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NVESTIGATION OF LATTICE VACANCIES IN- COPPVR
~ 'UNDER NONEQUILTBRIIV COND[TIONS

Dennls Mdrtlu Maher

a .Inorganlc Materlals Research D1v1s10n, Laurence Radiation Laboratory,

Department of Mineral Technology, Collage of Engineering,
University of Callfornza, Jerkeley, California

i ABSTRACT
‘ May 1966

High purlty copper. w1res were quenchei to -196°C from’ temperatures
greater than h50 C and less than 800 C in a statlc atmosphere of, purlfledv

helium gas.“ The change in re31dual re51stance, measured at llquld

" helium temperature, was used to detect retained defects and quenched in-

. duced demage. Considerable care was taken to ensurexreproducibility,

of the well-annealed state, and the'quenched-in increment characteristic

2

of any partlcular temperaturc. The temperature dependence of quench

" “induced res1st1v1ty is 1nterpreted as 1nd1nating that the monovacancy

formation enthalpy in nomlnally 99. 999% puce copper is.(l.09%0.0k)eV.

)

. If the activation enthalpy for self—dlffuston is taken as (2.10£0.02)eV

then the monovacancy mlgratlon entha}py is (l 01*0 O6)eV. ‘When the

vpresent res1st1v1ty data- are conb1ned w1th the equlllbrlum measurements

o of R. O. Slmmons and R. W. Balluffl, the res1st1vity per atomlc percent

vacancies and monovacancy formatLon entropr are estlmated to be

! (O 75iO h)uohm-cm and (O 8+0. 5)k, respectlvely.

Isochronal recovery oi copper quenched from & 700 C exhlblts

' three annealing stages. Maxlmum anneallng rates occur at about -MO ) -
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+200°, and +hk00°C., Numerous possible processes are suggested to explain

the observed recovery spgctrum._‘Deéaiied kihetic studies uﬁder cére-
fully controlled conditionshqreJnécéésary tb co@ﬁletely-clarify the
reported.béhavior. | | -

When copper single crystalé @re gas qﬁenched from vacuum énd
subsequently annealed under quite réstrictivé conditions, planar vacancf
aggregates are observed by transﬁisgion electron microscopy. The
aggregates are identified as'bothvperfect and impérfect dislocation
loopss The presence of vacancy ibopé'which are large enough to be
' direcfly ébsérved,lis shoWn to bé‘a.sensitive function of tﬂe nucleation
pfocesses énd the évailability of mobile defects in a sufficiently high

concentration to support growth processes at higher annealing temperad

tures.

It is felt that the reported results aré representative of
vacancy behavior in nominally 99.999% pure coppér and ‘that the diffi-

o cultieSxarising from the numerous possible complicating features re-
ported previously in the literature have, for the most part, been

HEEE

' minimized.

r
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-4 I INTRODUCTION . °

A quantitative description'and nnderstanding of the properties of

 vacancy defects has now been obtained for « number of pure face-centered
cubic metals. This is mainly a consequence of: 1) direct measurement

' of.defect concentrations at elevated'temperatures by a techniqne involving:"

the 51multaneous determlnatlon of Lhe relalive llnear expanslon, AL/L s
and the relatlve x-ray lattlce palancter expansion, Aa/a , during

equilibrium heating,’ 2) accurate determlnation of the temperature dependence

f of the self-d1ffus1on coeff1c1ent, D_,d by radio-tracer sectioning tech-

i'nlques, 3) noneqh1llbr1um experlments in wklch the high temperature state

"frozen-cn by rapid coollng and the defects are then studled at

Lo

“lower tem.peratures.l The informatlon ob1a1ned by these experiments has

.t'deflnltely alded the. 1nterpretatlon of more compllcated phenomena such

3

“‘as radlatlon damagez.and cold work.s ﬁ{f

- 7.8

The results of equlllbrlum measuremcnts,hvs’6 self-diffusion studies,.

‘ ,and numerous quenching exper1ments9’. carrled out with aluminum, silver,
| “and gold are in reasonable agreement althouch many of the details are
'7 st11l belng debated.9 Experlmentally, thls is not the case for copper.

For instance, the monovacancy formatlon enthalpy, Aﬁi ; as estlmated from

)

hlgh temperature equlllbrlum measurements by Slmmons and Balluffi 1 has

been disputed. 2 3 As a consequence of tth s1tuat10n and because the
SE SR _ sd

naccepted value of the actlvatlon enthalpy,.QSd‘é ‘ 3 i”iT ) ,;for self-

diffusion in copper appears to be in questlon,lu the corresponding

| 'monovacancy migration enthalpy, as calcu]atcd from Q - AH _.am@

is certalnly,not well defined. When the present work was initiated, no

“unambiguous quenching experiments had, yet_bcen condu¢ted with copper.
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.‘inucontrast,_theereticalvestimates:of vacency properties, primarily cal-
culated for the coppei lettice; nave played an important role in the
nterpretatlon of numerous pOInt defect pnenomena

In the follow1ng, a few bas1c relatlon,hlps are presented which ’i
allowgone to describe the equilibrium vacancy population as a function
of‘temperature. In addition, certain.pertinent experimental fesults

regarding vacancy behavior in copper are described and discussed. These

introductory remarks do not represent1a4eomplete discussion of the general

problem of vacancies in copper, but are mzant to serve as'a framework

for the presentation and evaluation of the present quenching investigation.

. 4 J B
A. Vacancy Abundance . - = "

" The point defect structure present in thermal equilibfium in.copper.
is.thought to be,relatively simple. . Theoretieal calculations predict
'that the formatlon enthalpy of a vacancy should be much smaller than
that fbr an. 1nterst1t1al.3 This conclus1on is supported by stored energy'

-
measurements on irradiated c0pper12 whlch have been 1nterpreted as in-

D 3

vdlcatlng that AH = 2.5AH In addltlon, equlllbrlum concentratlon

11
measurements and quenchlng experlments are vons1stent with the belief -
that interstitial defects are unlmportant in thermal equilib_rium.5
Therefore, assuming tnat only #acancy type defects need be considered,

the total concentration of vacent:sites in copper at a particular tempera-

ture is given by
ANN)F = C) (‘1‘) * 2c, (T) - 3c c('r) s P (1)

where the fractional concentration of_the jtn'vaeancy cluster'is,

according to equilibrium statistical mechanics,

e e S e« e

s



“,where A82 R ASb and B

5»;symmetry w1th an atom in the center (after Damask et al.

. . - f ,‘ ;—:, '.—‘ ..“f ' ‘ f ’ :-
C,y = 8 expl a6, v/kT], =8 e..cp[AoJ.‘v/k]: erl:p [ Aliiv/kTJ . (2)

Here AGf Asf v and AHgvfare, respecﬁiVGly5 the changes in Gibbs free

energy, v1bratloﬁal‘entropy, and énthalpy'asSoeiated with the formation-

of the jth type defect, and'gj is.the rnumber of independent'orientations

~of the'jth cluster in the 1attice, T is the temperature in degrees .

Kelvin and k is the Boltzmann constant.

The concentration of a particular vacancy cluster is generally

considered in terms of a so-called binding energy. If AG?Q is_defined'

" as the negative change inithe‘Gibbsdfree energy'assqciated with the

formation of a jth type cluster from j ieoiated vacancies (e g ;

b

CAG, .= - (AGg- - BAG ) ), then from Tq. (2) the fractlonal concentra-_

2v

tions of mono— dl-, and trlvacan01ev are’ glven by,

B clv(T) = exp [-Ale/'kfl‘] exp. [AS v/k] exp [-AH v/k'.r] - (3)
_' | CEV(T) = SClveexp[AGg;,/}f.T] ='6cl‘iV ex'p[--Asev/k] exp[ B, V/;<T]' “”f
, cavl(.T) = 2clv3e>¢p[aeg;/};fr;j = 2c.1;v3e.xp[x~A§1; v/;?j“'exp[}aiv/icm'];_(s)_

S3v oy 3v ehe entronles and blndlng energles,.

A respectively. It wa.s assumed that a dlvacancy consmsts of a palr of

nearest nelghbor vacancies and that ihe trlvacancy has tetrahedral
16 '
)

i It is apparent from these relat:onshlpn that the fractlonaL con-

1

vcentratlon of dlvacancles and trlvacanc1es Er;ses w1th%1ncrea51ng tempera-
ture and ‘increasing binding energy. On the other hand, for a constant
-total defect population the abundance of clusters 1ncreaseu at the ex-

‘pense of monovacancies w1th decrea;lng temporature. This s;tuatlon




alie '

'_conld possibly exist when a highly perfect crystal is rapidly quenched

from an elevated -temperature.

B. Thermal Equilibrium Neasurements

The accurate determination of the temoerature dependence of any
physical property of copper which is markedly influenced by the presence
of vacancies during equilibrium heating, would in principle ailOW‘an
estimate of (AN/N)T or a\quantity'propdrtiona;,to it and therefore_under4
certain limiting conditions an estimate Of:AHitf The electrical re~
sistance ofmcopper has been'measufed durin, equilibrium heating by
Meechan'and Eggleston17 and Gertsriken and Slynar.18 The results in

both cases were described by an equstion of the form ..
R(T) a + b'I' + cT2 +. 4 exn(~AH /k'I‘), o - (6)

. and interpreted as'indicating that AHiV:= O.9i0.05 eV and 0.6 eV, re-.
~ spectively. In the ‘case of gold the disCrepancy between the formation
| 17,19

enthalpy obtalned by thls technlque aad that obtalned by, say,

'quenchlng exper1men+slo 1is about 0. 2 - O 3 eV. In determlnlng these
energies it is necessary to know on estlmate the temperature dependence
- of the res1stance of the perfect crystal. The extrapolation of the low
temperature behavior (i.e., a + bT + cTz) to higher temperatures is

: snspect because cf poor theonetical‘knowledge of the contribntion of
anharmoniC'effects at these.higher temneratu}es.2O Because of this
“difficulty these vaiues are éenerallyvconSidered to be unacceptably low.

The most dlrect method of determlnlnp (AN/N) involves the simul-

- taneous measurement of the change in tbe (-ray lattlce parameter, 2,

‘

and the macroscoplc change in length, L of a crystal at elevated tempera-

tures. ‘The compllcatlons:Just outlmned arz avoided in such,experlments.

T, [ Ee——
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These changesvare related to the fractional. concentration of vacancies

by the equatlonl e .
(AN/N) _‘\AL(':r)/LO-- Aa(’].’)/a‘o-’ .o ;(7)

It has beenlsh0wn that the latticevrelaxation around the»defect.and'

lattice thermal expansion contribute equally to AL/Lo and'Aa/ao.el’ge.

o . 1 .
Measurements of this type were made by Simmons and Balluffi . on

_ copper. From a knowledge of AN/N at the me:lting peint,,the fractional

concentrations C, , C, , and C3V were calculated employing Egs. (l},

,(5>’ (h), and (5) and assuming values of B,  and B}v‘ For B, < 0.5eV .

and B5v < 1.5 eV, it was found that more than 90% of all vacant sites in.
copper are present as monovacancies.,-a
‘Since these binding energies are reasonable estimates (pOSsibly

.even upper- llmlts),‘lt was concluded that the monovacancy is the pre- .

" dominant- equlllbrlum defect, i.e., (AN/N) C (T) The - formatlon

' enthalpy5 AHf » was then calculated from Ec..(}) by assumlng a value for]

| - (L.9%0. 5)><10

‘metals and by theory.6

_theoretical value Asf

. the formatlon entropy; Asf B and uelecting a temperature at which

AN/N) 1s known most accurately Therefoze at 1075 c, AN/N

h’ and assumlhg;Asi ‘ (l Bio 5)k Slmmons and Ballu:f‘flll

f
v

from the temperature dependence of zﬁN/N) because these values were

obtained AHD = 1.17+0,11 eV, The-formatlon enthalpy was not’ estlmated

small and the data llmlted The assumptlorlAS = (l.5i0.5)k was con-

sidered well Justlfled in view of prev1ous experlments on other fee

to

Ramsteiner et al.li;ohject to this selection of Asf;, and favor a

| lower value of AHfV. At .:,108‘3°C, AN/N = (2..c¢o.5)><1o‘l*,' and using the

23

= (O.Sio.h)k talculoted by Schottky et al.
1lv ?




these authors obtained AHfV = 1,05%0.06 eV. They also considered the

‘problem in terms of

| o ' - b
= -+ N = +- . e X .
(AN/N)T Clv(T) ELQV(T) ?1v 1ec, ” egp(-as2v/k) exp(B2v/xT)
| v (8)
Again taking’ (AN/N) = (2.010,5)x1o’h, using the theorétical values
o PN ‘b ' |
v~ (0.5_o.g)k and ~§Sev
mined binding energy B, ;‘O.l}ﬁo.oh'ev,?h'they obtained Ava:= 1.06£0.06

1o83fc

AS = (1.8£0,2 )k, 1 and the experimentally deter-

. eV. Therefore the uncertainties in the values of the binding energy and

binding entropy of .divacancies, in contrast to the forméﬁion entropy of
'monoVacancies, effectivély have no influence on the calculated value of
‘the monovacancy formatioﬁ enthalpy in copper;‘-

]

C. Self-Diffusion Expériments'

Sy

The témperatﬁre”dependence'of-the'self~diffusion coefficient of
'copper has been studied by a nﬁmberfdf-in&estigator3125-25 Thé results

are summarized in Table I.-

Table I. Tempefature Dépendence of Self-Diffusion of Cbpper

. . . sd sd :
Temperature Range (°C) - D™ = D exp (@7 =xI)
s ” QSd(eV) A Do(cmg/sec)

8y - 970 - 2.2%0.02 2 0.6
800 - 980 BRI 11 S 0.1
850 - 1064 2.15%0.01 d 0.62
685 - 1062 2.05£0,02 © ° 0. k7

& Ref. 25 - Single Crystals o

P Ref. 25 - Poly Crystals o

¢ ‘Ref. 26. o : '

a

Ref.. 27 - Single Crystals

v

i‘/



It has recently‘been pomnted out by S ollfklnlh that for loW'values
of-]jSd (i.e., DSd < 10"1; cm /sec),_dlffus on along dlslocatlons‘can con=- :
tribute significantly tO'mass transport. Therefbre‘ln a lnD s versus ’
_‘l/T plot, the low temperature value< tend e be relatlvely larger.

- Because of_thls, LeCla1r8b has re-analyzed the accurate data of Kuper
et al.25 using only their high temperature results and obtained a value
sor @°% of 2. 10£0.02 eV and D = 0.23 cm2/"..eo. | ‘

If it is assumed that self dlfiusron at hlgh temperatures in copper

7_1s controlied by the motron of monovacanc1es, then the mlgratlon enthalp&

AHm can be calculated directly from the relatlon AHm d - AH{

‘Ramsteiner et al. 3 favor a value of 2.12£0.02 eV for Q and therefore
set AHm = 1.06%0. 08 eV consmtent with AH - 1.06£0.06 eV. On the
other “hand, Slmmons and Ballufflil have repeatedly favored Qsd = »

"2 05:0.02 eV and thus set AHm = 0. 88~o 13 eV cons1stent with AH -

1.17+0.11 eV. The limit of error is obtdlned by summatlon of the stated

uncertainties in the individual values.

D. Nonequilibrium Experiments -

In .order to investigate hany o%ithe properties of point defects, it
is often desirable to produce and retain them under nonequlllbrlum con-
ditions. Three 1mportant technlques ‘have teen utlllzed in 1ntroduc1ng
tp01nt defects under thls condltlon, namely quenching, plastlc deformatlon

and high energy radlatron. The present discussion will be limited to .

' quenching.

X . ‘ U U . o
After quenching only vacancies will exi:t,whereas high energy radia-
tion and plastic deformation producenvauancies;uinterstitia;s,f‘

and complex aggregates.
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If a crystal is rapidly cooled from ar elevated temperature, the

equilibrium concentration of vacancies characteristic of that temperature

ex
L]

can, in principle, be "frozen-in" and subsequently detected dﬁ low tempera-

‘tures. Any physical préperty that.depends sénsitively an& prbportionally
“on the concentrétion'of-defects may be used to measure the queﬁch induced
vacancy concentratibns;{ The reéidual resistance is very sensitive tolthe
presenée of imperfectioﬁs becéusevany disturbance of the ideally periodic
lattice results in scatééfing of the -conduction electrons and.hence
‘v producés anAincrease inzthe electfiéal:reSistancé. The accuréte_deter-
minatibn éf chaﬁges in the électrical resistancé.at h.2°K.has proven to
~be:an ektremely valuable pafametér fof'fhe‘investigation of pbint defects
in.general, gnd vacanci;s in particular; :ﬁherefbre, from the variation
of quenched-in re#istance with the'quenphirg temperatufe.thé enthalpy
'Aof‘formétion éan-be‘éstiﬁated di}ecfly;‘ Svch experiments, however, are
éomplicated by:' .. S ; ;
1. Small c&ncentrgtions of metéllic:jmpuritieé éfeseﬁt iﬁ sofcalled
high purity materia}, ;ég.
2. " Gaseous contami;ation SfAfﬂé épééimeﬂ'from thé atmosphe:e or
quénchiﬁg medium prior {g and.aﬁring.ﬁhé Qﬁénch of reta;ned during pre- ‘f

11,13,28-36

paration,
3, Thermal and mechanical strainsuaéQompanYihg rapid qdenching
37-42 S ' '

" .techniques, P R

4, Concentrations of multi-vacancy ccmplexes present in thermal

equilibrium at Tq, o
5. Ioss of vacancies during thke quench to permanent sinks (i.e.,

free dislocations, subgrain and grain bouncaries, and free sur=-

28,29,k2-46

faces),

. \‘j,"
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6. TFormstion of vacancies clusters (e.g. di- and trivacancies) at
‘ e b752, 75

the expense of monovacancies during the quench.

28,29, 42, kk-46

Experlmental dat Lndlcate that the perturbatlons caused

‘hby these factors increaee with increasing quench temperature and in
general result in the estiﬁated value of.the monovacancy formatfon enthql-
Py beihg somewhat"lcuervthan the "true" value. These effects can, ih
part, be minimized by careful selectdon and control of the experimental

' conditions; | | |

| Assuming for gust thls reason, that coqpllcatlons l~5 have a
negllglble effect on the quenched -in vacancy concentratlon, the expected

. .change in the electrlcallre51,tance of a ,wall annealed crystal 1mmed1ate-:

ly after quenching from Tq can be represented by

. -‘. -

‘ . 5 *. , : i = .
: = ‘ + ! e
[AR(Tq)] =100 ¢g [Aplv Cr (T) + by ‘CQV(T ) + J ‘(9).
S Thetx o T S o -
where o . . v . _
g = geometric:factor of dimension cm-l?- B N R L
;Apjv = resistivity per atomic percent of the jth type defect
A , . Y : ‘ ' .
* ‘ ‘ : :
ij(T )_= fractional concentration of the jth type defect character-.

fistic'of some temperatur; T* and?a totaIYVacancy cohcentratioh of

f(T )[AN/N] ._>HereAf(Tf) is the fraction of the~equilibrium concentra;,
tlon, (AN/N)T R retalned " The temﬁerature T*_is defined as that tempera=-
ture, above Whlch the concentrat:on of the Jth type defect is equal to its
equilibrium value correspondlng tq the 1nstuntaneous temperature and belOW'].

v

: , : ' - . * o,
which the equilibrium concentration characteristic of T 1s frozen-in.
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Under the_limiﬁing conditions f’ » : ;

| f(Tq) = constant, ' © (10) . '
;(AN/N%q: = ¢, (T.), : (11)

~ ~ ~ A
% A’_ = == - '

Bey = 1/2 bo, =15 Doy S (12)

it follows that v
[AR(’I‘ )])L pox = = A exp(-Ah /}u ) . R , (13)

AHere A =100 ° g £ Ap exp AS r/k), waere ASf is the mcncvacancy
' formation enthalpy. Low quench1n0 temoerabures and cluster binding
energies_favor conditions (10) and (11), and the linear epproximation,
;i.e., chv = jApr where Jj < 5;? is expect=d to be true w1th1n about
10%.53’?h _Experimental‘resultséfor aluminum,55 gold,56 511ver,28’29

L _L'.‘. . . H .
and platinum 2'J.ncllca‘ce that'there is a ‘limited temperature range over

.whlch the above COndlulOnS are approx1mately satlsfled thus allowing

a determlnatlon_of‘AHf to be made from the temperature dependence of

Y

AR(T )
‘The ex1st1ng data from quenchlng experlments on pure copper are,.

in many cases, 1nconclu31ve. The temperat;re dependence of the quenched-

1

in resistance has apparently been 1nvest1g1ted in a number of labora-
) torles, however, some of these results have gone unpubllshed.ll In at

least one case, anomalously large.and erratic resistance inerements

-precludea any analysis.65

¢

Alroldl, et al 66 quenched 0.0k mm dlam. ‘wires of nominally 99. 9997

b

.pure copper in ‘gaseous drgon at an 1n1t1a1 rate of 5X10 deg/oec. Over

It is presehtly thought that in the noble metals most of the vacant
lattice 31tes present 1mmcd1cutelr after a quench exist elther as iso«
lated vacancies or in clucteys .ol ordervg < 3, if the temperature to

which the specimen is quenched’is suffiziently low.



