancunt of -
raecovery 1s mlmw oppreclably ;owur in the internmlly‘oxidizcd specimens. The
initial recovery rutes at 1955 and £ 73°K ore found to incruasc in the follow=
ing orders oxldiged cold druwm alloy, orddiged recfyéﬁdliiied alloy, pure
silver, unoxidized aolid solution elloy. During the early ﬁortion of ﬁhe
Qnﬁcaling ﬁrocesa the unoxidized alloy sppears to reéover slightly facﬁer
than pure gilver)y however, ofter lon(,ur times the tc,to.l rccowry 48 preater
in pure silver. This same effect is observed both at_l95 and 273°K, but
since the differehce in the 1nitﬂal recovery rate 1ls ewall and possibly
within the peatter in the neasurenents, it may not be sign;ficant. In
ﬁenerul, therefore, the isothermal unn@aling behavior appeais to be entirely
conuistent with the results of the isochronal onneuling ruhs.

nving buth isochronal and i1sothermol annealing deta for initially
identical hpecimﬁno, it is possible to determihe'the ectivation energy, B,
associoted with a given snncaling Btagc uaing the analysis dcveloped by Meechan

36 :

' and Brinknwn, nomely,

= congt = B/KT,

ity =

whefe Axi 15 the increﬁmnt of isothermal anneoling time requtred‘to producs

~the pame rCﬂistivity ch¢nbe as. io ob~erved in the 1  4s0chronsl anncaling
puloe ot temperature Ti‘ ﬁmg Nhechan~Brinkmmn nmnalyels ves gpplied to the
data,gbtainqd for Sta@e iI in boﬁh pure_silver and- the solid solution alloy
and to the stoge observed in the 2lloy oxldized in the recnystallizedvcondi-

tion. A reprecentative plot of fn At vs.'l/Ti for pure Ag is chowvn 1in Fig.

i
10, The same octivaticn eherg_:y wag obtiined for all three annealing stages
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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 of annealing temperature. Holding
time at each point equals 15 min.
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mentioned sbove, nomely 0.16 + 0.03 eV. This is token as evidence that the
process occurring in the 190° - 275°K recoygry gtoge in the oxidiged a;loy
is besically the some as thot in Stoge II ﬁn'pufe ilver and in the unoxie
@ized alloy. The activotion energies corrve: pondinL to ¢ tnge ¥V in pure Ag '
;nd the solid solution alloy could not be qvaluated‘with confidence and
hence ore not reported.

Attempts vere also made to establish whethex or not the 1sothermal
'anhealingvprocemses cau;d be describad by either first or gecond_order kinetics.
Firot order reaction kinetice are indicated if In Np remaining atvtime ¢
 1?551es 1ibeafly Qith t, vhile eecond order kinetics are obeyéd ir 1/Ap |
' varies linearly vith t. These tests, applied to'thé isothcrmgl annealing
date at 195; and 273%°K, showed that integral order kinetice’wbre not obeyed;-
insteod, kinetics of fractiompl order neor unity seem to be indicated. Th;a
result is unﬂerstandable since the isothermnl annealing temperatures eme
'ployed do not lie within the temperature range of the major amnealing. stages,
thus, i1t 1s likely that at 195° and 273°K, twowor more defect annealing pro=
_deséepuare toking place'simultanéously'énd;“if 80, simple kinetic§=w0u1d<not
' be expected. | | -

2. Recovery of the Flow Stress on Anneoling

~ The 1sochronul anneuling of thﬁ flow etreas (15 minute holding time at
each temperature) 18 shawn in Fig. 1. The data hame ugain been normalized
‘,by plotting the fraction of the initial flow stresa increment (corresponding
to ¢ = 0,20 at 78°K) remaining after each sueceeding 1aochrona1 anneal sgainst
' the annesling tempersture. Pure silver and the unoxidiged alloy are seen to ‘
-exhibit little recovery of the flov stress uhtil tempera£ufeé.oorréaﬁonding‘

o Stage V in the respective moterials are reached. Hurthermore, 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.
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is essentially camplete at the end of this stoge. This constitutes a etrcm@
srgunent in favor of assigning this stope t.o re‘cxystallizat_:&om ‘

In contrast, the firet cign of ooftening in the oxidiziad alloys does
not manifest itaelf until about hOO°K, o temperature well above that at
which pure eilver recrystallizes, In peneral, the recovery of the flow etresa
_'proceeda mach more gradually 11 the oxidized mameriuls 80 that even at SSO’K
~ about 80% of the 1nitial strain haracnim,,ntiu remaina. It wil.i elio be
noted thm:b Boftening occure leas rapldly in specimena oxidizea 1n the eold '
druwn condition than in the speuimenm which were recrystallized prior ta :
oxidation. This behuvior pardllels quite closely that ‘observed during ieo-
chronnl annealing of thﬂ electrical resistivity. |
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k., DISCUSSION

To provide a firmer basis for interpretation of the annealing experie
ments, a structﬁral model will first be presented for the internally oxidized
alloys. In essence, fhe proposed model is similar to that recently‘suggeeied
by Darkend! for the Ag-Al-0 system, ite principal feature being that during
internal oxidation small clusters of magnesium and oxygen atoms, perhaps no'
more than 30 X in diameter, are fofmed coherently with the pilver matrix.
From a structural etqndpoint, these clusters are believed to be similar in
‘most respects to the Quiniernpfeston sones observed during the eérly”stagas-f
of precipitation in suéereaxurated solid solution alloys such a8 Al-Ag end
Al-Cu. The evidence eupporting this model will now be reviewed.

The observed incresse in the electrical resistivity on oxidetion (see
Tbble 1) together with the fact that the average dislocation density is not
changed appreciably by oxidation37 implies that the silver matrix is heavily
etrained. This.strain contridbutton to the resistivity imust, in fant, out-
veigh the decrease in the resiativity expected a8 & result of the pracipita-. :
‘tion of magneeium atoms from solid solutian. Additional evidence that the
silver matrix 1s elastically strained is provided by the following observe-
tionsy 1) the lattice parameter also increases on axddations ’33 2) there'

5,33,38 3)_protuberances

is a pronounced broadening of the x-ray reflections;”’
are seen on the surfaces of oxidized specimens which seem to represent the
extrusion of entire gréins above the surface;37’39 this effect ie mot observed

when pure silver is oxidized under the seme conditions. -

The increese in the resistivity on oxidation cennot bz accounted for by
the presence of oxygen in solld solution since the uncombined oxygen had

previocusly been removed by vecuum outgaseing.
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It is believed that elastic stralns arise largely as a result of the
formation of coherent clusters or gones of magnesium and oiygen atoms in
the silver matrix. The crystal structures snd unit cell‘dimensions of silver
and MgO are 1llustrated for comparison purposes in Fig. 12. It may be seen
that the NeCl-type structure of MgO is simply derived from that of silver by
gubstituting mognesium stoms for silver and placing oxygen atoms in the octa-
hedral interstices in the f.c.c, silver iéxtice. Moreover, the lattice cone
stants of MgO andiéilver (et room temperatures) differ by less then 3%; This
cloge structural simllerity mokes 1t eppear highly probable that coherency
exists between these twovphaeea, especially when the Mg-0 clueﬁefs or iohee
axe extremely small. In this connection, it may be noted that thin single .
erystal films of silver may be.produced ﬁy epitaxial growth'on}the surfaces
of rocksalt crystels and that these f£ilms are indeed coherent withlthe
nubstrate.ho |

Since the bulk thgrmal'expénaion coefficients of silver (18 x 10"6/°C)
end Mgo (10 x 10°8/°C) aiffer eppreciably, 1t 1s aleo possible that elastic
strains will be set up around the Mg0 clusters as & result of éifferqntial
thermal conﬁraction. Any such streins would contribute to the resistivity
in the same way as coherency strains, and the_effécta‘would be difficultlto
distinguish. However, considering the fact that the internaily oxidiged
alloys vere slowly coolad51< 50°C/hr} from 600‘0, vhich should have allowed
some opportunity for the internal stressee developed on cooling to relax, it
15 felt that the straln contribution from thie source ig probably small in
comparison to the effects of coherency. It is 1nteresting to note that Ashby
and Smithlo’have observed coherency strain fields.surrounéing V%Aléo3 parﬁi-
cles in internally oxidiged Cu-Al alloye; The oxide particles in this tase

are actually plates lying on iill) planes with their edges parasllel 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.
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directioné in the copper maxrix;% In internally oxidized Cu-§i nlloys,
howvever, no strain fields were seen cround the spheroldel 810, particles,
| the matrix-particle boundary being completely noncoherentﬂ