‘ :-llmlt expected frcn theory

-11-"

~ & temperature range from 600 to 800°C, the. increase in resistivity could

!

be described by

po(r ) = [(1283 w10~ ohmecm] exp (-1.0£0.1 eV/T ) . (1)

'This corresponds to ebont 0.2y ohm-cn at the meltinglpoint,'1083°c; If :
" it is assumed that\the:data.are representative of the equilibrium concen- ,‘p_

tration of defects at the quench temnerature,‘then by combining this

increment with the dlrectly measured concentratlon glven by Slmmons and

Balluffl, 1 namedy'(AN/N)lodj c = 2ﬂOXlQ.h,vone obtains AD1 ¥ 10u ohm-cm

. L . v
per atomic percent vacancles, This estimate is about six times the upper
67 ‘ ‘ :
68 N |
Martln has quenched 0.1 nm dzam. wires (99 999% pure copper) from ‘

temperatures up to 800°C into methy1 alcohal at -78 c at an estlmated

3'quench1ng speed of & 5><103 dcg/ ec. The soe01men was heated in vdcuum._;‘

prlor to the quench The quenched in re31>t1v1ty increments never ex-

10

-ceeded about 2X10~ ohm-cm.‘ Thls,change is more than two}orders of
'magnltude ‘smaller than that obtalned by Al”Oldl et a1.66 at comparable

‘temperatures even though the reported quenvhlng rates are smmllar.

Budln et al. ’53 have reported on O,L mm diam. copper wires

(99.999%) quenched from s, hydrogen atmosphere at 25)(103 deg/sec. The
resistance increments were compllcated by d reasonably large contrlbu-

tlon from dissolved hydrogen The increment of resistance proportlonal

" to the retained vacancy;concentratlon was obtained from the difference

between the total change in resistance and that due to dissolved hydrogen. .

Ia

An explicit relationship between Tq end C,_ was not giVen. The data -
are interpreted in terms'of‘AHfV = 1,l7i0;06 eVJand.Apiv = l.lu‘ohm-cm

per atomic percent vacancies. The authors commented on the' good agree-

Lo




. , “12-
ment betueen their estimate of the fqrmation enthalpy and that found by -

11

1

" Simmons and Balluffi.
The migration.cha;acteristics of vacancies can be investigated‘from' .

avdetailed‘analysie,oftthenkinétics associated with the disappearance
(i.e;, to permanent sinks and by aggregation)‘of quench induced defects.
This is usually accompiished b&Adetermination of changes in the electrical

'res&étance as a fUnctioh of tiﬁe.and temperature. The principie objec-
‘tives are (1) a ‘characterization of the ma.in anneallng stages during

- 1sochronal recovery processes, (2) Ldentlflcatlon of the mlgratlng defect,

' estlmatlon of 1ts mlgratlon enthalpj, and in the case of multivacancies,
.an estlmatlon of its characterlstlc blndlnp energy, and (3) the identi-

fication of the operatlve -vacancy s:nks...{he_experlmental situation is

compllcated

l. Because the obberved recovery pro<esses are extremely sensitive

to the total thermal history’ of . ‘the crystag ’57 =29

2, . Because of 1nteractlons between quenched-ln vacancies and im-

purlty atoms, pre-ex1st1ng dnslocatlon, and, dlslocatlon damage resultlng

1 5& 56 ue 57 60 7c

from quenching stresses,

3. Because .of compllcated.lnteractlors between the various types of -

vacancy defects both durlng the quenchh7 52 ’75 and during low temperature .
1,59 '

annealing.

Unequivocal identification and quantitative assignment has been agreed

»

upon in very few, cases.

For copper there 1s dlsagreement concernlng the main ahneallnp stages. -
v.The results and some of the pert nent; experlmental condltlonu a33001ated
with the work (whlch the wrlter is dware of) are summarized in Table II.

The data of Airoldi et G¢.6§ 1nd1cate that rapid iéothermal annealing
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L =13-

is observed only at temperatures above 350°C, Analysis of the annealing
1 !I " " ) AN :

kinetics gave activation energies of 1.3 eV and higher. Martin =~ found .

that 50% of the quenched in re: 1stance annzaled out after 15 min. at room

temperature and reported, the seldom mentlnned 1nformatlon, that all the

increment could be annealed out. Budln and co-workers 22,35 quenchlng

from a hydrogen atmosphere, found a two stage‘recovery spectrum, -180 to

-lOd°C and O to lOO°C.; These authdrﬂ conc luded that the'lOW'temperature

activity was due to hydrogen, Aﬂq: = O.U eV and the higher temperature

stage was attrlbuted to monovacanc1eu, AH?V ='0.80 eV, From results

_ obtained from re51strv1ty measurements and - small~angle scattering of

x-rays, Galligan and Washburn6u detected considerabié amount,of point

.- defect activity around room temperature sunsequent to quenches from
. T A )

~lO7O C. Clarebrough et al.)5 stud1ed, in some detail; the effects of

"neutral and reduCLng atmospheres on' the 1sochronal annealing:behavior
fvof copper. For spe01mens quenched from a "arbon monox1de atmosphere
~ the res1st1v1ty decreases 1n two dlutlnCt stages of approx1mately equal S
i‘magnltude. The low temperature stage ( -50° 10 100 C) wa.s attllbuted to
vytdlvacancy anneallng by analogy w1th results from s1lver.‘ The hlgher

. temperature stage (200 to M)O C) was attributed to the annealing out

of submlcroscoplc vacancy c]usters or dlslocatlon loops. A more compli- -

- cated annealing behav1orvwas observed when specimens were quenched’from
an argon atmosphere (see'Table II)h; This.complication appears to be
due to oxygen contamlnatlon resultlng in- the formatlon of stress 1nduced

“"dlslocatlon loops durlng the quench (see Table III)

The most complete klneutc data for qu*nched copper has been reported

in a serles'of papers by Seeger_and'co.-workers.15 gh 69 70, 71 Small-~

angle scattering of x-rays and électric&lhresistance results (-20° to

woat i o
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. 250°C) indicate the ex1<tence of two maln &nneallng stages, i.e., -20°

to '100°C and lOO °C to 200 Co ‘ The upper otmge has been explalned by the-

:-migration of a single vacancy; AR = 1.08 eV. The lower stage has been

v

. interpreted in terms of the annealing of divacancies which are in local’

thermal equilibrium with sing]e vacancies. The migration enthalpy and

‘blndlng energy of a dlvacancy are beLJeved to be AHg 0. 67 eV and B2 =

0.12 eV.' These results have recently becn summarlzed and alscussed

If the“avallable_anneallng data;are con31dered as a whole, they -

- appear to indicate the existence of three annealing stages, i;e.;

-80°C < T. < 100°C, 100°C < T, < 250°C, and 350°C < T5 < 450°C.  The low.

1. ’ 2
temperature activity is quiteAsensitive‘to TO and the intermediatefstage

has been observed in only onejiaboratory.* The complications arising

from gaseous contamination are quite marked and well documented in at

4

least four diffeyent“investigations.L5’32’33’§5 In at least two cases,

non;reproducible quenched-in increments for approximately the same Tq

13,35

have been re?orfed.

In the majority of quenching‘experiments, the reeovery processes are
accompanied by the formation of vacéncy‘aggregates.9’vl Their detectioh
and ldentlflcatlon.areof‘conulderablv 1mportance in the understandlng and

57-59,62

theoretlcal 1nterpretatlon of recovery proc=sses. Transmission

electron microscopy of thln f01le has.proved to be a powerful technique

S

- in the inveétigation of defect‘clustefs'bf iiametet greater than about
° C ' PR )
Lo A.61’63 In addition, small-angle scattering of x-rays can, under
_ | oh,6h . - , e
cértain conditions, ’  be e:revealing technique in studying the iInitial .

stages of vacancy'precipitation Clu ter dLameters in the range =10 to ~

60A can be detected by this method.

: Copper is unique in that theeinitiallStages of vacancy aggregation
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bt o

© after 2.hrs.

- crystals quenched from vacuum : and carbon monox1de

. -17‘

have been investigated by X-ray techniques. _Analysis of small angle

. scattering measurements nade on quenched corper annealed at, or slightly

above, room temperature suggest that vacancy clusters have spherical
shap‘es6h or perhaps are oblate eilipsoids.eh' CluSters were first detected
after about )O min. anneallng at 25°C and reached a maximum size of = 50&

6l

Transmission electron microscopy observations on quenched and iso=-

thermally annealed copper are far from satlsfactory but in some respects

duite reveallng. These results are summarlzed in Table III. The only

resolvable defects, appearing in a reasonable density, are loops which lie

in rows along (110) directions. Smallman and co-workers7h concluded from

their observations that these Ioops were of the Jones-Mitchell type76 and

were formed as a result of large utresses around precipitates. The stresses

'develop>dur1ngthe quench because of dlfferentlal thermal contraction. The

",fact that the lOOpS were assoc1ated w1th particles was subsequently veri-

3

3L

j"fled by Barnes and Mazey. ‘ These author also showed that the observed

» geometry of the rows was cons1stent w1th that predlcted by theory and

Il

‘:that the loops were therefore produced by prlsmatlc punchlng. It has

also ‘been suggested that the punched Joops in copper are of interstitial

character, and it is generally‘assumed that the precipitate partlcle0

:,respons1ble for the punching- arlse from the internal oxidation of trace

1mpur1t1es durlng pre-quench thermal ureat*neqts.5 232 Both copper and

its oxide can dissolve oxygen.?7 The absence of prismatic punchlng in

7‘)_ ' {"
o 25 supports this

argument.
The generation of such defects ‘can, in Dart, account for non-repro=-.’

ducible anderratically large quenched-in increments that have been reported,
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~as well as, the more complicated annealing behavior reported by Clare-

tions.

- from which the re31st1v1ty per atomlc percent vacancies, Apl , can be

. =20-

brough et al.55 for spec1men“ quenchea intc water from an argon atmosphcre. @
The first observaole deféct vhich is thought to be characteristic ‘
of the "pure" metal is the so-called black spot in bright field images.
Prior to the contrast study of Bell ettal.,78 the results of which will
constitute a part of the present report, little was really known about

the nature of black spot defects or 1bout tlelr relatlonshlp to the

© vacancy recovery spectrum. It had been suggested that the smallest black.

spots might be voids consistent with the small angle x-ray scattering

data and the larger ones dislocation‘lcops,YO or that they might actually

be unresolved stacking fault tetrahedra consistent with energy considera- ;

(P

:‘bJE;l Present, Investigatioa '

The present experlmental 1nvest1patlon on copper was undertaken in

-an attempt to' 1. estlmate the monovacancy formation enthalpy, AHl )

undexr nonequlllbrlum condltlons for compar1>on w1th equlllbrlum experl-

ments and theory; 2. obtaln an estlmate of the - monovacancy migration

’ :f T

= enthalpy from the relatlon Q AHT = AHl , where Q is the experi-

,lv

-mentally determlned self—dlffu31on actlvatlon enthalpy, 3. obtain data

"i.evaluated in comblnatlcn wlth equlllbylum measurements and compared with
vtheory; L, investigatevthe i%ochfcnallannualing behavior of quenched-in -
Tvacanc1es over a sufflclently W1de pange of temperature SO as to prov1dc

' :qualltatlve 1nformat10n about defect mobllluy and vacancy clusterlng

phenomena; . 5. determine cond;tlons favorahle for detalled observatlon

of vacancy aggregates (e.g., voids,3black spots, or resolvable loops) and .




©
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thereby investigate their nature and assess their relative importance

in recovery processes; 6. establish a basis for fubture deiailed inves=- '

tigations of vacancy annealing kinetics and nucleation and growth of

vacancy aggregates in gquenched copper;:. end 7. provide information useful’
in the atomic interpretation of the annealing of irradiated and cold-
worked copper.

Tor these purposes, the temperature deoendence of quench induced re-

sistance was determined at L.2°K. Changes in this quantity were‘measured
as a function of time and temperature, and transmission eléctron micro-
scopy observations were made on quenchqd and isothermally annealed foils.
The e?ne“1menua* conditions were designed so as to overcome formidable
di ficulties previously encounteréd. . Because of this, significant limi
tions were imvwos ca on the technigues and thu s-precluded conducting the
two.types of measurements on the;saﬁe specimen. It is felt that the
present resulue are representaulve of vacanﬁy oehav1or in nominally

,,.9O9b pure coppe* anu that difficultics from the numerous complicating

features previously:cited “have, for the most pert, been minimized.
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II. EXPERIMENTAL PROCEOURE
.A oL j‘l
A. Electrical Resistance Zxperiments

High purdty copper wires:were quenched in a static atmosbhere of ..
. helium gas frem temperatures greater‘than hiOdC and less than 800°C..
Specimene were d.C. resistanee heated in a'positive pressure of purified '
helium exchange gas while the experimental chamber‘was embedded in liquid
nitrogen. The temperature of the:specimen'was determined from the known
temperature depeﬁdeﬁce bf;thevresistmnée; uenching was eccomplished by
switching-off 299% of the;input pdwer. Queaching profiles were recorded
oscillographically'uhdef eohetanttcuprent conditiens.; The residual
'";reeistance,'meaeured.at liguid helium tempefature’by precision”potentid—
'fmetric‘techniqdes, was used td deﬁeeﬁ fhe duench induced damage. Pre-
quench‘anneallné w;e carrled out 1n vacuumn. ‘éonsiderable‘carevwaé taken
3 to ensure - reproduc1b111ty of “the. wel] annealed state.: Isoéhronal'annedl:'
ing studles were conducted subsequent £o quenches from ~7OO C. Speci=-
mens were res1stance heated by‘electronlcally controlllng the current
pa331ng through them.{ Thé annealing,progress from -200° %o +50b°C was }

followed by measurlng the change 1n elecirlcal re51stance of the :

Y

specimens at 4.2° X,
1 dMaterial EEEEE RS
The copper specimene{wefe'0.005:cﬁ diametef hafd drawﬁ wires subplied'-
”;by'Sigﬁund Cohn Corporation; The wlre was prepared from grade A-58 copper
“of nominal 99 999+% purlty obtalned from the Amerlcan Smeltlng and Re-

flnlng Company. Accordlng to the suonller, no 1mpur1t1es are deuectdble

| by spectrographlc analy51s wnth the Fo]low:ng known llmlts of senu1t1v1ty

(in parts per mllllon by'welgnt) Sl < 0. 1, Cr < 0.5, Fe < 0. 7, Ni <1,



'y

: spec1men.

.were bakable to hOO C.

23

As <2, Ag < 0.3,Sn<1, S <1, Te<2, Po <1, and Bi < 0.1 Chemical

-analysis showed that the.copper contained‘Se < 1 and S < 1 parts per

- ' * . : A
-million. Spectrographic analysis after draving showed that the wire

contained 1 to 2 parts per million of ironand silver. No other metallic
impurities were detected. The limits of sencitivity were identical to

those originally employed by the American 53melting and Refining Company.

.Mounted and annealed specimens had ratios of resistance at 273°K to that !

at liguid helium temperature from:.450'to 650. - .

~ 2. Experimental System

In view of the difficulties encountered during previous experimental
investigations of quenched copper and as a result of experience gained

during the early stages of the presentlwork, the qﬁenching“and ennealing'

. environments were deeigned'so'ae to minimizegaseous'contamination and
2 mechanicel deformation. . To this'ehd 3 system (see Figs. 1 and 2) was
- establlshed whlch would permlt work to be carrled out in a dynamic. vacuum '

“or a controlled hellum atmosphere w1th the experlmental chamber at

temperatures between E.E.K,and‘673,KAw;thout necessitating moving the

Z

‘The system was constructed from 30h stalnless steel and Corning 77&0'-‘

glass. Joints. were hell arc welded, copper gaskets were used wherever

‘ pos51ble and parts were electropollshed or chﬁmlcally'pollshed before

rassembly. For these reasons the experlmental chamber and gas manlfold

,__‘~‘.« : . ,
-3 g " . i

The glass constructlon of the douhle dewmr cryogenic system and .

ﬂexperlmental chamber permitted v1sualjobservau10ns of the copper wire

—— ‘ o
Lucius Pitkin, Inc., New York, New York
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(a)

|. Mechanical pump

2. Oil-diffusion pump

3. Liquid nitrogen cold trap

4. High—vacuum valve

5. Bakeable high-vacuum gauge
6. Stainless steel manifold

7. Glass—specimen chamber

8. Glass liquid - helium dewar
9. Glass liquid —nitrogen dewar
10. Pressure gauge
|1, Stainless steel gas-storage tank

(c)

ZN-5626

Fig. 1 Experimental system: a. schematic of system; b. side view
photo; c. front view photo.
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e To gas manifold
and vocm;um system

S.S. Conflat flange (Varian Assoc.)

_

% .
\\\\\\ Housekeeper seal (stainless steel to glass)

Getter leads

Vacuum pump out

2

722

Z

0

7777

Titanium getter wire — | -

o

™ Copper heat shield

Glass liquid nitrogen

dewar \

Glass liquid helium dewar—| |~ Glass test chamber
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Fig. ? . Petails of experimental chamber and double dewar cryogenic
facilities. Inset 1s a schematic of wire specimen and potential
* leads.
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- to be made under all eXUeriﬁental co.jitionx. This was a very desirable
feature, Anasmuch’. as temperature 1rhomo*enelt es during heating experi- -
ments could be detected visually.

Copper current and potential ieads were: brought out of the chamber
through vacuum tight feed~thrcughs.i Purified helium gas was stored in
“pre-baked stainless steel tanks and introduced into the system through
an-all metal valve. The gas pressure'was mcnitored eithef on & Hasting
(Nbdel DV- 17) bakable the“mocouple sensing element 1n the range 0-1000u

Hg or on a USGA (Type‘Cl5~~q) stalnless steel compound gauge (30"-0- 15%),

’

‘3. Speciﬁen Preéarafion andg, Mcunfingi
A 0.005 cm'éiameter wire specimeh apprcximately 10 em long was BN 5

carefuily chosen:end'insbected-in'ofder.tO‘detect any shape inhomogenei- |
ties which might havemresultedifrom'drawihg.and subsequeht handling. A
éatisfactory wife was then'cleaned‘ih:acetcne aud rinsed in ethyl alcohol.

,The “top . (% l cm long) ‘and bottom (“ 2 5 cn long) of the wire were chemlcally
pollshed in a solution of 50% nltrlc ac1d 25% g1a01al acetlc ac1d, and
: 25% phosphorlc acid and carefully rlnsed. The cross sectional area at |
the ends was reduced by about 20% as . a reoult of thls Operatlon, thus
helplng to promote a unlform tempcrature-dgstrlbutlon along the gauge
Clemgtn, . . opbiLa |
The‘spec1meu was- flxed 1531de the éyrex chamber as shown in Fig. 2
i-(see insert). Each spec1men cons1sted of a stralght gauge length bounded
'ﬂby two curved end sectlons whlch mlnlmlzed restraints and also helped
to eSuablesh a unlform temperauure‘d1>tr1bucxon. The gauge length wvas a 7

determined by two O, OOl) cm dlameter w1reu, of the same material and

nominal purlty as‘the;spec1men, spot welded about 5 cm qparta Gauge ,



o
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lengths were reproduced within 0.2 cm s0 as to minimize effects result-
ing from differences in specimen geometry.

L. Pre-Quench Annealing Treatments

‘Prior to the introduction of a neW'speuimen the chamber and manifold

were baked at a temperature of 400°C for about 5 hours. After the speci-

ment was mounted and system evacuated'for 8 to 10 hours‘(z l><lO-7 torr}

thhe chamber was. again baked to’ a mwxlmum temperature of 300°C over rough-
1y a 6 hour perlod. The pres sure never exceeded 5X10 =T torr during thlo
. interval. and the max imum specnmen temperature reached was estlmated to.

‘be 200 c.

i‘

After bake—out the chamber was cooled to liquid helium temperature.

B Vacuum anneallng was accompllshed under this condltlon by d.c. res1stance‘

. heatlng us1ng the known temperature varlatlcn of the res1stance to deter-

PR

\*mlne the spec1men temperature Vacuum condltlons in the reglon of the

spe01men were estlmated to be < 2XlO -8 torr;f

" Hard drawn w1res were glven an 1n1t1al high temperature anneal in

.iforder to promote graln growth and reduce the free dislocation density andt_

h' thereby stablllze the specrmen substructure. For this purpose the wires
xgpwere annealed at ~400° C fbr l to 2 hours, 7OO to 800 C for 30 mlnutes,

| ~600°C for 1 hours, ~5oo c for 2 houro; and ~hoo’c for 8- 10 hours. Whrle .

vanneallng at the hlgher temperatures, w1res were examined fbr tempera- |

. ture: 1nhomogene1t1es and only those having a uniform temperature dlotrl-

‘vrlbutlon were retalned fbr further use.;

Before each quench cycle, w1res were glven an addltlonal vacuum

o anneal of 15 min. at 500 C, 5 mln. at MOO C and 50 min. at 500 C. Thls

procedure was requlred to ensure. satis factory reproducrblllty of th

: ?well annealed state (1.e.4effect1vely vacancy free, impurity and
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dislocation céncentratibns constant) as inferred frém the residual re-
. sistance at liquid helium température.

The importance Of_such a reference béﬁe has been demonstrated by
recent quenching work.og gold.56 The recije presented here alloved a
base to be obtained which Waslsufficientiy reproducible to allOWNanal&sis 
of Quenches from. above about #60°C if cénsideréble care and patience was

taken in its execution..

- 5. Quenchlng Procedure

v

Both cryogenlc dewars (bee Tlg 2) were initially fllled Wluh llquli

.hitrogen.» The re51dualvhellum gas from the previous quench-anneal cycle

-7

_was evacuated (=1 hr;_z'leO ' torr)g iA titanium ggttef wire, located,
in the upper part of the chamber, Qaé‘outg§ssed (T =°1500°C) By resistaﬁce
:heating for aﬁOut,i—hr..'The chambervand ges manifold were then isolated
-.:from the.pumﬁihg; Station by Way of a hiéh vacuum vélvé. Prev1ously
‘,purlfled helium gas (see Appendlx I for puzlflcatlon details) was
‘s1mu1taneousiy leaked into the system..ﬂThe.gas preésure was slowly in-
creased to 2 psi and the titahium éettér wire maintained at a temperature
of about 1200 ’C for 50 min 1n order to minimize the residual gases, other
_than hellum, in the system result:ng from the 1solatlon step.

Spec1mens were d.c. re51stance heated under constant voltage condi-

' tions.* Load regulatioh was better:thgn 6.62%. The temperature of a
 best wire wés determined from;the ekéeriﬁenﬁaliy measured tembgfdture

‘variation of the r~sistance. EThese data were normalized to a value of

" the resistance at 0°c, thus the ratio Qf'the'resistance.at thefquench

Maximum power required was -about 30 watts, i.e., 2.75 amps at 11 volts.

£
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ltemperature (Tq)‘to,that at‘O°C could be compared to the known ratios

in order to establish Tq. The' data of Meechan and Eggleston17 and of
Leeds and Northrup79-were'usedfas standards. The nominal purity of the

copper in both these cases was, 1dentLCal to that employed in the present

“work. For addltlonal detalls refer to Appendix II.

The res1stance at the quench temperature wa.s determlned from 51nul-

]

_taneous measurements of the voltage.drop across the-spec1men gauge length

vand across.a 0,010 standard res1stor connected in series with the speci-

men. In general it took about 5 mln to br:ng the specimen to the desired

t'.temperature and it was equllnbrated at the temperature for an addltlonal

:5 to h min.

Quenchlng was acconpllshed'by SWltchlng off =99% of the input power.
Quenching proflles were-obtalned from the change in specimen re51stance :
durlng a quench by osc1llograph1cally reco:dlng the voltage drop across .
the gauge length under constant current conditions. For thls purpose a’
s111con controlled rectlfler sw1tch1ng un11 was placed in serles with the
power supply (see Fig. 5) The heatlng pover was sw1tched off and in

lmsec a 100 ma constant current was establLshed. Flgure b shows voltage

- time traces characterlstlc of thls witchlng sequence for a flxed load.,

The importance feature is that at no tlme 1ls addltlonal energy brought

-to the sample." Mechanlcal sw1tch1ng technLques falled to display thls L
"'property with any degree of_rellabltlty. The oscilloscope was trlggered o
w1th an external pulse’ whlch was electron1~ally coupled Wlbh the constant

voltage —aconstant current operatlon and, d=alyed 1. l msec so as to ensure

that a quenchlng curve was characterlstnc af the constant current state.

The sw1tch1ng, constant current pOWcr supply, and scope synchronlzatlon :

r“

circuitry is shown in Frg. )5
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(a) (b) (c) (d)
_ Power ' : |Experimental Standard
? supply @ Switch chamber resistor

p q | q

&) ¢ | () (g)

Oscilloscope Voltage Potentiometer
divider

Current — (g)‘
Potential : Potentiometer

MU B-10688

Fig. 3 Block diagram of components used for wire quenching cycles:
a. constant voltage power supply (Lambda Electronic Corp., Model
LE-103FM); b. silicon controlled rectifier switching unit, i.e.,
constant voltage to constant current and coupled osc¢illoscope syn-
chronization pulse; c. experimental chamber; d. constant temperature
0il bath containing precision 0.01Q standard resistor (Leeds and North-
rup No. L4222-B); e. oscilloscope (Tektronix Inc. dual-beam scope Type
502); f. precision voltage divider (x10); g. potentiometer (Leeds and
Northrup, Model 8691).
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<

)

(V

Potential

ZN5627

~
=

Fig. 4 Oscillographic traces of constant voltage (~ 7.2 volts) - con-
stant current (& 100 ma ) switching sequence for a fixed load:
a. lusec per division (~1.8Q. load); b. 1lOusec per division (=1.80
load); c. O.lmsec per division (~1.5Q load).
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Fig. 5 Circuit diagram of constant voltage — constant current
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Qnenchlng curves could be approx1nated by an exponent1al coollng

law of the form .
' () = T + AT exp(at) N . (15)

where T0 = 77°K and AT2= Tq-To, o is the rate constant, and>t the time
' 5

in seconds. Initial qﬁenehing rates of apout 25x10° deg/sec were ob=-

' tained (i.e.; o = 283 sec;l), The time required for the sﬁecimen to
drop halfWay toiliouid nitrogen temperature was between 20 and 25 msec
and to R(273°K) was between 50 and 60 mse:. Typical quenching profilesa
for Tq ~ 610°C are shown in.Fig.‘6; | . ‘ | '

| Foliowing a quench the heiium gas preSSure‘in the chamber.was'
‘reduced to a value cormespondiﬂg to:about 5001 of Hg at’h.2°K. The

liquid nltrogen 1n contact w1th the. expeerental chamber was removed by‘

pressur1z1ng the dewar w1th hellum gas and blow1ng the nitrogen out
1

“through a small tube whlch extended to thv bottom of the dewar. The

"res1stance of the spe01men remalned approtlmately constant and charac-

>>terlst1c of R(77 K) durlng thls step. Stundard techniques were then

v Y

employed in transferrlng the llqula hellun.

6. Resistance MEasurements g

All measurements of the mesiéual reeistance were made at liqﬁid |
" helium temoerature in omdervto minimize the temperature dependent con-
’tribution to the resistance.g‘Tmis was essential in the,present woiﬁ'
since the quenched induced resistance was quite small.

The voltage acro:s the spec1men and. across a 0.10 standamd re~
. sistor connected in serLes w1th the spec1men were measured s1multaneoesly
(see Fig. 7) To this end, two Rubleon 6-dial microvolt potentiometers

(Model 2768) were employed. The galvanometer used for the current determ1natLon

e
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Fig. 6 Typical time-temperature characteristics during a gas quench.
Here T ~ 610°C, R is the potential drop across a 0.1Q standard resis-
tor (0310 mV) and S is the potential drop across the specimen (O 140
mv). (a) 20 msec per division; (b) 50 msec per division.
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;
(o) () (o)
Power Experimental | __ Standard
supply chamber resistor
(h) | (d) &)
Golvanometer - Thermal .
compensator : Potentiometer
® 9 L [
e ¢ N e ¢ .
(g) —1-® (e) . Iy
Photocell (i)
) amplifier Potentiometer - |Galvanometer
‘ . of)l : ‘
. compensator )
. Potential
_ , MUB-10690
K

Fig. 7 Block diagram of components used in making a resistance measure-~
ment: a. precision d.c. regulated power supply; b. experimental chamber;
- . c. constant temperature oil bath containing 0.1 standard resistor (Leeds
o ~ and Northrup No. 4221-B); d. thermal compensator; e. Rubicon 6-dial
", microvolt potentiometer (Model 2768); f. Guildline thermal compensator
. (Model 521L4A); g. Guildline photocell amplifier (Model 5214/9460);
. h. Guildline secondary galvanometer (Model SRR1/9461); i. Rubicon coil
suspension galvanometer (Type 11349%),
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~ was a ﬁubicon coil suspemsiontyﬁe (Moﬁel 11349%) with a sensitivity

of 1p V/em. In determining s ecnmen voltages, a Cuildline photocell
amplifier-(Mbdel 5214 /9460) and necon’ﬂrv oalvanometer (Model SR21/9h61)
with a combined maximum sensitivity of 0.0lu V/cm were used; Due to the
very high sensitivity of'the.amplifier; small thermal emfs broduce yery
large signals. .In vieujof this a Guildline thermal compensator (Model.
521L4A) was COﬁnected in series with the input to the amplifier. There-
.forega:smali emf could be“introduced:in the circuit to balance out para-
sitic yoltages and thereby bring the'electrical_zero and mechanical zero

of the galvanometer system into 001n0ldence.

The d.c. measurlng currcnt was malntalned at O. 2000OA and. controlled~A

to *2 parts in 10~ by a solid state regulator whose circuit is shown in
Flg. 8. The peak to—peak rlpple was about 2. Ol% ‘A frequency response

| test showed that the spe01men dld not respond to the 60 period. No

. measurable self heating of copperywures was observed with this magnitude .

'of current.

A Thompson emf resultlng from the fact that the specimen was at

?;,u 2°K and the measurlng equlpment at ‘TOoom temperature, was found to be

"ilconstant over periods of time con31dorab3y longer than necessary for

making a measurement. ThlS emf dld vary in magnltude (O.luV— O.huV)

”H‘ depending on the liguid helium level and exchange gas pressure in the

_‘experimentalrcbamber. The effect'ofAthis latter variable was minimized -
by always maklng measurements at a gas pressure of 500u Hg. Because of
;..1ts stablllty w1th tlme, the Thompson emf was most easily accounted for
by plac1ng a prec1s1on therma] compensator {see Fig. 9) in the specimen
potentlal loop and thereby bal ancing the emf out.

The. background n01se level in- tLe meas1r1ng circuit was at most

L4
P 4
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The operational amplifier,A,was a modified Brown Electronik Nuli-Indicator (see reference i128)
MUB-10691
4 °
Fig. 8 Circuit diagram of precision direct current source.
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Fig. 9 Circuit diagram of precision thermal compensator (£6uV).
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5i0.002u V and rapid~fluctuations.of thermal emfs were completely absent.

'.It was estimated that the uncertalnty in a potentlal reading, resultlng '

from the nonc01nc1dence of the electrical zero and- mechanlcal zero (when
referred to the galvanometer) due to back round noise and uncompensated
thermal fluctuations in the specimen and a'vanometer pontentlal loous,
'was consistantly < O OOSu V and corré,ponded to about O. 004 for typlcal
values of the specimen res1stance This was attrlbuted in part to the i
follow1ng favorable condltlons.. The tcmperature of the room was thermo-
statically controlled to w1th1u £2° C.: Changes in room temperature which
_ might effect equipment performance were quite minimal.. Standard res1stors,,
low thermal selector: sw1tch, and. otandard cell were housed in a large 011.
.“d'bath whose temperature remalned constant to w1th1n iO 02 c over perlods‘
of 8 to 10 hours. ngh purlty copper ulre (99 999+%) was used throughout
'the potentlal 01rcu1try._rExtreme care was taken in making potentlal
lead contacts, in thermal and electrlcal sh1=ld1ng, and in the selectlon

i
4

of groundlng p01nts.

It was possible'fbr;a siugle meaeurement of'the reeidual.resistance
to be made with an u.ncertainty 'af'ab'élxit £5x1. 0’8 n (i.e., <»Io 01%) as
__determlned from the prev1ously quoted unCertxlntles in the measurlng
current and spec1men voltage,* and a statlsthal uncertalnty of about

210 Ta, - oy ,yd“

o

This uncertalnty is not meant to 1mply that the absolute value of the
reulstance is known to better than O Olp since appllcatlon of the manu-
facturer s spe01f1catlons for a]J componerts would place an uncertalnty
of 0.02% on a measured value of the xcgleiance for the callbrated

accuracy and 0.0L4% for the llmlt of error case.
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. 7. Isochronal Anneallng 'ﬂx”fj'{;iwln

Subsequent to quenches f‘romT,1 ~ 700°C, a llmlted number of.annca.lmrr .
experlments were conducted. Isochrunal anneallng consisted of heating the
specimen for a fixed tiue (e.g.iAt = 5 min) at a series of lncrea51ng
temperatures, selected.so thet AT/At remained constant.

Specimens were re31stance heaied in 500u Hg of helium gas while tho
.experimental chamber remained embedded.in liquid helium. For this purpose
the specimen was introdueed as the "unknown" resistance in a;Honeywellk
“Kelvin double bridge (Model l622).'rTheAbridge was operated ln series -

‘ with an external dc power supply (see Plg lO) AThe resistance of the

fspec1men was brought 1nto corncmdence with the present brldge res1stanccA

" standard by controlllng the current through the bridge. This was accom-

pllshed by taklng the error 51gnal from the brldge, amplifying 1t, and
) u51ng the ampllfled s1gnal to drlve the series power supply. The tempera-

.ture of the specimen wa.s agaln determlned fronm the known temperature de=-

pendence of the re51stance..f‘
Because of the rapid response time of the conitrol system, a copper

wire could be pulsed directlv to a desired temperature from the liquid

)
ks

helium state. Care was. taken to av01d overshoot by selection of

_ approprlate ampllfler galn constlons. Temperature-rise time of the

specimen was of the order of. 50 msec. Figure 11 shows en oscillographic
trace of the bridge. error slgnaL for a pulse from h 2 to 2753°K. The
_”approach to the null poOs 1tlon clearly demonstrates the abgence of over- . .
shoot. - ; ? " 'gf j | B _ - o Y
Devratlons from the balanve pOthlOI during en anneel were monltored '

on a Brown‘electronlc nulJ deteotor (Mode] thWl G) having a maximum

sensitivity of:5uV/cm. From the ob;erved fluctuations from null it was
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(c)
Timer
(a) (b) (d) (e)
Power .r ) Experimental
supply Switch Bridge chamber
(£)°
<_Amplifier Potential lead
2 * *compensator
(g
(h) Current e

MUB-10693

Fig. 10 Block diagram of components used in conducting an annealing
cycle: a. direct current power supply; b. silicon controlled rec-
tifier switching unit; c. pre-set timer (Beckman Instrument, Inc.,
Model 5423); d. portable Kelvin double bridge (Honeywell Model 1622);
e. experimental chamber; f. potential lead compensator; g. differen-
tial d.c. amplifier (Dynamics Model 6450); h. electronic null indi-
cator (Brown, Model 104W1-G).
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Fig. 11 Oscillographic trace of" the bridge error signal for a pulse
from 4.2° to 273°K.



k5=

-concluded that-the average‘tempefatufe of the specimen, as determined‘
from its re31stance, could be contrOLled to W1th1n £0.1°C in the uempera-.

ture range -lOO to +100°C. Outslde of this range the temperature regu- f'

" lation was ~ £0.5°C.

The annealihg’tiﬁe wae conﬁrolledlpy 3 Beckman pre-set digital
counter (Model 5423). This unit was electronically coupled with a
' silicon'centrolled rectifier switehing circult which was placea in
series with the d.cC. power supply (sée-Fig. 10). The timer was actuated
‘c01n01dental w1th the c10s1ng of phe ourxenb loop. At the compietion'of‘
a preset tlme interval a pulce from the timar activated thc open cir-
. cultry controlllng the SCR. Tlme 1ntervalo could be control]ed to withe
in *0.1%. | . ; |

‘The detalls of thls c1rcu1try wlll be publlshed in the future

‘7'l'along with 1nformat10n regardung advantages as well as llmltatlons of

- the techn1que.89 : '>‘¥'%ff - - f,;:} )

B. Electron MlcrOﬂcopy prerlments

Copper single crystals of the des1red orlentatlons were grown under )
: fvacuum in graphlte molds by a modlfled Brldgman technlque Crystals were
cut by spark erosion, chemlcally thlnned to the appr0pr1ate thickness,

.:pre-annealed in the quenchlng chamber under a dynamlc vacuum, and gas

‘:;qpenched in a dlrected spray of hellum gas. Cooling profiles were

_irecorded oscillographically. ‘Quenched and isothermally annealed specimens ‘
were electropelished for.examipatidn ih the electron microscope. High
'-resolutipn dark;field elewtron mieroscopy techniques were used in the

detectlon and identification of defect aggrogates formed altervvacancy

‘prec1p1tat10n.. Throughout all of the above procedures, prGCdutlono were’
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taken to avoid gaseous and metallic contaaination, deformation, defect
damage resulting from polishing, and lon damage in the microscope.

1. Material and Specimen Preparation

Single crystals of copper were prﬂpured from 99.999+% pure copper,
grade A-58 supplied by the Amertccn Smelq 1ng and Refining Company in the
.form of ~ 1,88 cm diam. rod. Sectlons-of the as-received copper rod were
cold rollea 1nto 0.05 cm thick trjps witl out any intemmediate annea]iné
These strips were sheared to size (1. 88 cniX 25.k4 -cm), etched in dilute
.HN03 to remove surface'contam;natlon, mmnaedpln dlstllled water and ethyl
élcohoi _This materiaifwae then ueed 53 {ne oherge for growing eingle

crystals with (lll) and (llO\ f01l normals. Polycrystalllne strlps were

o 1nserted 1nto a previously outgaqsed, splﬂt graphlte crucible (Natlonal

Carbon Company AUC grade) along w1th a beed crystal of the desired orien-

B tatlon.‘ Crystals were grown in a dynamlc vacuum of about 1X10 -6 torr at

"_ a rate of 5 cm/hr. Inductlon heatlng was employed. ‘Seed crystals were

prepared in a s1mllar manner from sultably orlentated, spherical single
]'crystals. Orlentatlons were deteraned by the standard Laue back reflec-

tion technlque and found to be.wlthln a, few degrees of the desired orien-

.- ‘ ooy n
tations. o
A

Single crystals were cut into‘l.cm lengths using a ser?bmet spark
'lcutter and then chemlcally thlnned Lo % O 705 cm thlckness in a solution

. of. 50% nitric acid, 25% glac1al acetic ac11, and 25p phosphoric acid.