Thin film tranemission microécopy of internally oxidfzgd Ag-Mg alloys
hae po far falled to reveal the presénce bf distinct'oxide'particles, noy
have any contrast effects been observed which could definitely be attributed
to coherencyos’Bu The absence.of resolveble particles indicates that thé
clusters of maghesium and oxygen &toms formed during oxidation must dbe less
‘thdn 30 ﬁ in“&iamﬁter and prcbably congiderably smaller. Svann and wreidthl '
haye exemined the structures of internally oxidized AgeAl eélloys by transe
nlesion alectron miéroscopy and'have_established anvupper limlt of 30 R ror
. the édize of the Al-0 clusters in this material; this figuré‘most likely
represenfe en overestimate since it includes the aséociated strain fleld 0o
gélir- Small engle x=ray ecattering mecsurements iikewisé indicate that the.
average cluster size 48 less than 30 K,SB Thus, there eppears to be a ¢losge
- structural similarity between the Ag-Al-0 and Ag-Mg-0 eystems. However,
| sifice the clusters are hot yesolvable, or Ju;t barely sb, it is not possible
to establish their shape or to decide with certainty whether or not they‘are
'cohefeni. ‘ |
v ,mhe emall size of the Mg-O clﬁaﬁers formed dﬁring internal Oxidaﬁiqn nay
be ﬁnderafood on the basis of the folloving comsiderstions. Oxygen diffuses
éxtremely rapidly 15 silverh2 compared to magnesiﬁm. At 600?0, for%examéle,

the two diffueion_coefficienta probably differ by four or five orders of

# '
The geometricel conditiong for coherency appear to be even mors favorable

in the Ag-Mg-0 system than in Cu»rAlaosﬂ
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magnitude,* Bzcause 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 hed an opportunity to
migrate many atomlc distances. Once this heppens, the distributibn of mag-
nesium and oxygen in the silver motrix is effectively 'frogen in' since pairs
or larger aggrepates of magnesium and oxygen atoms are immébile. The oﬁly ey
thie distribution can be changed is by thermally dissociating the magnesium
and oxygen etoms within a given cluster, and then having both constituents
diffuse individually to other clusters in the vicinity. This growth procass
should be very eiuggiah, howevgr, due to the large binding energy between
magheaium and oxygen atoms, vhich emounts to several eV.. In keeping with
these ideas, it is well known that the dispersions' produced "by internal
oxidation of dilute silver alloye are extremely stable and do not tend to
coarsen appreciably even on prolonged heating near the meiting point. The
average number of magnesium atoms in clusters formed on oxidation may thus be '
determingd to a large extent by the initiael distridbution of magnesium atoms
in solid solution prior to oxidation. Since silver and magnesium have nearly
the same etomic radii, extensive clustering would not be axpected, eepeciany
at concentretion as low as 0,1 at. %.

One other possibly significant factor may de mentioned.. It is generény
bqlievad that oxygen dissolves interstitially in eilver and that the diffu.

42

gion of oxygen occurs by an interstitial mechanismm. If 80, oijgen mst

% .
The tracer diffusion coefficient for megnesium has not been measyred direct-

Ly but it should have a velue close to that for other divelent substitutional
43

golutes in silver.