:2. Pre-quench Anneallng, Quenchlng, and Isothermal Anneallna Technlquos
 Following chemical thlnnlng,:"peCJmels ~ O, OO5 em X 1.0 em X 1.88 cm

were placed in a fused quaruu suppo* (see Fig. 12a) which was deﬂlgned

-to minimize contact w1th the f01l and to aocommodate dlmenvlonal changco ,

accompanylng,heatlng and cooling.» Sumples were then annealed in the
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quenching chamber (see Fig. 12b) uader a dynamic vacuum (zSX}O-7 Lorr)
for one hour at 800°C. Induction heating was employed. The temperature
~ was then raised to the desired Tq._ In early experiments the quenching

temperaturefwas takenbas the point Where_local melting ('1‘q x 1050°C as’

shown by thermocouples spot welded to control specimens) was induced; |

Tater T was determined from platiuum-platinum 10% rhodium thermocouple

vires (0.005 cm diam) which were spot welded to the edge of the crystal. .
The experimental'chamber was isolated fron the vacuumvsystem and

specimens quenched in‘a directed spray of purified helium gas which was

: precooled.to 77°K. For this purposelthe;helium was admitted through a

vacuum solenoid ualve‘and thelinduction po@er cut to zero simultancously

. by electronic coupllng (see Tlg l ) _Because the efficiency with which

the solen01d valve opened was qulte sens1t1ve to the pressure dlffcrent‘al

\

. a capa01tor dlscharge c1rcu1t (see Flg. lL) wa.s 1ncorporated into the

"‘ﬁsw1tch1ng operatlon thereby'ellmlnntlng tals pressure dependence. The

hellum gas passed through two frltu (Klmac Frltted Glass Ware - extra

- coarse No. 28280) Wthh were 30 mm 1n dlameter and separated by a dlstance

"gfof about 2 cm.  The flow was dlrected peruendlcular to the foil surface.

“The spec1men assumed a stable pos1t10n be,ween the two frlts.

Platlnum-platlnum lOﬁ rhodlum thermocouple wires (O. OO5 ecm diam)

,.‘: were spot welded to control forls of the ,ame d1mensrons as the single

1

“:.crystals prev1ously d1>cussed. The thermal emf from the couple was then

" . .k i
7; monltored osclllographlcally durlng the quench. Temperature decay curves

v,

_were photographed u31ng a Polar01d camera Because the 1nduct10n hcater
RF ( 350 kc) saturated the osc1lloscope dmpllfler, it was necessary to-
1ntroduce a low-pass fllter lnto the notentlal c1rcu1t in order to L

ellmlnate these frequenc1es but >e]ected 50 - as not to cause dlstortron
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chamber.
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MUB-3767

apparatus: a. specimen holder; b. quenching
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(d)
Gas reservoir
(a) |
Induction (b) (c) (e)
power - |Experimental Solenoid Control power
supply charnber valve . supply
O(g)b
Filter
LK, _ * (f)
Oscilloscope
(h)
Potentiometer

MUB-10694

Fig. 13 Block diagram of components used in carrying out foil Qque..
ing cycle: a. 30 kW induction power supply (Radio Frequency Co.,
Model 30000B); b. experimental chamber; c. vacuum solenoid valve
(Veeco, Model SV62); d. helium gas reservoir; e. control power
supply (i.e. induction power off, trigger oscilloscope and open
solenoid valve); f. oscilloscope (Tektronix dual-beam scope, Type
502); g. low pass filter; h. potentiometer (Leeds and Northrup,
Model 8691).
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\To vacuum
solenoid value

apoNn —

To induction

i 4 0.0IpF
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i t—i
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172w (Synchronization
pulse)
=
MUB-10695

Fig. 14 Circuit diagram o.f foil quenching control power supply.
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i
.of the desired decay curve;

It was found that, %oria giyen quenching temperature, fiued-specimen
size,and initial pressureiof helium gas in_the reservoir, quenching pro-
Tiles were quite reproduciblem‘ A_temperature-time profile characteristic,.'
of the quench?ngfconditions generally employed in this work.is‘shown ing
~ Fig. 15. ‘The‘average quenching rétevfor the first 500°C is about .
5000°C/sec. a | | o
Quenched specimens‘Werejennealeo isothermally at Obcior ? 25°C
' for various periods of time (i.e., = 20 sec to 2 weeks) then heated to
lOO°Cland isothermally‘annealed at this temperature for either 1, 2, or -
>-‘3 hours. A constant temperature bath (1.e., £2°0) contalnlng silicon

-; 0il (Dow Corning TOL) was used for the 100°C annealing treatments.

- 3. Preparatlon of Thin F01ls'

Quenched and annealed spec1men 1were olectropollshed at room
temperature in a 50% dlstllled water, 25% phosphorlc a01d, and 25%
ethyl alcohol electrolyte (< 2\volts) to a 1h1ckness Just slightly
‘ffgreater than that necessary for good transmLss1on of electrons. Final
thlnnlng wa.s done in a 67% methyl alcohol and 33%% nltrlc ac1d solution - i
j maintained at about -60°C (< 8 volts) A spe01al spec1men holder was
~used throughout so as to mlnlmlze f01l bend ing which normally accompanles

. the thlnnlng of very small f01ls. t°'d

BRI Observatlon and Identlflcatlon of Defect; Aggregates

As was previously reported 78 defect aggregates in quenched and

1 .
«Q

‘annealed copper are generally less than QOOA in dlameter.. Because of
;this, normal bright field dllfractlon:con:rast imaging gives very little
information about their shupe (i.e,, planar or spherical ), their sense

(i.e., vacancy or interstitial), or their crystallography (i.e., lattice
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-1 1038

- 839

4320

MUB-3764

Fig. 15 Change in foil temperature as a function of time corre-
sponding to an initial helium reservoir pressure of 20 psi.



" be detected by this mechanlsm.

displacement vector and habit plane). This is understandable in view of

" the fact that diffraction contrast'images.of dislocations are ~ 1.00A wi&e,
and therefore the sides of a dislocation loop are not resolvable when the -

. loop is less than a few hundred angstroms  n diameter. Furthermore, when

the loop is small, its shrain field is altcred (actually diminished)[ as

a result of interactions between various'scgments of dislocation line

v sﬁrrounding'the loops 1 e o

BN

Because of the foregoing it is necestary to observe and identify

fvsmall_defectiaggregates.by straih'cohtrast'imaging. Such images are

obtained from defects when'the crystal is near the ideal Bragg condition
(s = O;,where,svis the deviatiohufrom the7jdeal Bragg conditioh in re-

* .o s v . : . 1 '
ciprocal space ) and appear as black-white ”lobes" against the background.

hﬁ_'The parameter g'Q b (where g is the recxpzocal lattlce vector corre-
' spondlng to the set of crystal planes respcns1ble for dlffractlon and b
‘is the lattlce dlsplacement vector of the jefect and is usually referred

f‘f-to as the Burgers vector) respons1blc for phase changes in both the .

,-.‘

”transmltted and dlffracted beam by locally modlfylng s, is 1mportant in

B ;:ﬁ straln contrast 1mag1ng Just as 1t 13-1n the case of dlffractlon contrast.

If g~- b is zero, weak or no- contra t is ovserved:. Small localized strain

5f1elds which may not glve rlse to sis nlf:cant dlffractlon contrast can

65 78 {31 8c

F01ls were examlned in a Slemaas E]mrgkop l mlcroscope cqulppcd

n R
i

w1th a double—tlltlng speclmen stage Dark fleld observatlons were

ot

Tivmade by gun t11t1ng.78 The use of two beam dark fle]d 1mag“ng technlques

P
. "
P li

s is the dlstance of the rec:pr00wl lahilce p01nt from the reflecting

sphere and is taken to be posztlvo 1f\th: real point lleo‘lnuldc the

i
sphere., - " L 3 ;_,{*
; . e ‘4
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. about 15°)to the incident beam. o
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is of particular importance in thevpresent investigation for two reasons.

(1) One desires to work at or near the ideal Bragg condition. ‘The dark

field image is symmetrical about s = 0 and therefore maximum diffracted

intensity occurs at the center of the contour corresponding to the reflec-

tion being imaged. Under this condition all defectsigiving rise to strain

contrast can usually be observed (except oi course if g » b = 0). (2) Derk

field images,'obtained by tilting the gnn'in such a way that the diffracef

4

" ted beam passes down the;center of thelmicroscope column, have enhanced

esolution w1th respect to the ame'bright'field image because'of the
loxer level of 1nelast1cally scat1exed ele<trons (1 e;, oackground)
There are two addltlonal experlmental features related to thle work
which are worth.noting. (l) The best con01tlon for 'seeing" bleck-

whlte contrast 1s, as expected, dgalnst a gray background (i. e., at

. thlcknesses of nto/h where n is an oda 1nieger and t is the extlnction.
.dlstance) (2) In resolv1ng plate*llke defects (e.g., prismatic loops)

~ the hablt plane of the defect should. be necrly parallel (or within

The theory of straln contrast as formulated by Ashby and Brown85’8u :

predicts that, for a spherlcally symmetrlc 1nclus1on and a planar defect

. whose dlsplacement vector is normal to 1ts habit plane, the 1mage will

consist of dark and llght lobes separated by a line of no contraot per=~

pendlcular to the dlsplacement vector of the defect. A spherically

' The application of and'numeron difficulties associated with strain
contrast imaging have recent]y'been reviewed and dlscussed by Thomas
and Bell.81 The reader 1r reierzed to this publication for addltlonal

:
b . - ¢

information. . B :
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;symmetrlc de;ect effectlvely has;a olsplaccment vector, b normml to
'all diametric planes and therefore a: corre<pond1ng line of no conurast
.whlch is always perpendlcular to ihe'operatlng refleCtlon, . On the |
‘.other hand, a plate has 1ts line’ of Nno conirast perpendlcular to a unlque'_
b whlch is normal to the hablt plane oj uhf defect and therefore 1nde-'
_pendent of g. The shape of tne Lmage, ive., the dlrectlon of >tremk1ng
) of the black-whlte 1mage,shouLd be symme1r1cal about the llne of no
'Z'contrast. Flgure 16a shows ajschemaulcvof this situation for the case
'? of the planar defect. The theory does not account for the shape of the
 image when the dlsplacement vector of a planar defect is not normal to
.-dlts hablt plane 'S»nce such a defect 1s qu1te commonly observed in
J.‘quenched f.c.c. metals (i. e.. the perfect prlsmatlc loon, a/2 (110) {rll})
and ant1c1pat1ng the results, a schemmtlc is presented in Frg. 16b 1n

which the dlrectlon of. streakLng is not symnetrlcal about the line of no ﬂ:

e contrast but is skewed.

In addltlon, the theory predlcts that 1n dark fleld the normal to

"‘; the line of no contrast and dlrectlon of th> operatlng reflection, g,

- are related by an acute angle on the whlte slde of the blach-whlte image

'}'ﬂfor a vacancy—type 1nclus;on (as in Tlg. lél) and. by an acute angle on

,” the black side- of the black-whlte 1mage for an 1nterst1t1al tyne 1ncluslon :

-.?'(as in Flg. 16b ).

These predlctions'were orlg;na 1y etpucted to be valid at or near.
~‘2 the ideal Bragg condltlon (s ® O) and w1th1n half an extlnctlon dlotdnCO
x}of elther surface of the f011.8u‘ However, ~ecent work & has shown that
straln contrast images from dofeot” should he observed at all foil depths

under s = O condition and not just neer the two.surfaceSas predicted by

" Ashby and Brown.sL
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Line of no contrast (LC)

o
'Q Normdl to LC (b) ond

direction- of streaking

Operating —"
reflection
vector (g)

(a)

'/ Line of no contrast (LC)

‘ ~— Normal to LC (b)
T AN

,./——- Direction of streaking

Operating reflection vector (g)

(b)

MUB-10696

Fig. 16 Schematic of dark field strain contrast images expected from
planar loops: a. imperfect prismatic loop: the lattice displacement
vector or its projection, b, is normal to LC; b. perfect prismatic
loop: the lattice displacement vector or its projection, 5, is normal
to LC and the direction of streaking is parallel to the habit plane
normal (or its projection).



Identification of deféect aggregates (l.e., shape, sense, and lattice
‘displacement vector) can be accomplished therefore by investigating the
following feetures. A planaf'loop can'oe distincuisxed»from e spherically
symmetric defect ‘for examp]e, since 1n the former case the line of no .
_contrast would make various ang]es w1th diiferent reflectlng vectors whereas:
in the lattice case the line of no contrast would be perpendlcular to the .
'operasing reflection regardlessvof which'yector waS'obe}ative. The sense
Iofethe lattice displacement due to tne aggregate can be determined from

. the angular‘relationsnip between ﬁne'nofmal to the line of no contrast
and E. The actuel 1attice.d1 p]a<ement vettor of the agg rcgate can be
determlned by comparlng the alrectlon of tre normal to the line of no

‘contrast to the proaectlons of al])po 1ble dlsplacement vectors onto

f;lthe plane of the f01l e. g.; an 1mperfect rrismatic loop would have a

iﬁllne of no contrast perpendlcular to ‘a, (lll) direction lylnc in or pro- -

%VJected onto the plane of the f01l when obscrved under strain contrast

\

'-ffcondltlons.. It 1s of- course 1mportant to °elect crystal orlentatlons
e .

' :3V{Whlch avoid’ amblgultles 1n the analys1

These crlterla w1ll be utlllzed in Sec. ITII.D of tne results.
_The dlstlnctlon between, say, loops and v01ds is more compllcated
than the spherical 1nclu31on. - To observe voids one makes use of
so~-called mass thlckness contrast (1.e.,vat a void t ef}m’ where to
“is the extlnctlon dlstance) and. therefore observations must be made

in very thin reglons of the fbll.;

'lAs an example, in the [OOl] cublc orlcntatlon both [lll] and [110].

E fprogected vectors lle along the same dlrectlon so it 1s not posslble

S %o dlstlngulsh betwoen these d:soLacenen vectors.



'-j curtalled the lOW temperature reeovery-activity but annealing peaks still

. IIT. ‘EXPERIMENTAL RESULTS
Upon quenching copper wires from.tenperatures in the range L460°
“'Ato 670°C, an increase in:resistivity was cbserved which could be best
"-:described by the following relationship:

Ap(Tq) = [(l.7i0.2)xlO—u ohm-cin] exp (1 09£0. 04 ev/hr . (i6)

The quench‘induced resistivitytfbr temperetures’ above 670°C fell below
the values predicted by thisvrelationship."

The isochronal recover& of specimcn:'quencned'from ~700°C exhibited
three anneallng stages. Maximum annealing rates were observed at about

-40°, +200°,. and +MOO C.; Pulsing atduenched specimen to -10°C for 20 sec

poccurred at aboutAthe same temperatures
When copper s1ngle cryutale were quenched from ~ 1040°C and sub-
sequently annealed for 15 min at O C and 1hen 1 hr at 100 C randomly ,‘
;v_orlentated, planar, vacancy aggregate; weye observed by transmission |
m'electron mlcroscopy. Both perfect and meerfect loops were 1dent1flcd.
'lhe max1mum size of the 1mperfect loop ra:ely'exceeded 125A “whereas
_the perfect loops ranged 1n s1ze from lOO to QOOA. Anneallng condl-‘._
o tlons are reported whlch reuulted in no apparent resolvable loops by .

,electron.mlcroscopy. s

LA ‘Formation'Enthalny Data. _ - .

The temperature dependence oi quench 1nduced res1stance was
l
determlned between M6O C and oOO C. 'The ;ncremental re31stance associated
with a particular quenching temperature} cenoted by'AR(TO), vas determined

from the difference between the resistancu of a specimen quenched -

from T and the res1stance of the- uane‘specimen in the




' -f“ments are described by
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well annealed state jusﬁvprior:to_theiquenoh. Therefore

\

(17)

B AR(T, ) rR(T ) - R), e o

- The corresponding-chenges in resistivity have'been calculated from the

'“:relationship N S ’
: -~ p(o°¢) AR(T) .
8o(T ) = ——2 L 18)
RN R(0°C) '

_ﬁhere p(0°C) was taken astequal to 1.57#0.05u9;cm,'which is consistent

- withivalues deterﬁihed during the present work and with the oest values
}kreported in the llterature for. copper.86 -68 R(O°C)’was'meesuredrprior to
[.,the 1n1t1at10n of a quench series. ‘The conntapcj of R(OGC) was ohecked-

N

perlodlcally durlng the serles. i
' The resispahoe"increﬁent}qoepohedninfo four differept specimens is
Afl plotted on a iOéarithmic scale as a”fonotion of the inverse Quehch.‘
tempereture in Figs. i7 th}ough éopaffhezappareht vacancy formafionlenE'
thalpy, deduceé from'the bestAetraiéhf line‘phrough‘phe deta (i;e.,'for .i
”:;Tq'§'670°c)‘by a leaep squeree:fitgléelalso shown{‘ As ‘can be eeen‘in
- Fig. 17, the abeolutepvalue of;dflogpAR(Tq)]/d(l/T) decreases with in-
;jcreasing Quenohihg ﬁempefatuie?aboﬁe é:670°c. ‘The‘fact that this is so,
;pls clearly shown in Flg. 21 where a oortlon of the same data 1s plotted
Vion an expanded scale in terms of res1=t1v¢ty 1ncrementsp
These results are compared in élg. 22 For thls purpose the

? ,logarlthm of the re51st1v1ty changes was plotted agalnst the rec1procal

'Vp;of the quench temperature.. In the llmltlng case, the quenched-ln 1ncre-

'
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Quench temperature (°C)
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Fig. 17 The logarithm of the resistance increment quenched into a
copper wire, R(273°K)/R(L4.2°K) =~ 450, plotted as a function of the
inverse quench temperature (450°C < Tq < 800°C).
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.. Quench temperature  (°C)
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100 ' L '
— R-2F -
B R(273°K) _ <0 _
R(4.2°K)

AHf=1.10eV

- 450 °C < Tq< 590°C .

.12 1.20

Fig. 18 The logarithm of the resistance increment quenched into a
copper wire, R(273°K)/R(4.2°K) =~ 650, plotted as a function of the

inverse quench temperature (450°C < Tq < 590°C).

1.36

MUB-10698
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Quench temperature (°C)
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MUB-10699

Fig. 19 The logarithm of the resistance increment quenched into a
* copper wire, R(273°K)/R(L4.2°K) =~ 650, plotted as a function of the
inverse quench temperature (450°C < Tq < 690°C).
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Quench temperature (°C)
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Fig. 20 The logarithm of the resistance increment quenched into a
copper wire, R(273°K)/R(4.2°K) ~ 600, plotted as a function of the
inverse quench temperature (450°C < Tq < 725°C). ‘
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Quenching temperature (°C)
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Fig. 21 Expanded plot of data shown previously in Fig. 17 illustra-
ting that the absolute value of d[log Ap(T )1/d(1/T) decreases
with increasing quench temperature above Tq ~ 670°C.
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Quench  temperature (°C)
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Fig. 22 Comparison of resistivity increments quenched into. copper
wire specimens.
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U S T T
Ap(Tq) = [_(:1.1;4;0.5)><10_F ohm-cm] exp (1.07%0.05 eV/kT ) (19) .

Y

The stated error in the pre-ekponenﬁialiterm, i.e., &0(T » »), includes
fhe estimated uncertaint&.in:r'a) p(0°C) of ~.2%,4b) AR(T - ©) which
'wasvtaken as the maximum Observed deviat101 in the predicted values of

| AR(Tq) in accordance with thc least squares calculation (i.e., = 20p),

' and c) R(0O°C) of = O. 05% simply added together. The uncertainty in the

activation enthalpy includes the estimated error in Ap(T - «) (i.e.,

~ 22%), the average errof‘in Ab(T ) over the temperature_rahge of interest

which 1ncludes both the averape uncertalntr in the least squares computed -

values (i. €., ® 12%) and an average' measuring error of A 7% b, and the
average estimated uncertainty‘in theAtemperature of ® 10°C. 1In arriving
at the.sﬁated uncextainty, the values were treated as independent'random
“errors. h . _ ‘ .
‘The data for the case-R(275°K)/R(h.2“K) ~ uﬁo favor slightly larger
quench induced resistivity 1ncrements and 1herefore a correspondlngly
lower effectlve formatlon enthalpy. Thl 1s apparent when the changes in
re51st1v1ty for a spec1men haylng a_resistence ratio R(273°K)/R(L.2°K)
of = 450 are compared to the'incremects-qﬁenched into specimens'having'
resistance ratios of = 650, ;g seen in Fig} 23, Siﬁce R(273°K)/R(k.2°K)
- 1s considered a measure df specimen ourity, the inference is that this
effect could be attribqtea tq{differences in the conéentrationhor dis=-
ji tribution of impurities or possibiy only a certain impurity (relative
5‘to specimens withlhigher resistance ratios).

Data obtained from Wires'having resistacce ratiosv: GOO'and z 650
are compafed in Fig. 24, In the temperatﬁre range-whereiche’three sets

of'data‘oveplap, there appears to be good agreement. TFor Tq < 670°C

o
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Quench temperature (°C)
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Fig. 23 Comparison of resistivity increments quenched into a speci-
men having a resistance ratio R(273°K)/R(4.2°K) of =~ 450 to those
increments quenched into specimens having resistance ratios of

~650.
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Fig. 2L Comparison of quench-induced resistivity increments for
copper specimens whose resistance ratios were =~ 600 and = 650.
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the quenched-in increments, are described by

o

’ Ap('rrq) = [(:]:7.7i0.2)x10"uohm-cm] exp (1.09%0.0k ev/qu). (16)

The stated errors were obtained inithe same way as was indicated above
for Eq. (19). The differences in the magnitude arise from lower maximum
_and average uncertainties in the least squares computed values ofAAQ(Tq),

‘i.e., ¥ 10% and = 5%, respectively.

B. Isochronal Annealing Data .
The isochronal'recovery'spectrum (-220° to 500°C) was 1nvest1gated
- by anneallng quenched spe01men>‘at ‘a ronstant rate of u C per mlnute.v
- This was accompl;shed by annearrng for‘flxed perlods of time at successively
higher temperatures according to the following schedule:

5 min, AT = 20°C,

il

&) -200°C < T, S 260°C; " At

b)) _‘26o°c <T, < 50()._?{3;,:,;131-,, JO “min’, AT = ho°c,p_
“uhere T/ is the'annealing uemperature Y The recovery progress was.followcd
”vjby'measurlng the change 1n residual e]ectrlcal reslstance of the spec1men
st h.2°K, .; | | |
‘The 1sochronal anneallngvof copper quenched from temperatures around
700° £ shows a rapid anneallng process 1n the temperature range from -lOO
“to 0°C. Above O C the recovery proceeds qulte slowly. Approx1mately 60
to 70% of the quenched in res1stance anneals out by 100°c. The onset of

1

:,. more rapld anneallng occurs above lOO C w1th an apparent completlon at

'-'LmSOO C. Typlcal behav1or is 1llustrated in '1g. 25. Thls spec1men was

quenched from ~T20° Cs the res1°t1v1ty incrcment quenched 1n was

~-10

Ap(T720° C) L, 5XlO Q-cm. The data u}ow the percentage of the resistance .

vlncrease,vAR(Tq), that remained after each czcle.
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To illustrate this behavior in detail, the numerical derivatives of
' 3 ' T S . ‘ . '
. ¥ N : . .
- . o) . . - - o 4 - X . . .
the curve dlsprayed in Tig. 25 were calculited and are shouwn as a function -
: i : ; : [

.

of the mean tempcrature in Fig. 26.. Threc peaks, indicating meximurm ' .
annealing rates, occur at fho°, ] 200°, anl = 400°C. B S
In order to 1ﬂvest1g$tu the effect of quenching to a temperature -

i

around 0°C (a base temperatule most commonly used in quenching expériments,

!
see Table III) on tb& isothonal recovery, a specimen was pulsed to -10°C

H
i
1

from 4.2°K for 20 séconde stsequent to a quench from 695°C. The re-
| o : .
lo o

I

sistivity incrementfquenche#—in waS'Ap(695°C) 5 Tx10 ohm-cm. The

; 1 .
recovery curve and ﬁerlvat1Vﬁs of thns curve are shown ' in Iigs. 27 and - -
. . iy / . . . i .,
-28. The lower temperatures mnnealln behavior which was previously evident

has been markedlﬁpcurtailed, although the annealing maxima occur at about
the same temperatures as those in specimens which were not pulsed. During

. . A ) _
the pulse ¥ l7%zof t%e quenched-in resistance recovered. .

I
i
.

! C. Experimental Accuracy

p :
i 1

'When the Quenched—in_resistivities are compared, as in Fig. 22,

- the data can be contalned w1th1n two error 11nes separated by +l5 C

‘

from the best stralght line fltted To the 2ntire set of p01nts. 'The ' b
average dev1atlon was estimated to be = 5°3,

It appears as.if not a]l of the scatber can be attrlbutea to the
uncertainty in the,quenchétemperature. Th2 . accuracy in the measurement .
p of phe specimeh resistanceiaﬁ'Tq anc. variations in the specimen resistance
atro°c lead_fo a‘random'error in the quehchttemperature of ebout £6°C. |
Temperapure inhoﬁOgeneitiee pQESent.along the epecimen gauge length- cer-

'tainly.are contributing topthe seatter;'although it is difficult to

',estimete the extent of tﬁeir contributioh, In general, ﬁhey have been
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Fig. 25 Typical isochronal recovery curve for a copper specimen
quenched from about T700°C to -196°C. Heating rate was 4°C per

minute.
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Derivative of isochronal annealing (% /°C)
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Fig. 26 Negative of the numerical derivative of the isochronal
recovery curve shown in Fig. 25 versus mean annealing temper-
ature in °C. Derivative computed from:

p

AR(T,)/AR(T,) - AR(T ) )/AR(T))  a[AR(T)/AR(T,)) .

) at

<Tn-Tn+l
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Fig. 27 Isochronal recovery curve for a copper specimen quenched
from 695°C to -196°C, pulsed to -10°C for 20°sec and subsequent-
1y heated at a rate of 4°C per minute.
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Fig. 28 DNegative of the numerical derivative of the iso=
chronal recovery curve shown in Fig. 27 vs the mean
annealing temperature in °C.
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cons1dered as second order effects when enploylng the average temperaturev
as a measure of the true‘speclmen semperature.lo It is concluded that
the average temperature,‘ln the pre,ent case, is well-defined but the
temperature at any partlcular polnt ulong the gauge length is probably
rather ill defined;‘ This appears to be one of the largest weaknesses
4of the self-heating technique,under experimental conditions which'are
compatible:with very rapid specimenicoollng}
.Some of the observed scatter is undoubtedly due to differences in
specimen substructure (1 e.,'ln the vacancy sink density and impurity’
vlevel and dlstr;butlon) and varlatlons in the. temperature-tlme character-'
.1stlcs of the quenches. Attempts were made to mlnlmlze the contrlbutlons .
.of'these two'factors by standard121ngganneallng cycles and routlne
'monltorlng of quenchlng profllesn‘n | o
. v In the present caseﬁ where the quench 1nduced increments were
V‘small [AR(T )/ ™ 26%, non-reproduc1b111ty of the base re31stance,
IR 0? can result in verv s1gn1f1cant uncertalntles in AR(T ). _When the
prequench anneallng routlne, as characterlzed in Sec. II.Al, was used,

the base re31stance was reprodu01ble to within an error of 0.1% (i.e.,
-12

a-»aboutv luQ) and a correspondlng standard dev1at10n of ~3%x10" " ohm-cm.

"'When this uncertalnty is compared to the 1ncrements retained for tne

lowest quenchlng temperatures emploved the error in these values can be 17

7. as large as 50% It is worth notlnp, however,‘that the average error

in the least squares computed values of AD(T ) presented in Figs. 22
and 2h are 12% and 5% respectlvely. It is concluded that the observed
scatter appears. to be reasondbly compatlble w1th the known sources of

experlmental uncertalnty."

Systematlc errors may enter 1nto the results because a) the




o)
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temperature versus resistance ratios for copper, detérmined from the
literature, were in error, b) gaseous contamination of wire specimens . -

occurred during heating in helium prior to the quench, and c¢) guenching

strainsvperturbed the‘retaiﬁgd &acancy concentration characteristic of '  .
T. Controlléd;hgating"and co&iing.experiments in helium gas démonstrated L
that the resisténce_of wire speéimens remained constant during a cycle
witﬁin the measérément‘error of the éircuitry. In addition isochronal

recovery procesges (up to T % 500°C) were conducted with the specimen

in 500p Hg of heliium gas and no irregularities during annealing runs -
nor during control runs were observed that could be attributed to con-

tamination from residual impurity gases or by the helium gas itself. .

Systématic investigat;ons of étrains in quenched-metalsul’u2_have
demonstrated thatjthgirieffegts_are1expeéted.to be negligible for the
‘present éxperimentai ;Fﬁdifions;<i.é.;:type of material, specimen size,
.and quenching méde){.%A. ‘ | |
SR = ;

D. Defect Aggregates

The electron miq%ographs_which are presented pertain to copper
single crystals quenchad from z‘lOMO°C‘£o 0°C; annealed at the latter
temperature for 15 miﬁ?tes; rapidly heated to 100°C; and isothermally

3

annealed at 100°C for A0 minutes. The electron microscopy observations

| ‘ o 8

pertaining to this annealing schedule have been previously reported7 a
_ . 63,78,81 |

and a critical evaluation of the contrast has been made. 2,19, The

results are presented at this time along with unpublished observations. .-

for clarification purzoses and in order to integrate them more fully

A

into the recovery picture of quenched coprer.

It is important ¢ note that no evidence of resolvable defect

aggregates was found férithe_following corditions:

'
P
"
'
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1. When specimens were quenched from % 1040°C and

" Bis annealéd at ® 25°C for periods as long as two weeks,

b. immediately (i.e., = 20 sec) heated to 100°C and given
isothermal anneals of varicus duration at lOO?C,

c. annealed 1 to 2 min at 0°C and then isothermally annealed

at 100°C for 50 min,

d. annealed at = 25°C for about.2 weeks and then isothermally
annealed at 100°C for 60 min.

2. When specimens were quenched from temperatures below about
950°C, regardless of the post-quench annealing cycle.

Dark field micrographs obtained from specimens annealed 15 min at
0°C and 60 min at lOOéC are shown in Figs. 29 through 33. The results
will be presented in light of the criﬁeria established for observation
and identification.of defect aggregates in Sec. II.B4.

The fact‘that the line of no contrast makes various angles (ex-
cluding 180°) with operating reflection vectors (they are normal only
for (220) and (11l) reflections) indicates that the defect aggregates
are notspherically syﬁmetrical. A'spherjéally symmetric defect will
always exhibit a line of no contrast pergendiculaf to the operating
reflection vector regardless of which vector is operative. End-on
dislocation line images are also of the black-white "lobe" type, but
the line of no contrast is always parallel to the operating reflection
vector.89 Planar defects would be invisible or exhibit residual con=-
trast under this coﬁdition since then g + b = 0. The fact that this
. Condition is satisfied in the present :cace is demonstrated in Fig. 29
where the operating reflection in FTig. 2%a is parallel to the line of

no contrast of the majority of images which are visible in Tig. 29b and
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(a) (b)

ZN-4389

Fig. 29 Dark field micrograph which illustrates that the ob-
served aggregates are invisible or exhibit only residual
contrast under é « b =0, a. the operating reflection is
normal to the lattice displacement vector of the majority
of defects visible in 29b, hence g + b =0 and no defects
are observed; b. the operating reflection is parallel to
the displacement vector b = a/2 [Oli], and the corre-

sponding set of defects is visible.
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[110] FOIL NORMAL

ZN-4393

Fig. 30a The dark field strain contrast images of imperfect
prismatic loops, A and E, are symmetrical about their line
of no contrast, whereas the images of perfect prismatic
loops, B and D, are clearly streaked in a direction normal
to their habit plane. The defect at A may be a perfect
loop which hag rotated into near edge orientation, i.e.,
a/2 [110]1, (110).

Fig. 30b Schematic of the five identifiable defect systems.
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ZN-4391

Fig. 31 Dark field micrograph showing strain contrast when
a (220) beam is used. The primary defects appearing are
perfect prismatic loops whose displacement vectors are
parallel to the operating reflection.
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Fig. 32a Dark field micrograph showing strain contrast images when
the [I11] beam is operative in a [110] foil. The set of imperfect
loops, A, and perfect loops, B, are in good contrast (i.e.,
g+ b =1). An additional set of imperfect loops, C, is also visi-
ble. The defects at G exhibit strain contrast that would be expec-
ted from an interstitial inclusions b. Schematic of the three
identifiable vacancy-type defect systems.
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ZN-4392

Fig. 33 Dark field micrograph showing strain contrast images when the
[002] beam is operative in a [110] foil. Relatively weak contrast
(i.e., g - b =2/3) is exhibited by two systems of imperfect loops,
H and J, lying on the two (111) planes which are normal to the plane

of the foil.
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1.therefore normal to the dlsp]aoement vecto:r of those defects Henoe

3 g « b -.O andlno or very weak strain contﬂast is obserfed in Fig..29%a.
Strain contrast 1mages from <mall sta cklng fault tetrahedra- are con-
s1deraoly more com.pllcated8 than the imag:s observed to.date in quenched.
copper, and can therefore be ruled out in the present case.. It is thus‘
concluded that the agg#egates ere plenar.

Since the operating reflection vecto:r, E, is reiated to the normal
to the line of no oontiest through an acute angle on the white side of
“the imege;in oetter than 99% of the cases obsefvedl forjall.foil orienta-
,tions,~aod for all opefating reflections, the.aggfegates_are»vacancy;type'
defects as expected. ' '

The fact that the llnes of no coﬁtra,t are in all cases berpendlcu-'
lar to (llO) or (lll) dlrectlons in or pro] ected onto the plane of the
. v_f01l (e.g., see Flg. 50) 1ndlcates that the dlsplacement vectors of the

..defects are of two types (a/2) (llO) and (u/3) (111) and thus the aggre-
:;gates are unresolvable prlsmatlc 1oops of the perfect and 1mperfect type.

In the follow1ng 1t is demonstrated hat the necessary and suffi- .
v cient condltlons for the v151b111ty of per*ect and 1mperfect prlsmatlc
::t vacancy loops are: (a ) that the normal to the habit plane of the defect

k must be nearly parallel to the f01l surf&ce, (b) that the lattice dis-

d?placement vector, b of the defect must al,o lie in the plane of the

v f01l, and (c) that Ig . bl> 0 (of course, ]g . b[ oy TESUlts in
.strongest contrast) Three exampleslare now cons1dered.

If a (220) reflectlon is used in. a ( ll} foil, the defects show1ng

This crlterlon is a necessary'addltlon hecause the normal to the

defect plane and the lattlce dLSpL&CGﬂent vector, of course, are not

the same for perfect loops.
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strongest contrast w1ll he thoselwhosc dasglacement vector is parallel
~to the operatlng reflectlon vector as in Flg. 31, that is (a/2) (llO) ; . -;‘
tyne.* On the other hand,glf a (lll> rejlectlon is employed in a {llO} : |
foil, as in Flgs.525 the defGCto;ShOdlug good contrast will be those
whose displacement Qector is of ghe/(a/B) (111) +type parallel to the
operatlng reilectlon vector and 5esipnated as the A system in Fig. 32b.
Two additional systems are also observed, i.e., systems B and C hav1ng
displacement vectors (a/QQ [llO]-and (a/)) L;ll],,respectlvely. Both of
these systems satlsfy condltLons ( ) and (b) for visibility.' Since |

g - Bé‘; l, as was the case for systcm A B type defects are in equally

good contrast. However for system C, g . b = 1/5, and therefore these "
defects give rise to very!weak contr“st. If‘a‘reflection such- as (200}
~in a {110} foil is. used, then two (a/3) (llL) _systems are resolved and no
: strong (a/2) (llO)lsystems (see Flg. 39) This is expected, since the -
| only perfect loops which strlctly satisfy conditions (a) and (b)bfor
' visihility;'e.g., (a/2)[I10](I1T), would shoW'at most on;y residual
fh contrast hecause g+ b =0 for this case.” ' |
‘An 1mportant feature’of the black-thte strain contrast ‘image of

a planar, vacanc} prec1pltate is the dlrectLon of streaﬂlng, that is the
| maaor axis of the elllptlcally shaped image p01nt1ng from black to white . ff-
| as prev1ously 1llustrated schematlcally in ig. 16. The angular re]atlon— h
.Shlp between the dlrectmon of streaklng and the characterlstlc line of

. no contrast depends upon whether the loop is of edge or mlyed <haracter

and possibly upon the angular relatlonshlp hetween the dlsplacement vector.s

of the defect and the foil surface. This aopendency is illustrated in

* ' ' } .
The 1mages are, in general, poorly'aeflnud This is probably because’
the angle between the . norndL to the havi® plane. and tne foil surface

. could be as large as 20° in this case.

v
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the following observations.

In Fig. 30a there;are three well defined directions of:streaking,

four lines of no contrast, and a total of five defect systems (as shown

”schematically in Fig. 30b). Two systems, A and E, are streaked in (111)

directions- w1th a/5) (111) 01splacements ‘rectors; systems B and D are -
also streaxed in (111) directions but have a (a/2)[llO] dlsplacement
vector; lastly,‘C is streaked in the [llO] dlrectlon and has a corre-.
spcnding (a/2)[110] disglacemeht vector.’

It appears that 1T both the dnsplacenent vector of a perfect
prlsmatlc loop and the normal to the defec» plane lie 1n the plane of thc
f011 (i. e., condltlons (a) and (b) for visi blllty are very nearly satls-.
fled), the dlrectlon of streaklng can cleaaly be 1nterpreted as belng

normal to the- hablt plane of the defect anc the straln image is corre- .

ispondlnglyAskewed~about:the llne of no contrast. This 1s expected, since
~.'"the‘strain field of the perfectfloop is not; maximized around b but about -

© . the dlsplacements around the hablt plane When the lattice displacementst

vector, b, is perpendlcular to the hablt plane (as for the (a/3){111)

ﬂ.

" 31mperfect 1oop), the stzaln :mage is svmme.rlcal about the line of no

contrast as expected from theory.su»zThe direction of streaklng is there-

‘f fore normal to the habit plane.ﬁ The ‘obviots implication of these obser-

vations is that the direction'oﬁ streaking under certain conditions becomes

_ a valuable tool in the’determinetion_of the habit plane of a small pre-

cipitate. _L S ffﬁ

Cese_C which is illustrated in Fig. ZOb, where the'displacement
vector is well defined from theorygh but wrere the habit plane and there-
fore the character of the loop (i. e., cdre or mlxed) is in doubt,has been '

prevmously discussed 1n;deta1l78_and will rot be conoldered here.
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It should be noted that in certain instances, strain contrast images .