* This is baced to a large extent on the high diffusivity of oxygem. The

activation energy for diffusion of oxygen in silver is only 0.48 .v”a as

compared to about 2.0 eV for substitutional solutes.u3
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exist as essentlally neutrel atoms, since the O ion is nofmnlly far too large
to be accomodated in interstitial positions in the silver lattice, However,

" when a neutral oxygen a#um Junps into en interstitisl site edjecent to a

v magneaium atom, both the oxygen snd thé nearest neighbor magnesiuﬁ showld
become strongly ionized since this appfoximatma the type qf bonding which ;
existe in MgO. The oxygEn‘ia now trapped in‘an interstitisl position, not an 
& neutral aiam but eaeenxially}de.an 0" ton, A very largé matrix etrain would
thérefore resﬁlt- This etrain-might‘be.reduch-by forning larger MgO clusters.



LT

8) The Effect of Internal Oxidetion on
Defect Production During Cold Work

The stress-strain curves fér the oxidized allays exhibit the usual
features characteristic of dispersidn hardened materials, namely, a aiéu
nificantly higher yleld stress and a greater strain hardening rdte relative
to the solid soclution alloy orvpure ellver. In general, the resistivity
increment produced by deformation is also'considerably greater in the éxidizé@ :
materials. Neglecting,; for the moment; the differences betveen the two groups
of pxidized specimﬁns,.it seems safe to conclude from ﬁheée recults that
higher concentrations of defects are generated by cold work in the oxid;zed'
materiels than in puré eilvef or the unoxidiged alicy. Unfortunately, the
nature of thece defects cannot be eetabliahed unambiguously from theea experi-'
ments. Some ordai-of-magnitude caleulations of the defee£ concentrgtiona
~ can be mede, however, based onm the theoretical scaxteriné cross-sections of
dislocations and point defect@;

For example, at ¢ = 0.20, Ap = 0,0Th ufl-cﬁ for thé alloy oxidized 4n the
recrystallizéd condition, while for pure silver, Ap & 0.051 p.drcm {see Téble
1). Teking the reported theoretical values for the resistivity increment per
unit length of dislocation in silver, which range from 1.3 - 3.6 x 10713 |
pircm/em dislocation 11m/cm3,6'8'm“ it is found that an excess ‘aiélocation
density of about 1l X lolicm/cm3 would account for.the entire difference in the
reaisti;ify increment between these two materiels. Balley and Hirech&s have
estimated the dlslocation densities in deformed 99.99% eilver by measuring the
total projected length of dislocation line per unit area on transmission micro-
graphs of folls of known/thicknass. They give a dielqcatién density of
5 x 1010 cm/cm3 after 20% elongetion. Thus, to explain the observed resietivity-
increment in the oxidized alloy, the dislocation density would have to be |

about 1.5 x lOll cm/cm3, i.e., roughly a factor of three greater than that in
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pure silver. The observations by Swanng

show that this is not unreasonablej
furthérmpre, Kleiﬁ5 hat found, from an ennlysis of x-ray line broadening
profiles, that the dislocation density is between 2-5 times higher in 1nternall&
oxmizéd Ag 0.1% Mg alloys thaﬁ in pure silver after T5% reductioh by rolling.

It is alsd pqgsible to aseign part of the resistivity increment to the
 creation of point defects during deforma,tiono Most theoretical calculations
i{ndicate that the resistivity éhange due to monovacancies {in copper) is about
1.020.5 jl~cm/at. % Qacdncies, end that the scattering assoclated with interw
eéitiale is at least es high or higher.6’7’8 As will be discussed in greater.
detail below, the annealing behavior of pure silver indicates that roughly
50% ofvthe resistivity increment on deformation may be associsted with the
introduction of boint defect93 This corresponda fo a point defect concentrae
tion of about 1 x lolg/cm3, vhich isvwell wifhin‘the range of theéretiéal @ati;
matea'based on jog productionpmodels.6 waever; the assﬁmption that even
greatéf cdﬁcentrationS'of point défecta are generated in the oxidized material
than in pure silver leads, ag will be eeen, to certain difficultiee in the
interpretation of the annealing experiments, ' _

The strein dependence of the resistivity increment provides some edditional
clues concerning the;defect structures of these materials. It is seem from
Figs. b and 5 that pure silver, the solid solution alloy, end the alloy cxidized
in the recrystallized. condition all exhibit virtua.lily the same behavior. For
all these materiala,.Ap,m 63/2 and the resistivity 1ncrement per unit strain

It 18 albo conceivable that when distributed on & more uniform scale, as
in ﬁhe deformed oxidized alloys, dislocations meke & greater effective cone
tribution to the resistivity than when arrenged in the form of dense tangles

.within cell walls, as 1n cold~vorked silver.
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increases with increasing étrain. This behavior is characteristic of
pure £.c.c, metals6 end indicates that essentially the seme mechanisms of
defect production aré operative in the oxidized alluy as 1in pure silver;
although the relative concentrations of dislocations and point defects whicﬁ
are produced may be substantielly different in these tvo materials. _'
| On the other hand, the behavior of the alloy oxidized in the cold dravn
| condition eppears quite anmmm&bus} In this nsterial A,p is ﬁroportional to
3/ instead of 63/ end the resistivity inerement per unit strain decreaaee )
with increasing strain. I the argunents givcn by van IMBrené 28 and Peiffer27
are valid, the aa/h gtrain dependence implies that the_dislocatibn cont:ibution .
to the resistivity far outweighs that due to point defgcf production in this
material, The absence of & well defined snnenling stage (see below) ettribu-
table to point defecte in this alloy 1e also consisient yith this'interpreta- 
tion. . | '
| The4rather pronounced differences in the strain dependence of the re-

sistivity bétween éﬁe two groups of‘oxidiied speéimens can be exp;ainéd in

the folldwing way. When the allcy wireé_are oxidized in the cold drawn con=
.dition, the dislocation structure produced by wire drawing is partielly rén
tained. This ie becouse the oxidation process oceurs so rapidly in the surface
layers thatAtﬁe dislocations in this region éfe effectively pinned before they
hame an copportunity to anneai out.33 Although recrystellization does taks
place in the center of the cold drawn wire before oxidation is completed, as
shown by metellographic exsmination, the everage density of dislocations in
the oxidized as cold drawn material is undoubtedly scmevhat higher than that
in samplea wvhich héd been recrystellized prior to oxidation. This sgrees yith
‘the oﬁservation that the resistivity increment produced by oxidation is pub-

stontially greater in the cold dravn specimens {sce Table 1).
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The high initiel density of dislocations in the surface layers of the -

| cold drawn end oxidized_wire wéuld be expected to modify the deformation
1behavior quite significantly. For example, since these dislocations'aré
prob&bly pinned at various éoinis elong their length by Mgto clusters,  they
could Weil sct a5 Frank-Read sources. A higher Béurée déﬁéity inplies a
ﬁigher initial vate of production of dislocetions and'wouid also account for
the greaﬁér raesistivity 1ncremént bbserved on deermntibns To be conéistent
the initianl work hardﬁning rate should aleo be‘grégterg this is actually |

observed (Table 1) although the effect 4s sméil, and possibly not significant.
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b) The Effect of Internal Oxidation

on the Annealing Response

The ennealing behavior of the oxidized alloys will now be compared
with that of pure silver and fhe corresponding solid golution alloy. To
provide a basis for comporison, the results obtained for pure silver will
first be diecﬁseéd in relation to the work of previous inveatigatofs.‘ The
manner in vhich the annealing bchavior 61‘ eilver is modified by the {ritro=
| duction of the -diepersed iJhase will then be considered, and finaliy, an
attempt will be xﬁade to rationhalize the obsexrved differences between the
two groups of oxidized specimens. ' _

Previous work on the low temperature anneeiing behavior of cold'worked.
" eilver 18 sumarized in Toble 2, along vith the recults of the present
experiments. In view of the sencitivity of fhe annealing response to experie
mental Mables , (e p. 4 ) the egreement between these different invegs
tiga.fiona is satisfactory. Stage IX accounts for a somevhat larger fraction
of the total recovery in the pmsgm experiments than ha.é been observed by

Ma.nintveld%

or .)"ongenburgczr;l"r izi"éddit_ion, Stage V occurs at lower tempera
tures. These differences are consistent with the higher purity level of the
gllver used in this investigation. No indication of a distinet annealing

staée in thé temperature range corresponding to Stege IIT cen be’ séan in the
annealing spectrum (Fig. 7). 1Instead, the ennecaling which‘oc‘cvﬁre batween