'
[

'jwere observed which are the reverse of those expected for a Vdcency—type
defect. ‘These 1meges occur when & (LLL) re flection is operative (see

Fig. 32) and were almost complete]y 1buent when higher order rc;rectlons,u
such as (220) and (311) were emoloyed Tris reversal of image could be'§
assoc1ated with defects near the top and bottom of the foil.  :A region of
the foil vwhere the conditions necessary Toxr the applicaulon of the two
beam dynamlcal thecry are belleved not to e satlsfled, especially for
.'lower order beams. The 1mpllcatlons of this effect are presently being
dlnvestlgated by Bell and Thomas.90 |

| The imperfect vacancy loops appear to range in s1ze from less than i

A ;6OA to a maximum of.about 125A in dlameter, as’ determlned from thelr
streln contrast 1mage. Perfect loops, in general apnear to be larger,
ranglng in:size from lOOA to 200A in dlameter. |

Punched loops of the type reported in prevrous transm1ss1on 1nvese
%"ftiéations on quenched copperﬂb55 7h’75 were not observed when high purity
single'crystals Were employed..vAlthougn in some early work, where poly-
:crystais of iower nominal puritéJﬁere used, some instances of so-called
' prismatic punching were.fonnd;‘f‘:

Control experiments cerried'out on unquenched,'well annealed, single .
_crystals'produced the following importent results concerning the tech-
nlques employed and defect aggregatcs obueaved°

. 1. When the voltage conditions, as. prev1ously characterlzed (Jee
Sec. II.B3), were adhered uo,'no polishing damage of the type reported
91

by Essmann and Wilkens was observed.
2. The pos51b1]1ty uhat the strain «ontrast 1maﬂes observed were

, : i .
the result of so-called_?ashley-?resr&nd) ion damage in the microscope



.

of the viewing time.
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. was excluded since similar images were not present when well annealed

single crystal foils were examined under the same microscope conditions
(i.e., vacuum, beam current,and time) as quenched foils. 1In addition,

the density and size of defects observed in quenched foils were indepéndent
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i . IV. DISCUSSION - o .

The vacancy formation entﬁalpyyis obtained from the temperature
dependence of quenched-in resistivity. In arriving at this estimate 1t '
has been assumed that the loss of vacancies during the quench is approxim'
mately constant for T < 670 C and that the re51st1v1ty per atowlc percent
vacapciesﬁis;to the first approxlmatlon, 1naependent of the state of
aggregation for lOW'order e;usters (1.e., J < 3). The loss of vacancies
during an’expoﬁential quench:is“considered and tbe assumption regarding
this point is shown to pe reesonable. »

- The resistivity per atomic percentrvacancies and the mconovacancy

formation entropy are e;tlmated. Under th assumptlon that self-dlffu31on

in copper ocecurs pr1nc1pally'by'the mot:on of monovacanc1es, an esulmatc
of the migration enthalpy is also obtained. Theee results are compared..
.~w1th theory.

The 1sochrona] anneallng behav1or of retalned yacancres is quall-
:tatlvely considered both w1th reference to prev1ous experlmenual work
reported in the literature and electron mlcroscopy resultsvobtalned in the

.

present investigatioﬁ. Brief consideration is given to the problem of
dlvacancy formatlon during a so—cal led exponential quench Tt is shown ' -~
“that an apprecilable fraetion of'the_quenched-in vacancy population is

in the form of divacancies for the case Bév = 0. b eV.v Numerous processes
are suggested to explain the observbd recovery spectrum. The many

poss1b111t1es serve to demonstrate the comolex ies associated w1th a

more detailed investigation of the-iinetics.
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1

' A, . Monovacancy Formation Enthalpy

The retaihed vacancy concentration and distribution of the various
defect clustersrsubsequeht‘to a duench are very sensitive functiqns of
the quench temperature,‘Quenching rate, temperature to which the specimen
is cdoled, sink density:and vacancy cluster binding eﬁergies.

When a specimen is rapidly cooled fron high temperatures, sufficient
time elapses during'the,quench 80 a8 to allow some fractien,‘f(T ), of
'vthe initial equlllbrlum vacancy concnntratﬂvn to migrate to sinks.: Fur;
thermore, during the earLy stages of the quench the formation and orcak-
up of certain small vacancy clusters oceur so rapidly that, for example,
divacancies are malntalned at thelr €qu1]1br1um value appropriate for

. SR
the 1nstantaneous temperature. i Aszociation of vacancies is therefore

)
it

expected to occur durlng the quehch in ad&ition to vacancy losses to
fixed s1nks.' The extent .to wnlch vacancy a: gregatlon affects the
quenched-in resistiv1ty depenus cn hOW'apnrec1able the electron scattering
‘cross sectlon per vacant lattlce s1te in the cluster is altered relative
ﬁto an 1solated vacancy. Such red1str1but101 is not expected to have

- serious effects on the determlnatlon of the formation enthalpy from uhe
‘temperature dependence of the quench 1nducei res1st1v1ty, since the |
linear approx1mat10n, Apj ® jApiv is expected to be valld to w1th1n
about 10% for low order clustcrs«SB” This is within the total un- |
.certalnty 1n.AD(T ) in the prcsent experihelts. The'change in defect
dlstribution.durlng the quencn can; however, markedly influence the low
temperature annealing behavicr'and thcrefore.the ease by'which large

vacancy aogregates (e g., vo:as, looPU, ete. ) are nucleated and grow.

A more detailed dlscusslon of the formation of vacancy c]usuers during
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the quench w1ll be deferred at present.

It was observed that for- quenchlng tcmperatures above.w 670 C the 'd E
resistivity increase is less than that predicted from an extrapolatlon
of the low temperature values (see Fig. 21). 1In the present experiment
the loss of vacancies during a quench must involve tbe diffusion of defects.
to various sinks, i.e.; free surfaces,‘gnlin boundaries, Subgrain boundaries;_
and free dislocations. Experimente in which the quenching rate is deliber-
ately varied proVide information about‘the migration of vacancies tokthis
complicated sink structure a2t high temperatures where,,under certain coni=
ditions;.tbe difficultles arising from the clustering of vacancies should
be minimized. relative to the low tenporature anneallng s1tuat10n NoriA

b5

et al.lm and Flynn, Ba s, and’ Lazarus conducted studles of this type on

gold which demonstrated qulte clearly that the fractlonal loss of vacancies

b5

: increased as the llnear quenchlng rate wa> reduced. Flynn and coworkers

“lfconcluded that the most probable 51nks at high temperatures were either

. free dlslocatlons or subgraln boundary walls. It was ‘not possible to
dlstlngulsh between the two cases because of a lack of knowledge of the -

-specimen substructure.:jMore recently, Ba?luffi.and Seidmanu6 calculate

the maximum expected monovacancy loss to 3. measured. . dlslocatlon denslty

in quenched gold employlng a dlffus1on limited climb model. The time-

'1temperature conditions were approx1mated as linear. The calculated nuximun
i’fractlonal loss was = 56% for T 878 c and'was z 6% for a quench from
:658 C. Relatlvely good agreement was found between the experlmentally
Vobserved losses and those whlch were calculated S ' : .

-Invan attempt to account for thevobserved losses in the preesent ex-

periment, the maximum expected monovacancy loss to an assumed dislocation

density was calculated on the basis of the diffusion limited climb model
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46,95

first proposed by Seidman and Ballufii. 7- Quenching temperatures in

the range 575 to 750°C'were considered and the experimentally measured
exponeﬁtial time~temperature cooling behaviosr employed.
In tHe usual way, the prdblem iz simplified by replaeing the three

dimensional dislocation network by a fegulac'array of strdight parallei

~dislocations.  Each ‘dislocation was represented by an infinite absorbinq

circular cyiinder of radius rl. The ﬁrob lemn can thus be reduced to 'diffu-

sion between concentric c1rcular cyllndere 01th the outer cylxnder belng a

perfect reflector of radlus Rd’ where ﬂRdP =quals the dlslocatlon den51ty,

N The' climb motion of;the dislocation which ‘accompanies the absorption’

a
of vacancies waS'negleqted_as.it has been showngl‘L that this mqtien does

.not cause any significant‘compiication.' In addition it was assumed that:

l."The dominate defect at the quench fiemperature was the monovacancy

RS

'end therefore the loss of defects can best be described in terms of the

appropriate monovacancy propertles.‘ As can be'seen in Table IV this condi=~

“tion is reasonably satlsfled even for tne h"gh binding energy model in copper.

2. The concentratlon of monovacan01es 1s altered only by the annlhlla-

“}tlon of vacancies at dlslocatlonu of effectﬂvely flxed size ‘and pooltlon in

‘the lattice and therefore 1t is 1mp11c1tly mssumed that there are no SanL—

v

ficant 1nteract10ns between vacancies durlng the quench

o

3. The monovacancy dlffu31on coefflclent is 1ndependent of p051tlon in

'!)the lattlce. Thls condltlon whlch 1s expected to be satlsfled if the spec1-
~f men- has a small diameter and hlgh thermal c<mduct1v1tyhl so that thermal

gradlents are mlnlmlzed.x

The general diffusion equation under censideration is

= Voo o o (20)
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where Dy = Dy (t), S0 Lhat Bq. (“O) becomes
30 - -
v _ . . : . .
s = D () F oo | - . (en)

The time-dependent monovacancy dif'fusion ccefficient, Dlv(t) is given by

2
Dlv<t) = A

v Pxp<Ao ey eyptcﬂm /kT(t)] - | (22)

Here a, is the lattice parameter, vlv is tkhe vibrational frequency of those
atoms which are nearestvneighbore to a wvacancy, AS?V is the rionovacancy
migration entropy and AH?V is the monoveacancy migration-ehthalpy. T(t)

e

was'takeh'as the experimentally observed exponential time law

T(£) = T +4T exp(-0t):) . - (15)
where T = -77°K,, o7 = T T , and @ is the rate constant (seé‘l).
The boundary condltlons, 1nclud1ng a the-dependent equlllbrlum

' boundary condltlon at the dlslocatlon core,' g are:
”'C' (t) = exp(ASf,/k>‘exp[eAHf /kf(t)] £>0 r e.r
T v S vi ™ Clv o ' a
| [aclv/ar]' =0 T EE all 't r =R, (23)

Civ = C{Td T 620 g TSRy

) v
: respectlvely. “It is possible %o:obtain a solution to this problem by a
46,93

'.‘where Asf and. Aﬂiv'are'the'monevacancy formation entropy and enthalpy,

‘general method prev1ously reported by Seldmnn et al - The concentra-:

,tlon proflle is accordlngly glven by

/o

Fr) exp(aqe':)dTJ |
O * .

(nt)_c(T)—%z[
- n=1
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Je‘(Ra)J(ra)Y(ra)-T{ra)y(ro: :
1 d n a . 2
X | X exp(-t an)
Jo(rdan) -,Jl Rdan) | ‘ on -
: ‘ , (2k)

and by integration the mean concentration is

0

L ' : re\n -t'a”)JI;(R
C . (t7) = ¢ (1) ~2g 2 z f I’ T>exp(oz 2r)ar | ( a) l( it
v vTg  Ry-rg nel L )-J (R, )
_ (25)
- where i _ : o
o= o () ee B (26)

and>Jn(x) and Yn(x) are Bessel Functions of the first and second kind of

order n. The O% ere the'zeros ofy
. .. _; Y ) ,
__Yo(rdocn) Jl(Rdozn). _Jo(.rdozn) ¥, (.Adoen) - 0 N ,(27>
and F(t) is giveﬁ by

=) %Clvl(_“'rq)'i:—'é xp(AS§v/k> o [.&ﬁ;v/gm)‘ I (28)

L~

Equaﬁiens (éh)‘and (25) we}ejevelﬁated on the iBM 6600_computof. The -
fractional loss of vacancies‘fer vefious'quenehing temperatures was cal=
" culated and the results are sﬁmmarizedtin Tahle V. The indication is that
most of the vacancies are fetalned (i.e., > QO%) for quenches from below
675 C but that a substantial loss of defects accompanies hlgher quench ‘ .
temperatures. -

These'calculatiops are ihterprated as indicating that the fractional
: loss:of vacaneies_during a quench was approﬁimately eosstant (i.e., a

f(Tq) = constant) for Tq < 650°C. The: estimeted total equilibrium vacancy
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’éoncentrations, Which Qere calculated for assumed values of AGEV and AG5V
(sée Table IV), indicate that in the temperature range of interest the
_monovacancy is the dominate defect,vi.e.; (AN/N)TQYQ Clv(TO).' Further,
.assumihg that the resistivity per atomic percent vgcancies is; to a:first
approximation, independent of the state Qf uggregaﬁion, it is concluded

that the temperature dependence of the quenched-in resistivity can be

' *
represented by
Ly - | '
[Ap(Tq)]h.2°K £ A" exp [~ glV/&?iJ . (29)

o i N o : -
where A" = (1.7#0.2) x10 ' ohm-cm  and H = 1.09+0.0Lk eV, consistent with
the values predicted by specimens with R(275°K)/R(4.2°K) > 600. The un-

‘certainty in AHi encompasses all es tlmatei values.: If the data for the
case R(275 K/R(L. 2 K) p h50 are 1ncluded tae.result is AHl = 1.07 0.05 eV.
As was previously demonsfrated (oee Pig. ?5), these data are clearly biased
.toward higher quenched-in dncrements. Whlle_the‘orlgln of this difference
'is not clear, it‘is tempting’fo attribute_it to an‘impurity effect.. Never-~
theless'the data aré fa? too limiﬁed fé persue the point further. Tinally

it is wofth noting that %imilar behé&ior has béen»feported in the case of
-‘quenched gold for R(273°K)/R(4.2°K) = 50055 and platinum for'R(273°K)/R(u.2°K
: h75.ll-2 : N | _'ﬁ ! :

"It is of interest tq combare‘the preseitt estimate of the monovacapcy

-formation enthalpy to‘thaﬁ determined from equilibrium.measurements.

"'{Assumlng s (1 5 0. 5)k Slmmons and. Ballurflll obtained AHiV'= 1.17#0.11 eV.

" See Egs. (9) = (13)'inﬁsec}-I-ﬁ.
w* Al - ) ‘ . o A . i o f_‘
_ = 100 -* £ plv . exp (AS]_V/R> .
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. . . — ' . . . f - . " . . N ) . . )
With an dssignment of AS. = 0.8 X, %heir result is brought into better
: enms lv ?

agreement with the present nonequilibrium cstimate. This alternate
selection of the entropy term is not inconsistent with theoretical cal-

culations for the copper latiice (see Table VII).

B. - Monovacancy Resistivitv and Formation Entrovy

‘Conclu31ons from the previous alscuss .on permit an evaluation to be
made of the monovacancy. res1~*1v1ty, Aol . TFor Tq 1075° C, an extrapo-
‘lation of the measured temperature,dependence of the.quenched-in reéistivity
predicts Hp(1075°€) = (i}hi0.2)2x10-8ohﬁ—cm. This increment can be ex=
Presse&.és: v; o |

| Lap(lo75°c)ju.2°K = 1oo[Aplvclv(T*) + Ap2v02v<T*) + eeedd, o (9Y)
(see Eqr (9).).  The éonstanté Ap. -ﬁav be slightiy teégerature dependent.56
If it is assumed that f(T ) % 1 and therefcre thau this resistivity incre-

, ment is truly representatlve of the hlgh temperature equilibrium concen-

uratlon of Vacanc1es, and agaln that ApJ varles linearly with J, then

~

L . ; ' | o N : : . c
~_[Ap(1o7§ c)]u-goK f'lOO_ApvaClv(T:)‘f 2c2v(T )R I

(30)

LI

10080, [(Am/m)lo75ocj. .
o Z - : , v
, _ ) =4
. Employing the experimentally determined value of (AN/N)1075oC= (1.9%0.5)x10
.obtained'fromAequilibrium meaéurements,ll it follows that the vacancy .
resistivity at 4.2°K is

Bo, = (0.75£0.35)pohm-cm/at % vacancies. - (31)

- The uncertainty is based on the error asising from the assumption that

Lo = JApl , i.e., 10% on the uuaxed errors in Ap(1075 C) of 12 and -

(AN/N)10750C of 26%. -
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It is also pcésible to estimate the monovacancy formation cntropy
| frcm the experimentally éetermined‘velue‘of Al acd the estimated value
of Aplv.rlThe result is 3

= (O.I8}io.5>)k. . : o (52)

~

The uncertainty is significantly large because‘éf“the coffeepbndingly—izrge~~-

~errors in A' and Aoy .

C. Monovacancv Mlpretlon Fnthalny

Prov1ded thdt self-dlffuslon occurs pri nc1pally by the motlon of.

monovacan01es, an estimate of the m1grat1>n cnthalpy, éﬂﬁ.’ can be obtained
from the present data and‘the relaclonshlp

Q%¢ =.AHf‘.~’t-‘AHm Co : (33)

1v 1lv .

As an indication of the relative contribution to high temperature self-w'
. dlffus1on that might be expected from monovccanc1es and dlvacanc1es, the
ratio DSd/D is con31dered.A The tracer self~diffusion coefflclenu Gue

to monovacancies is glven by

\

sa_ 2 | m . n o
= xp( =08 AT /xT) e | 3)
Dlv a flv v © (J lv/k>'eXP( lv/gT) ‘ Clv(?); o (3%)

where a is the lattice parameter; 1y is the correlation factor, Vi is
7 the v1brat10nal frequency of those atoms which are ncarest nelghooru to

1lv

" coefficient due to divacancies is

,a;vacancy, and ASm is the‘mlgratlon entropy.' The correspondlng diffusion

sa , 2, .2
D2v o ( 3 ) % f2vv2v

exp(asy, /i) esp( -0 /kT) c o, (1) . (35)

where it is assumed that the oaly atoms which exchange with the defect are’
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nearest nelghbors to botn dlvacancy sxtes. ere Vou is the vibrational

-

frequency of:'the four atoms whlch are nearesb neighbors to both vacancies
l

in a divacancy. If it is assumed that v, % Vs, and AST = QASm = 2k,

and since fl# = 0.7895 and f2 O L8 96 the desired ratio is given’
approximately,by R §

1

Dye/ay ® tclv(T>/cev<T>1 exotoxf - Alm /Tl w. o (56)

“lv / QVj

t

At the meltlng p01nt of coPper, the ratio of the diffusivities; /D°v
is ~b2 and 7 for a lov and high binding ensrgy model, respectively.
These estimates,jalong w1th the pertinent data and assumptions, are

. summarized in Table VI. The ex1sb1ng experlnental determ1naulons of B

favor the low blndlng energy model for copper (i.e., 0.1 < B2 < 0. 2)

" These results are tentatlvely 1nterproted as 1nd1cat1ng that high, temperature
self-d1ffus1on in copter occurs prlmarlly by means of monovacancy mlcratlon. ;
'Therefore taking Q (2 1040. 02) eV (also see Sec. *C), 1t is concludtd “
: that AHm V(l 01+0. O6)'eV. The error was again obtained by summatlon. .

It 1s also p0531ble to evaluate the contrlbutlon of divacancies to

"hlgh temterature self-d1ffus1on under the condltlon that the diffusion co-

'eff1c1ent is glven expllc1tly byll 12

sd t-sd ' 'svd."f';v*:i ; . : sd N : S , ’
D™ =fDlv:4+3jD2v = Po oo @7/, (37>‘ B

'

,If reasonable assumptlons are agaln mxde about dlvacancy propertlcs in copper,

~

the quantlty AHf Aﬁm - was found to ‘be lowered slightly,. but the alteration

S?nce‘the‘nearest neighbor relaxation is expected to be greater around a
divacancy than a monovacancy, and. because there is less straining of the
lattice when an atom jumps iato & divaconcy Enan a. monovacancy, these
approximations are qualitatively reasonable. :
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Teble VI. Estimation.of the Ratio of the Diffusivities L"v/b2
d

i . ) L
at the Melting Point of Copper (1083°C) for Low an

- High Binding Energy Nodnals.
g

L C L sd ,..s8d
BoleV) € 200 G 100 6 /0, P/ P2y
0.2 1.9% % 0.03 = 6l : x Lo
0.4 - 1.70 2 0.15 % 11 x 7

Pertinent relationships and.assumptions:

* ‘ P it . ’ . . 11
o . B } 4 . B . . o '
. = ._l_ . AN 1 . : /2. , . ; -f-.
a. (aN/N)y = Cp (T) + 202‘V<T%, (A0/N) ) 350 = (2.040+5) 10
L o i . 15 x
b, €. (T) = 602 exp (ACC /um).
ToTevr Tl T Ty T My

-1+ N1+ UE (L)), exp (AGy [kT)

o)
9!
l_l
<
N
H
p—
|

24 éxp(éﬂgv/kT)

A L n s oA e A o sast - ast man
d. "AGQV o= B2v - T482V, A";)EV = Q.AS:_V - ASQV ~-.lk.v .
sajsd) ~ o TS | :
€. Dlv/D2v> 0.65 ! Clv(£>4CEV(T)] for AHT = 1 eV,
. T e ’ [ B2'\r : ) l‘V "
- and Aﬁm'_x 0.65 eV. .
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is not apprec1able and Wlthlr the eypcrlmcnual uncertainty in QSd 12,15

| . ) - . sd . .
Therefore the contribution of divacancies o D~ for this model does not
‘alter the present result.