- Btage IX and Stage V eppears to be contimucus and cennot be characterized by
e unique activation encrgy. Thie so-called "garbage annealing” which occurs
~over the temperature range from about 150* to 300°K, accounts for only ebout

15% of the total recovery. Stege IV was not detected here, probably because



Table 2. Recovery of the Electrical. Re.sistivity of Cold-worked Silver

Investigator Purity . Deformation Conditions Annealing Response

_.61?.. ’

. Type & amount  Temp.°K Stages cbs. Temp. range, X % recovery Eoct ,eV
Ramsteiner, 52 '99.999% Rolling, below * I . 230°- 260° + 0.600.05
: _ o _
Schille & Seeger” » 50-85% 230 v 305°. Loo® 0.88£0.05
v > 350° 1.0 - 1.4
Jomanmu-ger‘-lFT 99.995% Tensile, 14° 1T 1’-“<-=--->18o"*x 30
13-275 I 180°<—>300°% 20 ot
Iv 350% - 400° 10 reported
v ~ 420° 50 '
k6 - | e o ge
Monintveld - ? Tensile T8 II 80°- 160 20 0.18
' us 00°- 260° 15 0.65
Present work  99.9999%- Tensile, 78°* I 90°- 130° %0 0.16+0.03
' 20% v oo'e 360° L5
" i :
Rolled after cooling to 90'K, rouing tempera:ture deduced frcm presence ﬁf frozen alcohel om spef‘men
surface. -
*  Cannot be evaluated on an equivalent basis due to absence of Stage II. .
z

Specimens snnealed only at 14°, 180°, end 300°K.
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it was obscured by the onset of recrystalliZatién (1.e., by Stoge V). It
~ ghould be noted that, using stored enerygy measurements, van den Beukelua
haso recentiy obgerved two major ctoges in the recovery of bilver def&rned
at T8°K. Theee stages océurred in the same temperature renges eas those re-
ported by Manim;vem,"r6 and the activation energles vere in'agreemgnt with
those derived from resistivity data. |

The fact that‘Sta@e'II in thé recover& of the electrical résibtiVify is
not eccompenied by any observaﬁle recovery of the flow otress {see Fig;.lo)
is token as‘evidence that this Btaca involves the snnihilation of poiﬁt
defccts, ag vas first euphasized hy Molenaar and Aarte. 49 A recovery stage
wvith an eotlmatud aut1VatLon energy of 0.210.05 eV has also been obzerved
in this same tempercture renge (80-170’K) after drradtation.’®’% According

to Remstelner et‘al.se

, Btoge IT in irrediated silver is due to the recombinae
tion of relatively'widemy ppaced interstitial-vacancy pairs, as distinguiched
from Stoge I vhich is believéd‘to be essoclated with the recombination of
neighboring Frankel peirs. However, vérious othey interpretationb have been
offemd6'7 and 1t 1s by no neans eatabiished that Stage II after deformation
occury by exactly the seme processes es those in irrediated materials, since
| the initinl concentrations as well as the spatial distribution of vacancias
end 1nterst1tialm may be quite different in these two cases.

A summazy'of the anncaling characteristics of pure silver, the Ag-0.1
at. % Mg alloy, end the oxidized alloys is presented in Table 3. The major
effect of mognesium in golid solution is to shift Stage V toward highcr
temperatures by about 100°K, i.e., to delay the onset of recryatallization.
This may be attributed to the retarding iniluence which_impuritiee excrt on
the migration of high-angle boundariee.s3 There 18 & mild indication of an

snncaling stege between about 260° and 320°K which could possibly correspond



Table 3. Summary of the Anmealing Characteristics
Material " Stage Temp. Range, 4 Recovery . Activation epergy, eV
. . - g .

K.

Elect. Resistivity Flow Stress

99.9999% Ag T %°-13° ko 0 - 0.1640.03

contin. - o C » | .
annealing 130°- 300° ‘ 15 5
v _ 300%- 3600 . ' 1‘_5 o 8
Ag 0.1 at.b Mg I  90°- 130° 2 0 0.6:0.03 i
annealing 130°- 340° 2 . 5. ——
platesu” W~ boo* . (0) 10 _
v - koo 470° k. 8 -
Ag 0.1 at.% r-gl T - 200%~ 260° _ | 15 ', .0 N 0.1620.03
" platesu’ | 260°- 360° (o) s '
contin. - o o o .’
annealing 360°- 550° 20 ‘ 15

Ag 0.1 at.% Mg> comtin. - | | |
annealing T8°-550°. 25 - 15 —_—

(1) Oxidized as Recrystallized

(2) Oxidized as Cold Drawm

* See Figure 7 -
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to Stage iV; however the annealing in this range could not be characterized
by a unique activation energy. Stage YII in the solid solﬁtibn slloy accounts
Tor a smeller fraction of the total recovery ﬁhan in pure sllver, which may
be understood in terms of the interactions between solute atomes and point
defects. Thue, magnesium atoms would be expected to trap.point defects in
thelr vicinity and prevent them from contributing to the recovery process.

The annealing respohse of the cold-worked oxldized elloys differs esige
nificantly from that of pure silver. Not only is recrystallization drastically
inhibited but point defect annealing processes sre elso strongly retarded.
Consider first the alloy oxidized in the recrystallized condition. A stage
in thelrecdvery of the electrical resistivity is observed in this material
(from 200* to 260°K) which is not accompanied by aﬁy change in the flow stress.
Thies stage may therefore be assighed to poinﬁ defect ennealing. The apparent |
ectivation enerpgy for this stoge 1s the some, within expefimental limits, aso
that for Stage II in pure silver or the unoxidized alloy, indicating that the
point defect annenling processes involved are similar in all three materials.
Howevef, this stage in the oxidiged alloy eccounts for 6nly sbout lS% of the
total recovery, as compared to EO% in pure ailvei, and is diepleced towsrd
. higher tenperatures.

It 18 sugpested that this behavior is due to the tréppiﬁg of point
defects in the strain fields currounding thé Mz=0 clusters. Trapping of .
this type would certainly be expected since it would lead to a reduction in
the aversge strain energy. The binding energy between the clueters end point
defects may, in fact, be quite spprecisble. Point defects which are trapped
in this manney might also be expected to retain their identity and thms con=
tribute to the resistivity, rather thon being completely annihilated. The

1dea that point defects produced by deformation may effectively retain their
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identity even when trapped at dislocations has recently been introduced by -

54 in order to explain the strain oging effects observed in copper

Blrnbaum
.'at lov temperatures. BSince hace IT is much more pronounc&d in pure silver
than in the oxidifed allcy, it ia concluded that the strain fields surrounding
the Mg—o clusters provide‘far better trapping centere for‘point dafects than
do dialoéatidnao' | |
The p@rallel recovery of the tesistivity and'floﬁ stress vhich occurs

at temperatures above about 400°K in the oxidized alloys is indicative of
dislocation ennealing (caipare Flg. Tve.nd 10). It 19 claar, however, that
the raarrangement or annihilation of dislocations is greatly retarded by
the strong interactions between dielqcations‘and the dispesrsed Mg«0 clusters;
The deteiled nature of thece interactions cannot be specified'eince independent
'etfuctural studies have not been carried out. It is possible, howéver, that
‘the gradusl annealing‘obseerd in the renge abovg LOO®K m@y.corraspond to emall.
._anunts of local fécﬁyétallization, Brimhal155 has recehtly obserﬁed local
recryotellization in internally oxidized Ag-Mg alloys by trenemission electron
microséopy, and evidence for this effect had yfeviouﬂlybbeen obtained by R
Klein” end Gorauch.33 The localized noture of the recrystalligation process
is readily eccounted for in terms of the restraint which the oxide clusters
offer to grain boundary migration,u -

 The alloy oxidized es cold draim does xiot exhibit a well defined point
defect anncaling atabc, ns may be seen from Fig‘ 7. Only about 5% of thé‘
initial resistivity increment anneals out before any recovery of the flow
stress 1s discernible. There are at least two possible wayg of accounting
for this behaviors
| (1) Point defect trapping of the kind previously discussed is more
effective in this meterial then in the alloy oxidized in the recnyatallized

condition; this couwld presumably be due to the higher aversge dislocatiom
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éensity or to a resl difference in the characteristics of the dispersed .
phase. | ‘