D. Comparison with Theory

Numerous theoretical calculations have been made of the,formation
‘enthalpy, migration enthalpy and variouslother properties of monovacancies
as well as of vacancy pairs and lurger aggregaﬁes. In geﬁeral, copper has
. been‘employed as éhe prqtotype.t All buﬁ the most receﬁt of these investi-
.gations have.been summafized and discussed by Damask and Dienes. Many
Aof the theoretical velues,derived fof copper are collected in Table VII.
‘These results'have, in many instances; been-quite helnful iﬁlindiceting
~the many pos51b111t1es whlch mlgh exlst anu, as such, have been a |
valuable gulde in “the 1nterpretatlon of experlmental results. Neverthe-v
less in v1ew of the range of poss1ble values in some cases, the acceptance
and use of numerlcal results (espec1ally fcr clusters) must be done with
_caution. In quotlng prev1ously from theory, these cons1dera;¢ons were
i implicitly assumed and 1t is in thls same cplrlt that the present resulbs
have been evaluated‘and.ere now‘compared te theory.

The:reported estima%es of the monovacency formation and migration | .,
enthalpies fall in the.m#dale.r%nge of the theeretical'predictions (see

" Table VII).  On the other hand, the resistivity per atomic percent vacancies
. is about a faetor,of.ﬁwdjsmaiier thee the‘generelly accepﬁéd theefeticdl |

11,12 . .
’ This disagreement

- estimate: for copper of 1.7 pohm-cm/at.% vacancies.
- is not considered to be serious in view of the large uncertainties
associated with the individual gquentities involved and of the many assumpe

tions required to obtain the desired experimental result. The estimated
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Table VII. Theoretical Estimates of fome Vacancy Properties

- in Copper
Formation Formation Migration Binding Resistivityf
Defect Enthalpy tropy 'En%halpy "~ Energy Ap S
: N (ev) Asﬁv/k . ‘AHEV(¢V) ij(ev) (nQ=cm/at.%)
‘v‘ .
Monovacancy 1-to 1.2% l.5g 1t | O.hl
. - o . . __m
0.9° 7 0.5" 0.6° .. 1.3
0.8° . - o.97 . St
| 1.0% 3 . 1.3% - os°
0.97x0.25° . . 1.06° . - CLsR
.00 f A SRR T o
0.6%
- Divacancy N o8t ’_3?"<O,35J3' ‘ 0.3 0 to 10% less’
B 3 } 0.2 , 0.64"  than 28p,
T 0.2 50 1.0° 0.1 to 0.2°
0.6°° 0.36%
- , S L k . X
- Trivacancy L [ R . 0.5 to 2.9
0.5 tio 1.0" 1.1 to 2.1%
v I . . : ~ k ‘ w
Tetravacancy B -wl.9T L to 3
a. see reference 103 ' = " m. suee reference 11k
b. -see reference 104 - L . '+ Nhe. see reference 115 .
C. see reference 105 and 106  .:'" . o. see reference 116
.d. " see reference 107 ©~°  p. =ee reference 117
- e. see reference 108 ' ~ ' © ' q. sgee reference 118
‘f. . see reference 109 .. -~ ... - r. see reference 119
.. see reference 110 : ~ - .~ s. see reference 120
h. . see reference 23. S * t. 'see reference 121
i. . see reference 103 and 111 ' u. see reference 122 _
Je see reference 112 o o v. cee reference 53,5&, and 123
k. see reference 16 : - - v. cee reference 12u _
1. see reference. 113, .7 .. -t . .. see reference 16. and 125
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’

value of the formation entrdpy is consistent with theory, although

the present value is somewhat lcwer than that favored by Simmons and
. 23

.11 . ) .
Balluffi™ ™ and is closer to the recent estimate of Schottky et al.

However, the calculation is not very accurate and the result must there- -

‘fore be interpreted as only suggestive.

E. Isochronal Annealing and Vacancy Aggregation
In general, the quenched~-in defect structure and the manner in which
1t responds to thermal energy are quite complicated. The Tractional con-

centration of the numerous possible defect clusters (i.e., vacancy;vécancy
clﬁsters, as well as vacancy—impurity.clusters) after the quench is uncer-
'tain. For the most part, this is the resuli of our ignorance about the -
various properties of'such'clusters,(e.g., their characteristic binding
,énergies). Recent:machipe calculatiéné for a~"typical” noble metal75 have
 f»i illdstratéd many of the impprtanﬁ féatures_of_bofh homogenéous and,heterbj
 geneous nucleation of clusterg during'fhe:quench.' The results indicated
vqﬁite clearly that such élﬁefatiéns ih ?he distribution of aggregates must
- be taken into_account when detailed stﬁdiés of;defect mobilities and vacancy
clustering phenoﬁeﬁa are carfiédlouﬁ.? Lit'le is known about ﬁhe spatial
distribution of the defeéts alﬁhough it isAgeneraliy implicitly assumed v
that the distribution-isirandom. SpecificAdefects‘may'ahneal out in

1&ifféren£ temperature réqgesf In addition; two or more annealing processes
may occur simultaneously‘and to ; variety pf’sinks which may be effectively
vvfixed, (e.g., subgrain béundarieS) ag'weii-as;variable (e.g., stable vacéncy
aggregates) in character. These vafious‘sinks are, in meny instances, com-
peting for the excess vadancy~congentra€ion. The effectiveness of a parfim

cular sink may depend strongly on its spatizl distribution and possibly on

.
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the annealing temperature. .The fact that when the annealing temperature is
sufficiently low, vacancies cluster and the resulting aggregates constitute
the major sinks supports this viewpoint. The importance of certain impurities

in promoting heterogeneous nucleation of vacancy aggregatec was suggested as
S . . i e ' 60,97

a result of electron microscopy investigations by Cotterill and Segall

for the case of quenched‘gold. This conclusion was guantitatively substan=-

tlated recently. by Ytterhus et aL 57?58 These authors showed'that small
. l o 4
concentratlons of . specmec 1mcurLtres (1 e., € ﬁﬂhxlo-; at.%) played a

gn

dominant role in determlnlng the ef ectlve vacancy aggregate sihk density.
b
in gold and similar behav1or 1s exnectea in other noble metals.
4 i v
Therefore, descrlptlvely, the recovery of ouench induced Vacanclcs,
; I

as inferred from a ) theoretlcal con51der&t .ons, " b) measurements of the
change in the re31dual r951st1v1ty and c¢) d:rect observatlon of prec1b1tated
aggregates by electron microscopy, is expected to involve the annihilation

of certain mobile vacancy clusters at'afrelatively complicated siﬁk'structure.

E

Mobile defects may ccmbine Qith éne another and depending on their charecter,‘
E dissociete ihtcflower cr@er“defe%ts. vThereVWill be a generai tendency for
large,clusters tc be:est;blishedgthrccgh a-series-of additive events. -When

an aggregate.reaches'a ﬁcriticalg_size it becoﬁes a statle, immobile vacency
'51nk which ‘then grows by the inward dlffuslcn of mobile aefects.59 In light
of our present knowledge, the stable cluster is by necessity poorly defined.
For instance, it could be a) onel0¢ tnevnumerous p0551ble urlvacancy or tetra-
vvacancy complexes,99 b) merely a reglon in the lattlce where locally the con-
vcentratlon of vacanc1esi1s very hlgh 1ge., a realon of very'low den31ty, end
c) an actual discrete void of the typc.suggested from sm4ll-%ngle scattering

. oL, 6k ‘ . _ ‘
experiments 7 and larger versions of which have been .observed directly in

’ 62,98

quenched aluminum by transmission eélectron microscopy.

Mixed and variable
; ‘ i

i . b
. . E ki
.

I B . . »
L N N R 1



~10L.

sinks compete for vacancies. Tmpurities are expected to .play an important

role in promoting'heterogeneous nucleation oi' stable cluetersu As a con-
sequence of this bicture, the corresponding fom of any particular anneal;
ing curve, and therefore the migration grocesses; initial stages of vacancy
cluscering, final form of'ﬁacancy aggregates, andvche processes associated.
-with their‘elimination, is expected to be cuite structure‘and impurity
sensitive. In addition, és wae pointed out ty Balluffi and Siegel,59

the actual shape of the aonealing curve may rot, in fact, be relaced
{uniquely'to fhe vacancy mlgration processes vhich occur; t is therefore
evident that a comparlson of oata obtained from different labo”ecorles
usually involves;a»numberéof difflculties'andemay e of limited significanCe
in maoyrcasesfif sufficieof lnforﬁation is nct reporfed. The discussion
which follows is presenteo in a spirit cons15cent w1th:tnls descrlotlon.

‘Several llkely poss1b111t:es are presenued to explain the observed anneal-

' .ing behavior. The data are far too limited to arrive at any definite

~conclusions.

Thenisochronal recovefy behevior pertains to specimens guenched from
' abou£-700éC Qith a correspoﬁdingvfractional refalned vacancy concentration
of (AN/N)7OOoC ) lO-6: Three ehﬁeelihg sfages were observed wlth maximam
Aannealiﬁg rates.occurringfat abouf.-ho°;‘4200° and 4400°C; for the con- :
veniénce of discussion these stagee willvbe raferred to as Stage IIIq

Stage IVq and Stage Vé which is con51Sucnt with accepted termlnology.

Stage III anneallng can be oualluaclvely cons1dered in terms of the

c

0
"

relative motion: expected from monovacancles, ‘the dominant defccU at

quench temperature, and for the sake of G*ch‘v;on divucancies. The mono-

e

vacancy diffusion coefficient is given hy-
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2
3 : : :
0 2 . % I A o ;o
D, = Tu=al Vi, exp(ﬁolv k) exH,nAJiv/kT) o .k98)

where Pjv is the average number of jumps a monovacancy makes per second.
. L ) ’

The corresponding expression for divecancies is

2 2. ’
a a ’
o : — o nrn h] _czfu - .
D2V = Ton I-rgv =73 ng eXP<A°2V/K) eX—p( gv/kT)' . : (Dg) |

Here P2v is the average number of nondissociutive jumps a vacancy in a
divacancy configuration makes per seccond. I1 one assumes as before that

= 2y, and NI aasgv = 2k,'then the retio of the diffusion co-

2v 1v

efficient of a divacancy to that of a monovacancy at a terperature T is
: . j e . | _ .
Dav/Dlir % 0.05 _exp[zm’fv - LEy /KT, | (L0)

Taking AAHTV = 1.0 eV, AH) =0.65¢V .and T, = 233°K (i.e., -40°C), one

obtains Dav/Dlv ~ ;.ExlO " Therefore for sny realistic ratio Of'clv/CEVf
- annealing would be completely'dominated by divacancy motion in this sit-

* ~ uation.

vAn eduivalent way of 1ooking‘at the pfoblemvis to consider the average

numbgr of jumps{ njv

: annéaling step. The average number;of.jumps made by a monovacancy, 0y

3

during a 5 min. anneal at -L0°C was estimated to be ® 1x10 7, whereas

2V

a divacaﬁcy (assuming N 0.65 eV)'wouldAbe expected‘to take = 5x102

——— - o i " ool . ' ’
Existing experimental results haye heen interpreted as indicating that

0.6 < AHD < 0.7 for co}?per.-b;f

XK s b ' - . ' v
Since the average number of jurmms made by a defect in time T is njv=rﬁvT;

it follows from Egs. (38) and (59) that
. . T,

P S . : ’ : .
5 a particular defect would make during a given iso=-

95
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jumps on the average during the same intervsl of time. Therefore the
aomihant defect'migrating during Stage IIIO is not expecﬁed to be the'
monovacancy but some higher order cluster. .

. In view of the Qﬁalifative e#idence againstvthe monovacancy contri-
buting significantly to Stage IJIq annealing, the formatlon of vacancy
clusters during an exponential gquench wae considered. The simple case of
divacancy formation was.investigated. The details are presented in Appendix

7

IIi.: The general model considered wasvfirst suggested by Koehler'et al.
and subsequently employed in ;he analysis. of results on cuencued gold.)1L8 =
The follow1ng descr1bes the main points of uae»moael and Drcsents uhe
Apertinent results of its eppllcatlon to this investigation.

For quenchlng rates %hich are experimentelly attainable in the laboram
‘tory and compatlble with uhe aimslof,_an; the.present investigation,
vacancies no'doubt make aﬁlarge ﬁumber of jumpe during the initial part of_
the queﬂch. The number 5% vacancy -vacancy collisiens is Sufficiently high
S0 that the thermal equilibrium concentraeioh of divacaneies.is attained |
(as 1nd1caued by the klnetlc equaulons whlch are used to approximately

L8, 4o

describe the physical situation) - even during,the short time that

the specimen is at a particular temperature. As the temperature decreases,
a point is reached where the reactions of intierest proceed too slowly to
satisfy the equilibrium demands. The actual concentration of defects. there=

fore deviates from theequilibrium:values. The tempera ture at which this

s o . S k. L8
deviation occurs is defined as T*; Any chiange in the vacancy distribu-

) . ' * S . K
tion which occurs below T is small. An estimate of T and the correspond-

ing fractional concentration of the various \acancy cluster characteristic

* ' .
of T dis of interest.
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If it is assumed that the defects are distributed randomly and that
the loss of vacancies to fixed sinks during the quench is negligible, (i.e.

AN/N = C,, T 2C, = constant for all t and characteristic of TO)'then the

kinetic equation describing the time dependance of the monovacancy con- ,
s . |
centratlon,-clv, is given by
ac.
A 2

& T %y, &y 2, Ky | ‘ ()

Here Kl and K2 are so—called rate constants and written as follows:’

'K]-_‘=81w exp(AS /k) exp(-AHm ’kT) (k)
K, = 14 v, exp[( v T Aéb )/k]’exp[-(&rm H+ By )/kTJ (b,5

where 8h and 14 are the approprlate comblnatory numbers for the associlation

of monovacancies and dlssoc1aLLon of dlvacan01es, respectlvely

The assoclatlve rate of cnange oj the monovacancy concentratlon requlred'

to malntaln the 1nstantaneous equlllbrlum concentratlon of dlvncanc1es is
obtalned by dlfferentlatlng the: equlllbrlum =xpress1on
o = 6 047 eeR i) oo

B 'dClv . CONRE

with respectvto time and using the fact that 3% = -2 e The equili-.

brium requirement can formélly be written
| 2."4. .‘ .
’ . 12Cc B,
v "2v 4T
LT ey == enp [ kT(t)
<dClV > _ 1"T< ) at- V'/ J
eq

dt __{l + 48 (AN/N)T exp {é /T(t))Jl/2

v (L5)

. ' * ' ' '
The temperature T 1s reached when the associative rute reouzrcd by cqulll-
brium just equal the associative term in Eq. (41) Thus, it can be showm
i ' . , '

~that 7* is defined by the following eqxallty for a so-called exnonen»;al

O SN S XY
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4
{

: s : L.
quench having a time, constant O sec ::

. : ; ' . /o g .
lhD (T )kT [1;+-u8(AN/N)T exp(AGg /ka)] /, , -
. 5 ' M (°x/sec). . . -

& T2v exp(A /}

*

(1 -1 ) =

(6)
Velues of‘T* were‘determined for Tqi; 700°C and assumed divacancy binding
energies. The faﬁios of theidivecancy concentration to the monovacancy
ooncentration.characteristicIof T* dhd total defect populafion were cal-
. culated and efe‘summarized ih-TabIejVII T. In the case where the binding
energy is hlgh O 3 < 32 < Oih on appraciable fraction of the retained
vacanc1es are in the form of divacancies. TFor the purpose of comparison,
the relative fraction of vacancies whleh are in. the form of dlvacan01oo‘
when the reaction under con31deratlon is alloned to go to completLon at
~40°C was also computed and. tabulated .

| Stage III recovery is con)lsuent Wluh the general concluulons drawn
from the literature in Sec. .-D (i.e., ~80 c < TIqu < +1oo °c). The fact
that in some instances vory little recovery Was reported for annealln
temperatures lower than 0°¢c can be attxlbuted in paru to the choice of T

’ -(1,e.,vthe uemperauure to which the ‘specimen Ls quencned). As was illus- o,

‘trated clearly by theApresent pulsiﬁg experiment (see Fig. 27), a.signi- N
flcant amount of recovery occurs at uemoeratuﬂes around 0°C even when the

- time spent there is. short. Care must thereflore be taken in any ouunuluaulve
Interpretatlon of quenched—ln increments when quenchlnc to, say O C. The -
.tiﬁe spent at T is usually quoted as being mach less than the 20 sec

employed in the present pulsing experirent, nevertheless it serves to

demonstrate the point. Similar but more marked'behavior'hae'been observed

for aluminum vhere time spent at temperaiuras as 10w-ae ~100°C appears to

. 62

-be critical,
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- : R . H . . ) . - ._ _I' -'.X.... :
Calcu]aucd V lues of the Cs 1tlca‘ Temperature, T , .
~and the Relative Contrlbat -on of. Dlvaca101us to the -
Defect Populatlon S : R R

© Calculated
Quantities

R . Diveeancy Binding Energy (eV)

L0:2 0.3 ok

= l(AN:/_N;):T

éc (T )

(AN/N)
q :

é[c < 4o? c}]

x 10

A

B 5',05 | 527 -

.

(@5,

See Appendlx III Table X for port nent;L

parameters used in the

A
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Stage III anneallng of quencnod copper can be contr astcd to Cuenclcd
.. 28,29
silver where a 1low temperature recovery sﬁagc has also been reporued;‘ ’
’ . 28 o e e md e
Doyama and Koehler =~ have tentatively 1den9111ed the defect which migrates
at temperatures below 0°C as the divacancy ard estimated that.its binding
energy is between 0.3 and Olh'eV. Detailed kinetic studies have not been
carrled out on copper in thls temperature region but the present annealrn"
results indicate that such an investigation would be desirable. ~
: 2e e ° ey .|_. .z.~)_.r°

Stage IVq (centered at = 200°C) and Stage Vg (centered at = 400°C)
will be briefly discussed in light of the following experimental obser-
vations: . )
Lo L. Ramstelner et al. ¥ have observed ar annealing stage in guenched
copper in the temperature range from 100° to 200°C (see Table II) The
kinetics have been 1nterpretea as 1ndlvmtlng +that the migrating defect is
the monovacancy. The activation enthalpy for the process was found to be
1.0 to 1.1 eV. Similar observations and conclusions were reported by these

100 s :

authors™  as a result of an 1nvesclgaulon of the recovery processes 1n
copper subsequent to cold WOrk.

2l 6k

2..  Small angle~x-ray scatterrng experlnents made on oopper'
quenched from close to the meltlng p01nt and annealed at, or slightly
" above, room temperature have been 1nterpreued as 1ndlcat1ng the ex1stence ' N

.