.(2) As shovn previously, the anomﬁlous dependence‘df the_fesistivity
increment on etrain indicetes that relati&ély fever pbint;defects are produced
in this materiel during deformétion; this mey manifest 1tself more oléar;y
on annealing. ‘ | |

It s hot.poésible‘tovdietinguish between these two possibilities on
the basis of present informastion. The situation hay'be clarified_sqmeﬁhat, -
hovever, by'carrying out ﬁuenching‘experiments on these ﬁaterialé. I the
rates with which quenched-in defects enneal out are substantielly different
in the oxidiﬂed alloys, os compaied to pure'silyer, these differencen mighf
be ascribed fairly unambiguously to the trapping of vacancies by ﬁhevMG-O
clusters. On the other hand, the 1ﬁterpretatioh of the quenching exﬁerimants
would‘nof_be a8 straightforward as it might eppear. Fbx exemple, internal
stregses would be generated by differential contraction during quenching,.
and ihese might'be sufficient to mucleate dislocations around the‘clustere;
Consequently, the contributions which the clusters (ana tﬁeir aseoéiated_-
strain fields) make to the resistivity might be difficult to separste from

the resistivity increment due tb quenched-in vecencies. -
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5. BUMMARY AND CONCLUSIONS

The presance of a disparaed phase pfoduced by internal oxldaﬁion of

©a dilute silver-magnesium alloy hasvbeen obnerved to 1nh1bit racﬁvery and
recrystallization on énneaiing:after lowltemﬁeratuie deformation. The
‘effact apparently'ariéos both frow the influence of fhe disperséd phase

on the structure of the oold worked state and its 1nfluence on the subsa=
quent anncalinv bahavior of the defncts genbratcd by deformation. Although
1t wes not possible to separaﬁe these eflects with certainty on the bésia
of the present experiments, some édnelusiops mey be drewn, nameiy:

(i) The preseﬁée of the dispersed phase results in en inareased
rate afbdeféct frodﬁctioﬁ during'deformation.

(2) The relative concentrations of diaiocatione and ﬁoint defects_
generated by deformation'appaar to.be cOntrélléd by the initiel disloca«
tion'structuré of the material and the detaiiad characteristics of the
diépersed Mg-0 ¢lusters or zones, 1i.e., their size, spatial distribution,
degree of coherency, ate. | | ‘ |

(3)' Point defeet enneéling is apparently 1nh1bited»by the trepping -
of vacancies and/or interstitials 1n ﬁha elastic strain fields tsu‘rroﬁnding
the Mg«0 ciusﬁeré. The trepped defects appeaf to retain their identity -
ond thus cdnt inue to ccsntributé "'to tha reaiati‘vity. It is su(_,@ested that
the interactions between point defects, In particular vacanciea, and Mg-o
clusters,might be studied in more deteil by carrying out qnenching experih'
menté, from which an ostimate of the Binding ensrgy between vecancies end -
clusters might be obtainsd. |

(L) The dispersed phose pr6v1aes obstacles to the climb and eross-

glip of dislocations thus retarding dislocatlon rearrengemant and
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ennihilation on ennealini; the clusters 8lso act to restraln the migration
of grain boundaries snd thereby 1nh1bit recrystallization. |

(5) Intarnal oxidation leads to a'significaht 1ncréaaa-in the elece
trical rnmictivity, thv yinld Btr@BB and the work hardening rate of the
gilver maqnoeium al]ov . Thage nffecta su';est that coharpnt Miz=0 clunterev
or zones of'very~amall_dimenaiona (l@ss than 30 A_diammter) are formed
during bxidatién. 'Tha_redultihg-eiastie'sﬁrain.1n.the-bilver m&ﬁrix 18
believed to éécount fdr thébmagnitude bf the 6bserved reaistiV1tyvincre~
ment, while tha strengthening pffcots exe aacribod to elestic interactiona_

betwaen glide dislocatlonu and tha atrain Tialds surrounding the clusters,
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