:of three dimensional vacancy aggregates (m“x1mum dlmen51on ~5OA) Clusters
Were first.detecoed after'about 30 min; nneallng at 25 C.6br Recovery of v ]
the observed low temperature scatterln phenomenon occurred at an annealing
tempereture of about 190 Cﬁ ThLS recovery wa,s attrlbuted to elther ohe
‘dissociation of vacancy agglomerates and armealing out of the products/or

to the reordering of the agglomerates (i.e., their collapse into prismatic

2l . | |
1oops) . . Tt must be kept in mind thai the analysis of these x-ray data



: . 1020 x ey : . ;
. suggested for some time. The exact relstionship between the void and the

prismatici. loop in quenched alwainum is still aot completely clear, however.

~111-

is made difficult because three dimensional -roids cannot casily be dis=-

i

tinguishéa from small loops; nevérthelpgs tﬁe presence of scattering
centers which are initially about.loz in diameter is an experimenfal
reality.‘

3. The present results show_that when copper single crystals.afe-
guenched from Tq = thO°Ciand éubsequently annealed for 15 min. at 0°C
and‘theq for 1 hr at lOO°C; randomly oriented, planar, Qacancy aggregatés.
ére directly obsérvéd By éiectron:microsqopy_ When these aﬁnéaling cone-
ditions-aré combined with thbse.oﬁtlined in dec. III-D which fe;ulted in

no evidence of résolvable‘aggregaﬁes, it seems quite clear that the presence

of loops which are lurge enough to be detected by electron microscopy is

 apparently coﬁtrolled by the so-called "pre-c.ging" treatment (i.e., in

the presént experiments the time at O°C). Therefore, as expected, the

i

.- final structure is a sensiti#e function of tle nucleafion précessés (i;e.,
- annealing at 0°C) and the availability of motile defects in a sufficiently

'high concentration to support growth prbcesses‘at higher temperatures (i.e.,

anﬁealing at_iOO°C).. The fact thatvvoids have not been observed cahnot be
used as an argument against theifvexistence; - The detection of voids is de-
pendent on "mass thickneséﬁ contrast (i.e., et a'véid the extinction distance,
to, effectively apprdachesiinfinit&). ‘It has been estimated that voidsvcan
5e detected by this medhanism Onlyiwhen the defect is greater than about 10%

of the foil ‘ch:‘ncl«iness;10;L -Considerable difficultylin-detecting‘voids has been

: ' 102 . .
- encountered by a number of authors,”  but recently their existence was proven

o in qﬁenched aluminum;9s Iﬁ is possible that such defects may represent a

necessary stage of vacancy aggregation prior to loop formation, as has been

62
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Recognizing the fact that the thewrmal history of wire specimens used

.
t
3

in the present isochronal annealing studies differs significantly from

those employed in the above mentioned investizations, the following

possibilities are suggested as processes which might be contributing to
tage IVq and Stage Vq recovery phenomena.
tage IVq: | |
1. Diffusion of‘monovacancies'to-prismabic loops and/or  stable three
dimensional vacancy aggregates,! |
2. Dissociation of relatively small immobiie clusters and the diffusion
of the pfoducts to prismatic loops, and/or stable three dimensional vacancy
- aggregates and'fixed sinks,, N
3. Annealipg oot of thpéesdimensional vacancy aggregates with producfs
lcontpibufing to the‘growfh of-pfismaticdloops; : | n
h.‘ Collapse_offthrée dimensional vacancy sggregates into ppismatio:
| loops. B | | B |
Stage Vq: | ‘ | | |
;‘l._ Growth of 1arge prlsmatlc loopsvat the expense of smaller ones and
h:the eventual anneallng out of the loops altogvther,

|- 1

2. Anneallng out of three dlﬁens1onal Vacancy aggregates.
 The effects of impurity atoms are 1mpl:ciply <ons1dered in terms of (a) N
. monovacancy migration occurr;ng as_a consequence of the ‘defect hav1ng been
- "stabilized" to highervteﬁpsratu:es”by iﬁteractions with impurities, (b)
immobile "clusters" where ciusters'ars of tho'vacancy4vacancy type and
'vacancy-lmpurlty type and (c) the ex1stence of: prlsmatlc loops some of which
. could have originated as a result of prlsmaul< punchlng.

There are certainly other possibilities but these seem to be the most
likely in terms of what is already known about recovery in this range of’
températures. The many_possipilities servo to demonstrate'the'complexity of

the pfoplem.
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'l;v'The temperatureldependence of quench induced re51Sc1v1ty in-
dicates that. the monovacancy formqtlon enthglpy in nominally 99 999p
pure copper is (1.09%0.0L) ev.

2. If the actlvatlon enthalpy for SPlA-dlfoSlon is taken as
(2.10£0.02) eV then the monovacancy mlgratlon enunaloy is (1.01%0. Oo) eV.

5; When the present\re31st1v1ty'data ere combined with equilibrium
measurements of (AN/N) ;the resistivity per atomic percent vacancies,
Apl , is: (O 75%0. h) uohm-cm and 1he mOnovacency formation entropy,. AS?V,
. is estimated as (O 8+0. 57k..
.. h. Isochronal recovery of copper qucnched from ~T700°C to -l96°
exhibits three principaljanneallng stages. Maximum annealing rates-occur
-at about -L0°, +200°; and +hOO°C. The domirant defect contributing to
| Stage IIIq ( hO c) recovery 1s not expected to be the monovacancy bub
. some higher order cluster. Stage V (+hOO ) is attrlbuted to the
”anneallng out of prlsmatnc loops and poss1b]y three dlmen51onal vacancy

: aggregates. NUmerous po,s1b111t1es have been suggested to account for

Stage IV (+200 C) Detalled klnetlc SbquES under carefully controlled

|
1

condltlons are necessary to c]arlfy Stage I]Iq and Stage IV as observed

1n the present 1nvest1gatlon.'; “

5r When copper s1ngle crystals are quenched from qué thO°é and
.'_subsequently annealed under qulte restrlctlxe condltlons,‘olanar vacancy
_aggregates are. observed by transm1331on electron mlcroscopy The agure-
gates are 1dent1f1ed as both perfect and. :mperfect dlslocatlon loops.
The presence of vacancy loops which are large enough to be olrectly ob=

-~

served has been shown to be a sensitive fnn(tlon of the nucleatlon proceoues



tratlon to supporb growth process,s at hlpner uemperauures._fﬂ'

v6 It 1s felt that'the reporfed results are repreoentuulve of ‘f' ,_?4:;

ivacancy behav1or in nomlnelly'99.999% pure copper and tn@u bhe d;ff¢cul--
: ! ~ e

tles from the numerous possible complxcauan features nave,‘for uhe mO“*

';part,'beenﬂminimized.,;f'”
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p‘Appendighl ; Purificatiou of Helium Ges

Because of'therimportance of minimiziug_complications whleh arise
froﬁ gaseous contaminatlon (e.g., 02, L%, ard HE)’ considerable care was -
taken in the preparation of.the helium gas used in this 'study. High
purity'titanium sponge et-elevated temperatvres and silicq gel at liquid
ﬁitrogeu temperature were used as purification materials. The basic
design and operetional perameters were deduced>from an evaluation of the
: purification of ﬁelium'gas couducteo’by Mulgiolio, et al.le6 aIn line
gas chromatrographlc technlques with a sens:tlv1ty of l to 2 parus per

million by volume were employed by these dufhors 1n order to analyze

Ithe effluent helium ges‘for contamlnanbs. ‘The parameters selected-forr

" the present-purificetion train are donsistent with conditions under

 which no gaseous impurities were defeeted.lg
- A schematlc of the purlflcatlon system used in thls 1nvest1gatlon

7;is 1llustrated in Fig. 3h. Water pumped tank, helrum with an'lnlclal

’ 1mpur1ty level of 300 to MOO ppm oy volume was dried by pa551ng the gas

K
through a hlgh pressure oehydrafllter confalnlng a Molecular Sleve

cartridge. The gas was then passed over hot titanium sponge. Tor thi
4 purpose . two columns of metaltsponge'were employed. The oolumns were

located in separate_tube'furnaoes. ‘The_temperature of the two furnaces

was selected as optimum for the removal of oxygen (i.e.; 750°C), and

Nany of the features of this purlfncatlon train were l;rst suggested

and successfully employed by Guinan and Hmmel.lQ7

Trade mark, LindeACompany, Union Carbide ZJorporation’
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(4)

r
%

7
(57 (&) (7

6

(a)

(b)

ZN-5624

Fig. 34 Helium gas purification system: a. Schematic of purifica-
tion system; 1. tank of helium gas; 2. dehydrofilter (Hankison
Corp. ); 3. molecular sieve cartridge; 4. micro-metering regulator
(Millaflow); 5. furnace (Marshall Products Co.); 6. column of
titanium sponge (750°C); 7. furnace (Marshall Products Co.);

8. column of titanium sponge (900°C); 9. liquid nitrogen dewar;
10. column of silica gel; 11. compound gauge (30"-0-100);

12, vacuum manifold; 13. high vacuum system (Veeco 4OO" series);
14. stainless steel gas storage tank. b. photo of front view.
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hydfogen and nitfpgen'(ife., 900°C\.* Upon exiting from the 900°C
furnace, the gas was queﬁched to liquid nitrogen'temperature_and passed
through a column of siliqe gel at this temperature. Prior to each puri-
ficafion run the silica éel was baked under vacuum for.z 12 hours'at about -
1506C. The exit helium ées was stored at about 60 psivin stainless
.steel tanks whose 1nner walls had been chemically pollshed. The storage

tanks were always baked at abouu;550 > while under vacuun for 2h hours

prlor to belng fllled A‘eenstant flOW'rate of 5 cubic feet per hour

‘I
'

was malntalned by a calibrated mlcro-mctexlnv regulator. The entire

~system wags-evacuated to about ixlO =T Lorr belore and after each purifica-
d . .. .

+

tion run. = - o j

Attempts wefe made to ﬁave the.pﬁrified helium gas analyzed, but
the very high sens1t1v1ty reqULrement precluied the establishment of
any reasonable estlmate of the_lmpurlty level. Mass spectrometcrv
analysis showed that oxygen, hydrogen nltroven, carbon monoxide, and

i
- water vapor were’ present in quantltleo less than 5 ppm, as expected

40

The titanium sponge was 1n1t1ally and. perlodlcally activated by

rassing purlf;ed hydrogen gas uhrough the columns at a temperature

of about 950°C for =~k hoursﬁ”v

3
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Appendix II - Temperature Dependencelof the Resistance

In the present investigation copper specimens were d.c. resistance
heated; The temperature of'a_test wire.vas determined from the known . |
_temperature dependence of the resistance. The data of Meechan and'
Eggleston,l7 i.e., R(163° C)-R(95O C), and Lzeds and Noruhrup.79 i.e.,
R(-QOO C)-R(QOO C), were used as. stanoarcs In the former rnvestigafioan

the precision of the temperature det<rm1natLon was *O 5°C. . Leeds and
VNorthrup79 quote values of the res1siance in steps of one degree and
'place an uncertalnty 1n the tempcrature of =0. 05 C. The nominal purity
of' the copper used in both of these cases was 1dent1cal to that employed '
in the present work ‘ B |

The two sets of data were 1nternallyicons1stent‘1l one put

v,R(Ouc) 0. 08989 Q 1n the Meechan and Egg]e.ton case. With this assign-
;_Yment the re51stance ratlos, R T C)/R(O C), or the temperature range
163 to 810 C were fltted to an expre°31onlof the. form .

¥

R(T K)/R(275 K) = aFbTT+ cT2 ', . ' ' '(L{6)

{

v '7,‘using a least squares crlterlon.‘ In thls ecuatlon T is the temperature

cin degrees Kelv1n -and the coeff1c1ents a,_b, and c.are 9.9820x1o'2, .

3. 2667x1o'3( K l) and 9. 0538x1o 7( K~ ), recpectlvely The average
},error in the computed ratLos was NO 07% whlch corresponds to an uncer-
-talnty in the temperature of ~O 5 C and is. therefbre equlvalent to the '

quoted experlmental error 17 In v1ew of thls, the: calculated temperatur

A’v
s

'_»dependence of the res1stance was cons1dcrcd as a very gooq represenuatlon
. of the experlmental data.r Therefore from the measured reslstance of a
. .test specimen at a particular temperature and from the ratio of this

1 8 A
resistance to that measured at 0°C, the desired average specimen

Yy
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ﬁhe}e a' =a [R(T K)/R ?75 h)]

- wTable IX -and the temperauure dependence_of,tbe resistancg réti¢,

R(T C)/R(O C), over the range of ouench uemperatures"emﬁioyéd“in this

WOTK is shown 1n Flg 35

K
v
.
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The experlmental and caloulatcd re51utunce ratlos are tabulatea ;n

..
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GO (o)

rR("°C)/Rfo o)1 'f"n(m° /R(O c)lcalp
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Coamg oaens
SoA79:k L 0.15852
1 205.7 ... ,0.16802"

" S 0.21770 iy - N ;
3f{370-6f ﬁ; . Of2321015g~<5""‘ : ‘?,2 58”OH;L"w B
RS | ' }E 2. 77)7£g,f??”

0i3m159
U 0.38979
S 0.hokeo:
0. 42307

f¥75385kfﬁffﬁff1;5fi

4 ER(T K)/R<273 K)]A fl?bT ,jj‘ff

calc: ;
where ‘a = 9 9820)(10 2
: ‘fﬂii 2&h@03
,9.05;ax10;,
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R(T °C)/ R(0°C)

"450 550 650 750 850
T (°C)

‘MUB-10709

Fig. 35 Ratio of the resistance of copper at temperature T, to
that at 0°C plotted as a. function of temperature.
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. as expected a»r B

Appendix III - 'Formation of Divacancies Turing an Exponential Quench

For quenching rates whiéh are -experimentally attainable in the
laboratory and compatible with the aims of the present investigation,
vacancies make a large number of jumps during the initial portion of

the quench. The number of vacancy-vacancy and vacahcy-clusterv colli-

“,sione is sufficiently high so that the thermal equilibrium concentra-

tion of a,numbeerf thefiower order defect clusters is attaihed (as'

indicated by.the kinetic equatioms which are used to,approximately
o v . \43,19,87 '

describe the physical situation) e'ren during the short time that

the,specimen is at a particular temperature. As the temperature de-

creases, a point is reached vhere uhe reacuions of interest prOCCcd too

slowly to satlsfy the equlllbrlum demands: The actual.concentratlon of

the numerous defects therefore dev1ates from thelr equlllbrlum values.

% L8

The temperature at which this deviation occurs is defined as_T . "The
temperature, T , is a function of -the order and nature of the cluster.,97

L t ¢
i

In the. follow1ng, the 31mple case of clvacancy formatlon
X
1

(i e., c. +C = ) durlng a_so-called exponentlal quench is

1v 'Keg

considered. The experlmental tlme-temperafure relatlonshlp for a

ﬁquench from 700 ’C was used., An estlmate of T and the cozrespondlng

Here a. cluster ‘is. deflned by example~

“divacancy fu C vzcancy-lmpurlty
trivacancy .- y;ﬂd;vacancy-lmpurlty_

. .




fractional concentration of divacancies cheracteristic of

- determined for various assumad values of tte divacancy bindir

in copper (i.e;,'B2v = 0.1, 0.2, 0.3, and (.k eV). The gone

. )
sidered was fTirst . ested by Kochler et - L""—, As cen e @iy e [P
cConsiuered wWasS Lirxsy S:.x;;,gvSL.G(.‘. O,y \Cen.er £€¢ ald. [38816 ERA Q\AD-.'C.’LKACIA\;LI)
. y
-y d a2 L1 - . o~ S e am e Y oy L <A - 1 L'8-5O
employed in the analysis of experimental resulis on guenched cold.
o] b s 2

If it is assumed that the distribution og monowﬂc ncies

vacancies 1s random and that the loss of vacancies to fixed
) N ¥

the quench is negligible (i.e., OAN/N = C,V = 2C2V = consvant

and- characteristic of Tc), then the ireltic ecuation describd

time dependence of the monovacaney concentration, Clv’ is given by

Here Kl.and K2 are so~called rate con°'arus and wri

X, = Sh?lv exp(AS?&/k) éxp(~§£§§/kT).

i
i

-
<
[0
¥

where 84 and 1L are the appropriate cor01aunory numders for

&3
9]

ciation of mohovacancies and dissociation o divacancie 5, re

The associative rate of change of the rionovacancy conce

BN

reguired to maintain the instantancous ecaldLor*"ﬂ conceﬁt

L Nvaqn
sinks auring
¥l i -
for all ©
ne the

3
.1

specvively.
Py J
da da S
ntration

ation ol di=-

= 4 - A«'Ib S0
Coy= 6 €, exp( 5o /5T .
dC}V -2dC?v
with respect to time and using the Tact thal C; = —
Ll Lo
equilidrium requirement is formally wrilten as




ac,,y + 120, (6)° B, exlacy /r(t)] - (aT/as)

l i
. = : . ‘-.L
< dt Qq kT(t) [l+h8(Am/N ‘XF‘{AGZV/kT(t)}]L/e. (é >,

The temperature T is reachen whep the assccilative rate required by
3 . . 3 £ . . . . ‘ .X. 3
equilibrium just equals the associative “eim in Eq. (L7). Thus, T 1is

defined by the following equality

L . *2{ . | l 2
ot _ luvl kT [J_+L-8(Z.\N/N)T exp V/ T /

T4t

(°K/§ec). (52)

B, eyp[wau

n' .! .
Sy -+ A\G )/K A

Since T(t) is taken as the experimentaily chserved exponential time
law . ‘
T(t) = T, + AT exp(-ort) ()

I N . » I

-1 “1t follows that dT/dt “Ju(TeTO);; Therefore the desired T* i5 the

fvroot of . _._A_; ;. ‘i: _ ._ o o _
| ,Ca(T'r ) ;‘A(T)'¥VO N -
where the . function A(T) 1s the rlght hana side of Eq. (52) |

Equatlon (53) was evaluated on the IBN 6600 computer. Computed

:values of T E (T ), C (T ) and C (T )/C (T ) for assumed di-
.vacancy blndlng energies and Tq 7OO C are summarlzed in Table X aloﬁg
w1th other Dertlnent parameters ﬁsed in Lhe calculatlon. In addltlon,
the relative. fractlon of vacanc1es whlch are in the form of divacancies,
is compared to that fractlon whlch is expeCued 1f the reactlon under

cons1deratlon was allowed to go to completlon at -40° C. 

o



- Table X. Suﬁmary of Calculated Results of the Critica

' Temperature, T“, D*vacwncy Coacentrations,
Relative Contribution oi Divarancies to the
“Defect Population, and Other Zertinent Dduu

" Divacaancy Binding Bnergy (eV
) T

Calculated . ~
Quantities 0.1 ¢.2 0.5 , 0.4
(/). w102 5. 02k 5. 030 5.050 5.268
q r o \ A o
T (°c) - S 150 197 @5 274
ClV(T )X10 - 5.007 . Lk.o2o h5u66 3.5413
Cs (T*)xio6 0.0085 ~ 0.055 0.292.  0.928
(T )/c (T ) 0.0017  0.01L | 0.065 ' 0.272
(T )/(AN/N) U oooo3h ¢ oo.e2 0.116 . 0.352
o -
) . 6 . l N o - l . -
[cav<_uo C).]eq X 1oj ; "x070595  ; 1.&99 : 2,&19 . 2,625
2[c, (-40°c)] L o .
2v eq ©0.0237 - 0.59% . 0.958 . 0.996 - ..
-(AN/N)T . : . .
: q

Pertinent relationships and assumptions:

a. O = 28.(sec-l)

b. °K ,
| q =915 o )
. o = T7°K ' - S
d. k = 8.616x1077 eV/deg L
e.. vy eXP(ASlV/k) = 1. 55XLO (sec»l) o 7
o .
g AN/h C,, T 2C,,
f f ~ ~ S
o= 5. = 0.8k
.h. Ly = 1.09 eV, &5 = 0.8 |
. A oF Y
1. Bs, = (zaolv - DS, ) = -1k
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